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Application of multiple binding
sites for LAMP primers across P.
falciparum genome improves
detection of the parasite from
whole blood samples
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Nairobi, Kenya, “Department of Medical Microbiology, Jomo Kenyatta University of Agriculture and
Technology (JKUAT), Juja, Kenya, SWeldon School of Biomedical Engineering, Purdue University,
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Introduction: Malaria remains a significant health concern, particularly in
regions with widespread prevalence. As the transmission rates decrease,
there is a rise in low-density infections with the causative parasite, P.
falciparum, that often escape detection through standard point-of-care
diagnostic tools. In-low transmission areas, even few undetected cases can
trigger outbreaks, necessitating rapid and sensitive diagnostics. Loop-mediated
isothermal Amplification (LAMP) stands out as a nucleic acid technique that can
easily utilizes un-processed samples such of saliva, urine, and lysed whole
blood templates for a sensitive detection. However, most nucleic acid tests
detect genes with few copies per parasite making it difficult to detect low-
density parasitaemia.

Methods: We selected Pfr364 multi-copy repeats of the P. falciparum genome as
a target for amplification due to their higher copy number, ideal for rapid
amplification, addressing amplification drawbacks of limited parasites DNA. We
used a sequence clustering approach to design a novel set of LAMP primers,
capable of binding to multiple sites. Subsequently, we developed a
hydroxynaphthol blue (HNB) colorimetric LAMP assay, using genomic DNA
obtained from the 3D7 strain cultivated in vitro. This assay’'s performance was
validated using archived clinical samples of both whole blood and matched
saliva, ensuring accuracy through comparative analysis against gold standard,
nested PCR, targeting the 18S RNA gene.

Results: The HNB-LAMP assay achieved rapid amplification within 15 minutes
and exhibited high sensitivity with a limit of detection of 1 parasite. Further, the
LAMP assay was robust in whole blood lysed with Triton X-100 and heat-treated
saliva clinical samples. Against nested PCR, the assay showed sensitivity of 100%
for whole blood and 40% for saliva samples. Moreover, co-analysis with the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmala.2023.1303980/full
https://www.frontiersin.org/articles/10.3389/fmala.2023.1303980/full
https://www.frontiersin.org/articles/10.3389/fmala.2023.1303980/full
https://www.frontiersin.org/articles/10.3389/fmala.2023.1303980/full
https://www.frontiersin.org/articles/10.3389/fmala.2023.1303980/full
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmala.2023.1303980&domain=pdf&date_stamp=2023-12-04
mailto:jgitaka@mku.ac.ke
mailto:laochola@gmail.com
https://doi.org/10.3389/fmala.2023.1303980
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/malaria#editorial-board
https://www.frontiersin.org/journals/malaria#editorial-board
https://doi.org/10.3389/fmala.2023.1303980
https://www.frontiersin.org/journals/malaria

Mgawe et al.

10.3389/fmala.2023.1303980

nested PCR showed a perfect agreement between the two techniques. (K = 0.99
for whole blood, and 0.66 for saliva).

Conclusion: Our study presents a method for detecting P. falciparum using
LAMP, which results in increased sensitivity, shorter assay times, and a simpler
workflow than nucleic acid tests relying on conventional DNA extraction and
additional equipment for result interpretation. These findings hold great promise
for improved malaria diagnosis, especially in settings where low-density

parasitaemia is prevalent and rapid and accurate malaria detection is crucial.

KEYWORDS

loop mediated isothermal amplification (LAMP), saliva, multi-copy repeat, P. falciparum,
HNB-colorimetric LAMP, LAMP performance in whole blood and saliva

Introduction

Malaria is a global public health challenge, causing significant
morbidity and mortality worldwide (WHO, 2022). Although the
implementation of multiple interventions have led to a decline in
malaria incidence and burden, the detection of sub-microscopic and
asymptomatic infections remains a challenge. These infections are
characterized by low parasites loads that fall below the detection
limit of conventional microscopy of 100 parasites/pL, and malaria
antigen-based rapid diagnostic tests (mRDTs) with a similar
detection limit as microscopy. According to the World Health
Organization (WHO), diagnostic tools developed for this purpose
must be capable to detect parasite loads of <10 parasites/pL.
Moreover, the emergence and spread of HRP2/HRP3 gene
deletions among the deadliest malaria causing Plasmodium
species, P. falciparum, (Koita et al, 2012; Akinyi et al, 2013;
Abdallah et al., 2015; Amoah et al., 2016; Berhane et al., 2017;
Kozycki et al., 2017) can significantly decrease the sensitivity of
antigen-based mRDTs. Therefore, accurate diagnosis of low-density
infections requires alternative and more sensitive diagnostic
techniques, such as nucleic acid-based PCR. However, the high
cost of equipment and long turnaround time of PCR limits its up
take at the point-of-care.

Loop-mediated isothermal amplification (LAMP) technology,
developed in 2000 by Notomi et al. (2000), has demonstrated that it
can be simpler to implement than PCR for field and point-of-care
tests. LAMP utilizes strand displacement via the Bst DNA
polymerase and six (6) set of primers that recognizes up to eight
(8) distinct sequences on target DNA sequence. This tool has been
extensively utilized for the detection of tropical infectious diseases,
including Leishmania spp. (Adams et al, 2010), Trypanosoma

Abbreviations: PCR, Polymerase chain reaction; nPCR, nested Polymerase
chain reaction; LAMP, Loop-mediated isothermal amplification; HNB,
hydroxynaphthol blue dye; DNA, Deoxyribonucleic acid; LLoD, Lower limit of
detection; 3D7, Laboratory strain of P. falciparum; MR4, Malaria Research

Reference Resource Center.
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(Thekisoe et al., 2007), P. falciparum (Poon et al., 2006) and
various bacterial strains (Techathuvanan et al, 2010; Nurul Najian
et al, 2016; Martzy et al, 2017), among other pathogens. The
original LAMP technique, employed four (4) primers that are
specific to six regions on the target DNA. In the years since its
invention, several improvements to LAMP primers design have
been made, these include the addition of loop primers (Nagamine
et al,, 2002), STEM primers (Gandelman et al., 2011), and SWAM
primers (Martineau et al., 2016). Although additional primers have
improved response time, and sensitivity, they add complexity to the
primer design and optimization process, and may act as amplifiable
structures that can lead to false positive results (Wang et al., 2015;
Meagher et al., 2018; Odiwuor et al., 2022).

Recent data suggest that LAMP sensitivity can be enhanced by
targeting multi-copy genes or tandem repeats (Hofmann et al,
2015; Kolluri et al., 2021; Nolasco et al, 2021) and high copy
number genes for detection and amplification. Our study aimed to
enhance sensitivity in a shorter amplification time by utilizing
multiple primer sites across the P. falciparum genome using core
four LAMP primers, and further simplified visual detection of
amplified products through a closed HNB colorimetric system to
eliminate the need for further downstream analysis aimed at
interpreting the results. We hypothesized that such an approach
would improve response time and sensitivity without the need for
additional LAMP primers. We selected Pfr364 tandem repeat
sequences (Demas et al.,, 2011) which provides multiple binding
sites for LAMP primers across the 41 Pfr364 repeats. These repeats
are located within sub-telomeric region 2 of the P. falciparum
chromosomes and have been previously utilized in PCR assays
(Demas et al., 2011; Waggoner et al., 2015; Amaral et al., 2019) and
LAMP assays (Nolasco et al., 2021). However, the repeats are highly
diverse in region with averagely 50 polymorphic sites along the 1500
nucleotides length of each Pfr364 repeats, which could result in
primers with primer-template mismatches which can significantly
extend amplification time (Wang, 2016) therefore we further
employed a sequence clustering approach to maximize repeat
sequence similarity for designing novel highly effective
LAMP primers.
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Materials and methods
Ethics statement

Malaria samples, which include whole blood and saliva were
obtained from the specimen biobank of the Foundation of
Innovative New Diagnostics (FIND) as a kind donation. For
specificity analysis, clinical isolates of P. falciparum, P. ovale, and
P. malariae were acquired from the biobank at the Center for
Malaria Elimination, Mount Kenya University. This study was
approved by Institute of Primate Research Ethics Review Board
(ISERC/08/2022).

Malaria in vitro cultures

The P. falciparum strain 3D7 (obtained through the Malaria
Research Reference Resource Center (MR4) as part of the BEI
Resources Repository, NIAID, NIH) was cultured in human O+
erythrocytes using standard methods described in Trager, 1976.
Cultures were maintained in complete RPMI 1640 (supplemented
with 37.5mM HEPES, 7mM D-glucose, 6 mM NaOH, 25ug/ml of
gentamicin sulphate, 2mM L-glutamine, and 10% human serum at
pH 7.2) gassed with a mixture of 95% nitrogen, 5% carbon dioxide,
and 5% oxygen and incubated at 37°C. Parasite DNA was extracted
using Magazhorb mini-prep (Promega, Madison W1, USA) following
the guideline provided by the manufacturer. Extracted DNA from
these 3D7 cultures served as standard to evaluate LAMP primers
optimization, specificity, and lower limit of detection (LLoD).

Retrieval of Pfr364 repeats and design of
LAMP Primers

The repeat sequences of Pfr364 were retrieved from PlasmoDB,
utilizing repeat coordinates as described by Demas et al., 2011.
Multiple sequence alignment was performed using R/msa package
(Bodenhofer et al, 2015) and phylogenetic analysis using R/ape
package (Paradis et al, 2004) to cluster repeats sequences into
related groups. Subsequently, the sequences within each group were
aligned using MUSCLE (Edgar, 2004) to obtain a more robust
consensus alignment for the design of LAMP primers. The Primer
Explorer V5 tool (Eiken Chemical Co. LTD, Tokyo, Japan; http://
primerexplorer.jp/e) was utilized to design three sets of LAMP
primers from the consensus sequences generated from three
clusters, following guidelines of Tomita et al. (2008).

In silico validation of primers specificity

To ensure primer robustness, the primers were evaluated for the
formation of secondary structures such as 3’ hairpins and
homodimers. To further assess the potential for cross-reactivity,
we conducted in silico analysis by aligning primer sequences against
the sequences of other plasmodium species using BLAST algorithm
(Altschul et al., 1990). The LAMP primer set was aligned with
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sequences from P. falciparum strains representing various malaria-
endemic regions of the worldwide. This primer set designed is
robust, having multiple binding sites to strains from Togo, Guinea,
Senegal, Mali, Congo, Kenya, and Cambodia. (Supplementary
Figure 3). To assess potential cross-reactivity with other
Plasmodium strains causing malaria, P. falciparum, P. ovale, and
P. malariae from a biobank of Centre of malaria elimination, Mount
Kenya University as well as P. vivax samples from FIND biobank,
were used. However, this primer set has not been evaluated against
P. knowlesi.

Evaluation of the performance of different
primer sets

Three LAMP primer sets designed were evaluated in a reaction
mixture with a total volume of 25 pL. The reaction mixture
contained 2.5 pL of 10x isothermal amplification buffer which
was composed of (20 mmol/L Tris-HCI pH 8.8, 10 mmol/L KCl,
2 mmol/L MgSO,, 10 mmol/L (NH4),SO, and 0.1% Triton X-100).
In addition, the mixture contained 1.6 uM of FIP and BIP primers,
0.2 uM of F3 and B3 primers; 8 U of Bst 2.0 Warmstart, 1.4 mM of
dNTPs, 6mM of MgSOy,, and 0.4 M Betaine. Template DNA from
3D7 cultures and non-template control (NTC- distilled water) were
added in a volume of 2.0 pL. The reaction mixture was incubated at
65°C for 60 minutes in Loopamp LA-320c real time turbidimeter
(Eiken Co, Japan). The primer set that gave faster response among
the three primer sets was selected for subsequent analysis. All the
LAMP reagents were obtained from New England Biolabs
(MA, USA).

Further analysis of amplification time to
achieve a high-faster response time

The Loopamp LA-320c turbidimeter (Eiken Chemical Co.,
Tokyo, Japan) is specifically designed for the detection of
magnesium pyrophosphate, a byproduct of LAMP amplification. In
order to be detected by the turbidimeter, the accumulation of
magnesium pyrophosphate must reach a specific threshold. Hence,
to assess the amplification rate without relying on the production of
the byproduct, we periodically checked for the presence of LAMP
amplicons by conducting incubation at specific time intervals. These
incubations were performed in a dry heat block incubator LF-160
(Eiken Chemical Co., Tokyo, Japan) set at 65 °C, and the amplified
products were visualized through 1.5% gel electrophoresis.

Optimizing reaction temperature

After determining the optimal amplification time for the assay,
we proceeded to test different temperatures by incubating the
reaction at 65°C, 63°C, and 60°C using the Loopamp LA-320c
real-time turbidimeter (Eiken Chemical Co., Tokyo, Japan). The
resulting turbidity was measured to evaluate how these
temperatures would affect amplification.
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Experimental determination of specificity
and cross-reactivity

Primer specificity was evaluated against bio-banked samples of P.
falciparum, P. ovale, P. malariae, and P. vivax. DNA was extracted using
Promega Magazhorb mini kits. The extracted parasite DNA was first
validated by nested PCR targeting the 185 RNA gene using species-
specific primers (Snounou et al, 1993). LAMP amplification followed
with amplification products being visualized on 1.5% gel electrophoresis.

Lower limit of detection

The lower limit of detection of the assay was determined by using
DNA obtained from 3D7 cultures quantified using Qubit 3 fluorimeter
Invitrogen (CA, USA) then serially diluted 10-fold. The dilutions were
then amplified in 5 replicates each. The amplified products were
visualized by 1.5% gel electrophoresis. The lower limit of detection
was determined as the lowest dilution at which the replicates gel bands
were detected with 95% confidence. Probit regression analysis was then
performed in R 4.3.1 (CRAN) using ratio of successful reactions to total
number of reactions performed for each dilution.

Establishing hydroxynaphthol blue
colorimetric assay for end point detection
of the LAMP assay

After determining LLoD, we proceeded to establish colorimetric
LAMP assay using hydroxy naphthol blue dye (HNB) from Sigma-
Aldrich (Wis, USA) which is a suitable endpoint indicator for Loop-
mediated isothermal amplification (LAMP) (Goto et al., 2009; Mohon
et al. 2014). The serially diluted 3D7 DNA used for determining LLoD
were subsequently subjected to HNB-LAMP assay using in a total
reaction mixture of 12.5 uL containing 1.25 pL of 10x isothermal
amplification buffer which was composed of 10 mmol/L Tris-HCl pH
8.8, 5 mmol/L KCl, 1 mmol/L MgSO,, 5 mmol/L (NH4),SO, and 0.1%
Triton X-100. In addition, the mixture contained 1.6 uM of FIP and BIP
primers, 0.2 uM of F3 and B3 primers; 8 U of Bst 2.0 Warmstart, 1.4 mM
of 10 mM of dANTPs, 6 mM of MgSO,;, and 120 uM of 2 M HNB dye. 1 uL
template of 3D7 DNA was added and incubated at 65°C for 15 minutes.
The HNB color intensity of the serial dilutions was measured using
image]. For each dilution, the mean value of both background signal and
the negative control were subtracted mean values of background signal
and the negative control from the mean value of color intensity. These
resulting values were then plotted on a bar graph for visualization.

Samples for assay validation

A total of 84 samples were sourced for validating the assay,
comprising 42 whole blood and 42 matching saliva samples. These
samples were obtained from Foundation of Innovative New
Diagnostics (FIND) (www.finddx.org) Bio-bank and comprise of
samples from Nigerian and Peruvian 2017 cohorts. As summarized
in the Table 1.
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DNA extraction from whole blood
and saliva

The DNA from clinical whole blood and saliva was extracted
using Magazhorb mini kits. The extraction was performed on 100
uL of whole blood and 200 pL of saliva samples. DNA was eluted in
50 uL of nuclease-free water.

Closed-tube HNB-LAMP assay on DNA
extracted from whole blood and saliva

The LAMP assay reaction was carried out on the extracted DNA
using HNB dye as indicator for amplification. The reaction was
carried out in a total reaction mixture of 12.5 pL containing 1.25 pL
of 10x isothermal amplification buffer which was composed of (10
mmol/L Tris-HCl pH 8.8, 5 mmol/L KCI, 1 mmol/L MgSO,, 5
mmol/L (NH4),SO, and 0.05% Triton X-100). In addition, the
mixture contained 1.6 uM of FIP and BIP primers, 0.2 uM of F3 and
B3 primers; 4 U of Bst 2.0 Warmstart, 1.4 mM of 10 mM of dNTPs,
6 mM of MgSO,, and 120 uM of 2 mM HNB dye. 2 uL template of
DNA from whole blood was added to the reaction mixture. The
tubes were then sealed and incubated at 65°C for 15 minutes.

Validation of DNA through nested
polymerase chain reaction

Subsequently, DNA extracted from both whole blood and saliva
were validated through nested PCR, targeting the 18S RNA gene as
described by Snounou et al. (1993). In brief, the first round of
amplification was carried out in 25 pL reaction volume containing 1
uL of the template, 0.2 uM of the RPLU5 and RPLUG6 primers, 12.5
uL of the onetaq 2X master mix with standard buffer (New England
Biolabs, MA, USA) The template was denatured at 94°C for 3
minutes, followed by 35 cycles of amplification (94°C for 30
seconds, 54°C for 30 seconds, 68°C for 1 minutes 15 seconds) and
a final extension at 68°C for 5 minutes. 0.5 pL from the product of
the first round was used for the second round of amplification,
containing 0.2 uM of rFAL1 and rFAL2 primers at denaturation of
94°C for 1 minutes followed by 35 cycles of 94°C for 30 seconds,
55°C for 30 seconds, 72°C for 20 seconds and final extension of 5
minutes at 72°C. Amplification was then visualize on 1.5% agarose
gel electrophoresis.

TABLE 1 Summary of the archived malaria sample.

Sample type  Source Febrile = Asymptomatic
Whole blood Nigerian Cohort 20 -
Saliva Nigerian Cohort 20 -
Whole blood Peruvian Cohort 18 4
Saliva Peruvian Cohort 18 4

“-” denotes absence of data.
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LAMP amplification of Triton x-100 treated
whole blood and crude saliva

For these analyses, a total of nine samples of whole blood were
selected. These samples had been confirmed as positive for P.
falciparum through both nested PCR and LAMP assay. 40 pL of
these samples were mixed with 1% Triton X-100 in PBS. The
mixture was then incubated in heating block at 95°C for 5
minutes, followed by a centrifugation performed at 16000 xg for 4
minutes. The resulting supernatant which contains the DNA was
collected and used as template for LAMP reaction, a modification of
Sowmya et al. (2012); Hayashida et al. (2015), and Dixit et al.
(2018). Subsequently, 4 pL of the supernatant was added to the
HNB-LAMP reaction and incubated at 65°C for 15 minutes.
Similarly, 40 pL of the saliva samples were heated at 95°C for 5
minutes to break the complexity and thickness. After the heating
step, 4 pL of the resulting solution was added to the HNB-LAMP
assay as template and incubated at 65°C for 15 minutes.

Serial dilution of whole blood and saliva
samples for further evaluation of sensitivity

To further determine the lowest concentration at which the
assay could reliably detect the presence of P. falciparum DNA in
clinical samples, 10-fold serial dilutions of lysed whole blood
supernatant was prepared. For each dilution point, 4 pL of the
supernatant was added to the LAMP reaction as the template.
Likewise, for the saliva sample, a similar approach was followed.
Initially, the saliva samples were heated at 95°C for 5 minutes to
ensure proper sample preparation. Serial dilutions of the heated
saliva were prepared, and each dilution was subjected to HNB-
LAMP amplification.

Statistical analysis

The data obtained from the experiments were entered, stored,
and formatted in Microsoft Excel (Microsoft Corp.). The Circa
software was used to generate primer binding map, Image] was used
to quantify color intensity of HNB-LAMP for serial dilutions,
Kappa agreement measurement was used to assess agreement
between nPCR and LAMP in whole blood and saliva samples.
Probit analysis was used to determine LLoD at 95% confidence
interval. Data analyses and visualization were performed using R
43.1 (CRAN).

TABLE 2 LAMP Primers generated by primer explorer V5 Primer setl.

10.3389/fmala.2023.1303980

Results
Primer design and synthesis

Sequences of three clusters with a higher number of Pfr364 repeats
were selected, and their consensus sequences were utilized to generate
LAMP primer sequences using primer Explorer V5 (Supplementary
Figure 1). in silico validation to ascertain their potential for off-target
binding, formation, and stability of 3” hairpin structure for F3, FIP, BIP,
and B3 was carried out. Top scored primers set (Table 2 and
Supplementary Table 1), were synthesized and then optimized to
select the set giving best amplification result for further analysis.

Performance of the designed
LAMP primers

To assess primer performance, progress of LAMP amplification was
monitored in real-time using a LA-320c turbidimeter (Eiken Chemical
Co., Tokyo, Japan). The differential value of turbidity was recorded to
assess efficiency of amplification process as shown in two independent
experiments performed (Figure 1A). The obtained amplification times
from each repetition were recorded and average time calculated by
summing individual times and dividing by the number of runs (Table 3).
The amplified products were visualized in 1.5% agarose gel (Figure 1B).
Among the three evaluated primer sets, Primer Set 1 showed the highest
efficiency, yielding results within approximately 18 minutes. Therefore, it
was chosen for subsequent analysis.

Optimizing reaction temperature

Following the initial incubation at 65°C, the temperatures were
subsequently adjusted to 63°C, and 60°C; to evaluate how these
adjustments would affect the reaction rate. We observed
that incubation at 65°C resulted in over ten-fold increased
turbidity compared to 63°C, while incubation at 60°C did not
generate any turbidity within the first 20 minutes of incubation.
(Supplementary Figure 3).

Primer set 1 demonstrated faster response
rate for LAMP amplification

Additional incubations conducted at specific time intervals of
10, 13, and 15 minutes in dry heat block incubator LF-160 (Eiken

Primers Sequence (5 -3')

F3 GGTACGCCAACATGGATG 18 56 55
B3 ‘ AACATCGTGTGTGCAACAT 19 ‘ 53 o)
FIP(F1c+F2) ‘ CCACGCGTGTGATGTAGACA-TGTCTATCATATAGTCCGTGAT Iy ‘ 77.9 45
BIP(B1c+B2) ‘ GTACCCAATTTTCCCCTAGCAC-AATCATCAAATGCTTTGAAGTG 44 ‘ 77.1 40
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FIGURE 1

(A) Graph for the amplification of three primer sets. Ch- is reaction channel, A1-A6 are the channels of the reaction block. (B) The amplified
products were further visualized in 1.5% agarose gel. This experiment was repeated and average Tt (Threshold time) calculated as shown in Table 3.

TABLE 3 Reproducibility of Tt values obtained from the real-time
turbidimeter.

Primer set Average Standard deviation
Primer set 1 17.68 0.3
Primer set 2 45.0 1.0
Primer set 3 38.2 3.0

Chemical Co., Tokyo, Japan) to evaluate generation of LAMP
amplicons, revealed that incubation at 15 minutes yielded an
adequate amount of LAMP amplifications (Figure 2A).

Multiple primer binding sites across P.
falciparum enhance faster response time
for amplification

The sequences of primer set 1 were subjected to BLAST against
PlasmoDB and NCBI databases to generate binding sites across all
the chromosomes. The data generated was then used to map the
distribution of primers across all the 3D7 chromosomes using circa
software as illustrated in Figure 2B.

Frontiers in Malaria

Specificity of the LAMP primers

The nested PCR successfully amplified all four Plasmodium
strains, whereas the LAMP assay specifically amplified the positive
control 3D7 and P. falciparum (Supplementary Figures 4A, B).

Determination of Limit of detection and
reproducibility

Next, we determined lower limit of detection using 10-fold serial
dilutions starting with 5.0x10A° copies of genomic DNA of 3D7, and
each dilution was amplified in five replicates. The resulting amplified
products were visualized using 1.5% gel electrophoresis. Successful
amplification was achieved across various dilution levels. However, in

the dilution with approximately 5x10""

copies of genomic DNA,
stochastic amplification was observed among the replicates.
Replicates amplified and the probability of detection was recorded
(Supplementary Table 2) Based on this result, we conducted a probit
regression analysis using R 4.3.1 (CRAN) and defined the lower limit
of detection as the concentration at which the replicates consistently

detected the target with 95% confidence (Figure 3A). We estimated

frontiersin.org


https://doi.org/10.3389/fmala.2023.1303980
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org

Mgawe et al.

15 minutes
+

13 minutes
+ e

10 minutes
+

der

nte nte

FIGURE 2

(A) Gel image illustrating rapid amplification rate for the LAMP primers. (B) Circa plot of distribution of LAMP primers across P. falciparum
chromosomes. The block layers (1-14) indicates the P. falciparum chromosomes. The lines in red, blue, green, and black shows how each primer

connects to each chromosome.

the lower limit of detection (LLoD) to be approximately 19.51 fg/uL,
which correspond to approximately 1 parasite based on calculation
outlined by Dolezel et al. (2003). Next, we examined the reliability of
the HNB colorimetric read-out for LAMP across these dilutions
(Figure 3B) and quantified mean color intensity (Figure 3C).

The assay effectively amplifies DNA from
clinical isolates in whole blood and saliva

To assess the performance of the HNB-LAMP assay on clinical
isolates of P. falciparum, we analyzed a total of 84 clinical samples
from malaria-endemic regions of Peru and Nigeria. This sample set
included 4 asymptomatic individuals and 38 febrile patients
(Table 1). These clinical samples, initially diagnosed for P.

10.3389/fmala.2023.1303980

falciparum by microscopy (Supplementary Table 6), consisted of
both whole blood and matching saliva samples. For all 84 samples,
we initially conducted an analysis of extracted DNA from whole
blood and saliva using our newly developed LAMP assay. Among
the 42 whole blood samples that tested positive by microscopy, two
of them tested negative when tested by the LAMP assay. These same
DNA samples underwent further analysis using nested PCR, and
the same two samples that were negative by the LAMP assay were
also not detected by PCR. (Supplementary Figures 5 and 6).

It’s important to note that, for both the nested PCR method and
LAMP assay methods, whole blood samples consistently yielded more
positive results compared to the saliva samples. Specifically, the
positivity rates were 95.2% for whole blood versus 21.4% for saliva in
nested PCR, and 95.2% for whole blood versus 35.7% for saliva in the
LAMP assay. A chi-square test of association for the two tests revealed
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Log Conc. (0.95) = 1951

T T T T
-2 0
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FIGURE 3
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statistically significant associations both overall and in saliva samples
(Supplementary Table 3) at an alpha level of 0.05. In both assays, whole
blood consistently showed a higher proportion of positive results
(Figure 4A), even at low parasitemia counts (median=1,925
parasites/uL) for both LAMP assay and PCR. Saliva samples of the
matching whole blood samples with low parasitemia, yielded more
negative results for both assays. However, when the parasite counts
increased (median = 10,262 parasites/uL) positivity for saliva samples
significantly increased, for the LAMP assay (Figures 4B, C).

HNB-LAMP assay had sensitivity similar to
nested PCR for the extracted DNA

The sensitivity observed for detecting P. falciparum from whole
blood sample indicates that the HNB-LAMP assay can detect P.
falciparum in 100% of DNA extracted from whole blood and 40% of
DNA extracted from the saliva samples. HNB-LAMP assay
successfully detected P. falciparum in all 40 samples that had
tested positive using nested PCR method. Additionally, it
correctly identified two samples as negative which were also
negative in the nested PCR. In the case of saliva samples, LAMP
assay detected P. falciparum in six additional samples compared to
the nested PCR. To assess the level of agreement between the two
tests, we calculated a kappa agreement measurement. The results
indicated that the LAMP assay and PCR had a near-perfect
agreement for the overall sample set and a perfect agreement for
whole blood samples (Supplementary Table 3).

HNB-LAMP assay efficiently detected P.
falciparum from the supernatant of whole
blood and crude saliva

To further demonstrate the utility of the assay, we analyzed
supernatants from 9 whole blood samples that tested positive in

10.3389/fmala.2023.1303980

both nested PCR and LAMP assay. 4uL of the supernatant was
added as template to the LAMP assay. Similarly, 4 pL of the
corresponding heat-treated saliva samples were added as template
to the LAMP assay. This assay successfully amplified DNA from
supernatant of whole blood as well as from crude saliva
(Figures 5A, B).

Finally, we conducted an additional sensitivity evaluation using
serial dilutions supernatant obtained from lysed whole blood and
heat-treated saliva samples. To achieve this, we carried out 10-fold
serial dilutions of supernatant of whole blood sample initially
containing 11,799 parasites/uL, along with matched saliva sample.
We specifically chose this sample because its parasite count
matched the calculated median range for the positivity of saliva
saliva samples in the LAMP assay method. This assay succesfully
amplified diluted supernatant at a 10,000 fold diltuion, or 1.2
parasites/uL. For the heat-treated saliva samples, LAMP assay
detected amplification up to 100 fold dilutions (118.0 parasites/
uL). (Supplementary Figures 5A, B).

Discussion

Efforts to combat malaria have seen remarkable progress over
the years, with significant advancements in diagnostic techniques.
Despite these advancements, malaria diagnosis still faces several
limitations to detect low-level infections or asymptomatic carriers
that serve as reservoirs for ongoing transmission, hindering malaria
control efforts. Increased highly reliable and field deployable tools
capable of identifying these reservoirs would be crucial for effective
disease surveillance and targeted interventions. One avenue to
explore involves the use of easily obtainable samples such as
saliva, as source for detecting P. falciparum (Mharakurwa et al.,
2006; Nwakanma et al., 2009; Lloyd et al., 2018).

In this study, we developed a set of LAMP primers targeting a
total of 156 binding sites across the 3D7 genome, with a specific
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LAMP assay result obtained from (A) lysed whole blood, (B) heat-treated saliva of the archived clinical samples.

focus on improving sensitivity and assay turnaround time. We first
establish LAMP amplification process as illustrated in Figure 1.
Following this, we determine the optimal incubation temperature
(Supplementary Figure 3), based on this result, we determined the
optimal incubation temperature for this LAMP assay as 65 °C. To
better understand the amplification rate, we observed the
production of LAMP amplicons within 15-minute timeframe via
colorimetric changes. It’s worth noting that during this period, the
Loopamp LA-320c turbidimeter (Eiken Chemical Co., Tokyo,
Japan) did not indicate accumulation of magnesium
pyrophosphate. Our observation of the gel images Figure 2B
revealed that at the 10-minutes mark, no LAMP products were
detectable; at the 13-minutes mark, LAMP amplicons began to
accumulate; and these amplicons became more pronounced by the
15-minute mark. Moreover, colorimetric read out of serial dilutions
at 15 minutes confirmed that HNB dye serves as a reliable
colorimetric indicator for detecting low concentrations of P.
falciparum DNA. These insights provided an understanding of
the reaction rate, and established a baseline for determining the
optimal incubation time.

Through further optimization, we achieved an impressive
sensitivity level of detecting as little as 1 parasite within a 15
minutes incubation period and extra 15 minutes for template
preparation. This LAMP assay successfully detected P. falciparum
from archived samples, both from asymptomatic and symptomatic
individuals, in two countries (Peru and Nigeria) within malaria-
endemic regions of the world. When compared to the gold standard
nested PCR assay, LAMP had a strong agreement with 40%
sensitivity for saliva, and 100% sensitivity for whole blood with a
corresponding specificity of 100% in both sample matrices. This
phenomenon mirrors a trend reported by Singh et al. (2013).
However, we also observed that in both nested PCR and LAMP, the
sensitivity of detecting P. falciparum from saliva was low when the
parasite density was low. Similarly, the two tests exhibited higher
sensitivity for saliva samples from individuals with a high parasite
density. As for whole blood samples, we observed a consistently
high sensitivity across various parasite densities.

Previous study had indicated that different genes within P.
falciparum can yield amplification with varying assay sensitivity and
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limit of detection (Zhang et al., 2017). For instance, the LAMP
assays focusing on the apicoplast genome with 15 copies in P.
falciparum demonstrated a limit of detection of 2 parasites/uL for
the 3D7 strain, with overall sensitivity of 60% on archived DNA
samples (Oriero et al., 2015). The initial LAMP assay based on
Pfr364 repeats (Nolasco et al., 2021) showed a limit of detection of
2.7 parasites/puL and an amplification time of 1 hour. Another
LAMP targeting the amplification of 18S RNA pan-genes detected 5
parasites/uL (Han et al, 2007). Meanwhile, mitochondrial genes
(Polley et al., 2010) demonstrated limit of detection of 5 parasites/
pL. In contrast, the LAMP primer sets developed in our study
achieved a lower limit of detection (1 parasite/uL) within a
significantly shorter time frame of just 15 minutes, representing a
significant time advantage. Furthermore, use of the closed
hydroxynaphthol blue (HNB) colorimetric detection system
eliminated the need for additional gel electrophoresis, simplifying
the process, reducing the risk of cross-contamination, and
enhancing potential for point-of-care deployment.

The LAMP method is known for its robustness and has proven
resilient against PCR inhibitors such as hemoglobin (Thekisoe et al.,
2009; Njiru et al., 2008). This robustness has prompted numerous
studies to explore the possibility of bypassing DNA extraction steps
(Linnes et al., 2014, Hayashida et al., 2015; Xu G et al., 2016; Dixit
et al,, 2018). Dried blood spot (DBS) samples, which eliminate the
need for cold-chain storage, offer excellent feasibility at point-of-
care. Over the years, numerous studies have demonstrated that
accurate and sensitive detection of Plasmodium parasites from DBS
is achievable. For instance, Zainabadi et al., 2017, achieved a
sensitivity of 1 parasite/uL for every 50 pL of blood spotted on
Whatman paper using PCR. Subsequently, Hashimoto et al. (2019)
demonstrated that Whatman FTA cards can provide high-quality
template DNA, allowing for LoD of 1.6 parasite/pL. Moreover,
Hailemeskel et al., 2021 showed enhanced sensitivity in detecting
asymptomatic Plasmodium reservoirs through nested PCR.
Similarly, LAMP-SNP assay (Khammanee et al., 2021) achieved
100% sensitivity in detecting malaria parasites in cases low
parasitemia using DBS samples.

In our study, we were able to successfully detect 1.2 parasites/uL
DNA in the supernatant of whole blood lysed with Triton x-100, and
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118 parasites/puL of heat-treated saliva samples. These results
demonstrate that the quantity of parasite DNA obtained from lysed
whole blood is approximately a hundred-fold higher than the
expected amount in saliva. These findings suggest that the assay
has the potential to offer high sensitivity for the detection of P.
falciparum from dried blood spot (DBS), making it a suitable option
for sample storage in point-of-care settings. However, we recommend
that future studies should focus on evaluating the use of dried blood
spots (DBS) and detection of submicroscopic infections.

Conclusion

The sequence clustering approach to multisite LAMP binding
and simplified single-tube HNB LAMP workflow allowed for rapid,
robust, and sensitive amplification with visual detection. This
streamlined approach demonstrated the possibility of processing
and analyzing a sample within 30 minutes, and could greatly
facilitate its use in point-of-care settings. Our findings highlight
the exquisite sensitivity of a single parasite for closed HNB-LAMP
detection of P. falciparum, shortened assay time, and simplified
workflow. These findings hold great promise for enhanced malaria
diagnosis, particularly in resource-limited settings, where rapid and
accurate detection is essential for effective for disease management
and surveillance.
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