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Abstract: We propose a protocol suitable for point-of-care diagnosis of malaria utilizing a simple
and purification-free DNA extraction method with the combination of loop-mediated isothermal
amplification assay and lateral flow (LAMP-LF). The multiplex LAMP-LF platform developed here
can simultaneously detect Plasmodium knowlesi, P. vivax, P. falciparum, and Plasmodium genus (for
P. malariae and P. ovale). Through the capillary effect, the results can be observed by the red band
signal on the test and control lines within 5 min. The developed multiplex LAMP-LF was tested with
86 clinical blood samples on-site at Hospital Kapit, Sarawak, Malaysia. By using microscopy as the
reference method, the multiplex LAMP-LF showed 100% sensitivity (95% confidence interval (CI):
91.4 to 100.00%) and 97.8% specificity (95% CI: 88.2% to 99.9%). The high sensitivity and specificity
of multiplex LAMP-LF make it ideal for use as a point-of-care diagnostic tool. The simple and
purification-free DNA extraction protocol can be employed as an alternative DNA extraction method
for malaria diagnosis in resource-limited settings. By combining the simple DNA extraction protocol
and multiplex LAMP-LF approach, we aim to develop a simple-to-handle and easy-to-read molecular
diagnostic tool for malaria in both laboratory and on-site settings.

Keywords: malaria; DNA extraction; LAMP; molecular diagnosis; filter paper-based; lateral flow;
point-of-care

1. Introduction

Malaria is one of the most severe public health problems globally. In 2021, there
were an estimated 247 million malaria cases worldwide, which increased from 245 million
cases in 2020 [1]. To effectively manage and control malaria, the development of a rapid
molecular diagnostic tool for malaria is an urgent need. To date, there are five Plasmodium
species that are known to infect humans, namely P. falciparum, P. vivax, P. malariae, P. ovale,
and P. knowlesi.

Typically, microscopy, rapid diagnostic tests, and/or molecular techniques are used
to diagnose malaria. Microscopy continues to be the gold standard for the laboratory
confirmation of malaria, according to the United States Center for Disease Control. How-
ever, to correctly identify and distinguish the Plasmodium species, microscopy needs a
high level of competency. Molecular approaches are frequently used in diagnosis due to
their adaptability and high sensitivity, and species-specific primers can identify various
Plasmodium species. Nested polymerase chain reaction (PCR) is always used as a reference
standard for the molecular diagnosis of malaria. However, it requires a thermocycler and
takes 4–6 h to complete a reaction. Thus, these disadvantages hinder its use as a molecular
diagnostic tool in resource-poor and non-laboratory settings.
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To circumvent the drawbacks associated with nested PCR, isothermal amplification
techniques have been developed as nucleic acid-based detection tools. Among all the
isothermal techniques [2–9], the loop-mediated isothermal amplification (LAMP) method
has been the most popular nucleic acid amplification technique. LAMP diagnosis of malaria
is fast (turnaround time less than 1 h) and has a better sensitivity detection (as low as 0.5 to
0.05 parasites/µL) than PCR [10]. LAMP products can be analyzed by various methods
such as agarose gel electrophoresis, using fluorescent, metal ion indicator, and pH-sensitive
dyes as well as visualization of turbidity [11–14].

LAMP products can also be detected by using lateral flow-based methods. Lateral flow
is a well-known paper-based platform for the detection of analytes (with specifically la-
beled haptens) using an antibody-antigen capture mechanism. Haptens that are commonly
used in primer labeling include fluorescein, biotin, dinitrophenol, and digoxigenin. The
combination of LAMP and lateral flow (LAMP-LF) assay has been used for the detection
of various pathogens such as P. falciparum [10], Toxoplasma gondii [15], Mycoplasma ovipneu-
moniae [14], Babesia bovis, Babesia bigemina [16], African trypanosome [17], Mycobacterium
tuberculosis [18], and Brucella spp. [19]. In this study, we developed a multiplex LAMP
approach coupled with LF for the simultaneous detection of 5 Plasmodium species.

Furthermore, we utilized a simple and purification-free DNA extraction method that
has been shown to expedite malaria diagnosis compared to commercial extraction kits that
require a long incubation period and multiple purification steps [20]. With the combination
of a simple DNA extraction protocol and LAMP-LF, we propose a protocol suitable for point-
of-care testing on malaria that meets the World Health Organization (WHO) ASSURED
criteria (affordable, sensitive, specific, user-friendly, rapid/robust, equipment-free, and
deliverable) [21–23]. We validated our established multiplex LAMP-LF’s performance by
detecting DNA extracted from clinical samples from several states in Malaysia.

The aim of our study is to develop a multiplex LAMP-LF for simultaneous detection
of 5 human Plasmodium species. By using the simple DNA extraction protocol, the time
required for extraction is reduced to ~8 min. The results read-out is performed by using
custommade lateral flow strips. Incorporation of the easy-handled DNA extraction method
makes multiplex LAMP-LF well-adapted to resources-limited settings.

2. Materials and Methods
2.1. Sample Collection

A total of 68 archived malaria samples were included in this study for the testing of the
prototype, of which 26 were P. knowlesi, 9 P. vivax, 9 P. falciparum, 2 P. ovale, 2 P. malariae, and
20 healthy donor blood samples without any malaria symptoms such as fever, headache,
and chills. The archived blood samples were stored in −20 ◦C. These blood samples were
collected from district hospitals in Selangor, Kelantan, Negeri Sembilan, Pahang, and Perak,
from 2019 to 2021. The parasitemia range of the archived samples was 0.02 to 1.33%.

Another sum of 86 blood samples (32 P. knowlesi, 7 P. vivax, 3 P. falciparum and
44 malaria negative based on microscopic examination) were collected from febrile patients
with suspected malaria at a point-of-care setting. These blood samples were collected from
Hospital Kapit, Sarawak in April–September 2022. The parasitemia range of clinical sam-
ples was 0.004 to 1.16%. The samples were collected on-site and tested immediately. In the
case of delay testing, the samples were stored at 4 ◦C. These samples were also confirmed
by nested PCR according to the cycling protocols as described by Snounou et al. [24] and
Imwong et al. [25]. The sample size was calculated based on Hajian-Tilaki [26]. After
considering a 95% confidence interval and 80% power to detect a difference of 15% from
the presumption value of standard deviation (Se) = 80%, the sample size was 42. In our
clinical screening, 42 malaria samples and 44 healthy blood samples were tested. This study
was approved by the Medical Ethics Committee of UMMC (MEC reference no. 817.18 and
908.11) and National Medical Research Registry (reference No. NMRR-12-1105-13079). All
samples were collected prior to antimalarial treatment.
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2.2. Alternative DNA Extraction Coupled with LAMP-LF Assay

The extraction method and buffers were adapted from Zou et al. with minor modifica-
tions [20]. A total of 60 µL blood samples and 240 µL of lysis buffer (800 mM guanidine
hydrochloride, 50 mM Tris (pH 8), 0.5% Triton™ X-100, 1% Tween-20, 40 µg/mL pro-
teinase K) was added into a 1.5 mL microcentrifuge tube. The tube consisting of blood
and lysis buffer mixture was constantly inverted until homogenous and transparent. In
the tube consisting of the lysate mixture, a 6-mm diameter Whatman grade 1 qualitative
filter paper was dipped into the mixture and incubated for 1 min. The filter paper was then
removed from the blood lysis mixture and washed with 1 mL of washing buffer (10 mM
Tris (pH 8.0) and 0.1% Tween-20). The filter paper was dipped into the tube containing the
washing buffer for 1 min. After the washing step, the filter paper was ready for the LAMP
assay by dipping it into the PCR tube 5 times and removed.

2.3. Preparation of 40 nm Diameter Gold Nanoparticles

The gold nanoparticles of 40 nm diameter were synthesized by the citrate reduction
method as previously reported by Hermanson [27] and Yokota [28] with minor modifi-
cations. Two hundred microliters of 1% gold chloride III (Sigma-Aldrich, St. Louis, MO,
USA) were added to the conical flask and topped up with 19.8 mL of distilled water. The
mixture was then heated to a boiling point with a magnetic stirrer, while 200 µL of 1%
sodium citrate (Sigma-Aldrich, St. Louis, MO, USA) was added. During the process of
boiling and stirring, the solution changed from colorless to brilliant red in less than one
minute. The heating and stirring were continued for another 5 min. The final volume of
solution was topped up to 20.2 mL with distilled water and cooled in an ice bath. At this
stage, the mixture was stored at 4 ◦C in a Schott bottle (wrapped with aluminum foil) until
further use.

2.4. Conjugation of Streptavidin with Gold Nanoparticles

Conjugation of streptavidin (Santa Cruz, Dallas, TX, USA) with gold nanoparticles was
prepared according to the methods described previously with minor modifications [27,28].
Prior to use, the pH value of gold nanoparticle solution was adjusted to 7.0 by using 0.2 M
sodium carbonate and 0.1 M hydrochloric acid. Two hundred microliters of streptavidin
was added to 20 mL of gold nanoparticle solution. The mixture was stirred with a mag-
netic stirrer for 30 min at room temperature in the dark (Schott bottle was wrapped with
aluminum foil), followed by the addition of 200 µL 10% bovine serum albumin (BSA)
(Sigma-Aldrich, St. Louis, MO, USA) and 800 µL of 2% polyethylene glycol 3000 (Sigma-
Aldrich, St. Louis, MO, USA). The mixture was incubated for 1 h at room temperature.
After that, the mixture was centrifuged for 30 min at 20,000× g, 4 ◦C. The supernatant
containing unbound streptavidin was removed as much as possible. The pellet (consisting
of conjugated streptavidin) was resuspended with 500 µL of 0.02% polyethylene glycol
3000, 0.05% sodium azide (Sigma-Aldrich, St. Louis, MO, USA). The gold-conjugated
streptavidin was then stored at 4 ◦C.

2.5. Construction of Lateral Flow Strips

The lateral flow strips consisted of four components, that were assembled on a backing
card (a sample pad, a conjugate pad, a nitrocellulose membrane and an absorbent pad)
(Figure 1(A1)). Prior to immobilization, the conjugate pad was pre-treated by submersion
in a solution containing 1x PBS, 1% Tween-20, 0.5% BSA and 5% sucrose for 5 s. The gold-
conjugated streptavidin was immobilized on the conjugate pad and left to dry overnight in
a desiccator. Next, 750 mg/mL of anti-digoxigenin (anti-DIG) (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA), 1000 mg/mL of anti-cyanine 5 (anti-Cy5) (Abcam,
Cambridge, UK), 500 mg/mL of anti-dinitrophenol (anti-DNP) (Vector Laboratories, Cali-
fornia, United States), 750 mg/mL of anti-fluorescein isothiocyanate (anti-FITC) (Genetex,
Irvine, CA, USA), and 2500 mg/mL of biotinylated-BSA (Sigma-Aldrich, St. Louis, MO,
USA) were dispensed on the nitrocellulose membrane (1 cm diameter) to form test lines 1 to
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4 and a control line. The distance between the two lines was approximately 5 mm. The spot-
ting of the test lines and control lines was performed by using BioDot XYZ3060™ Dispense
Platform (BioDot, Irvine, CA, USA). The nitrocellulose membrane with the immobilized
antibodies was left to dry overnight in a desiccator at room temperature. Then, the assem-
bled lateral flow strips were cut into 2-mm dipsticks using the CM5000™ Guillotine Cutter
(BioDot, Irvine, CA, USA) and dry-stored at room temperature (<20% relative humidity)
with gel desiccant beads until use. The lateral flow strips produced here can detect 4 targets,
Plasmodium spp.-LAMP product, P. falciparum-LAMP product, P. vivax-LAMP product, and
P. knowlesi-LAMP product at the respective coated test lines (Figure 1a). Figure 1b indicates
a schematic representation of the lateral flow test strips used for detection of multiple
infections of Plasmodium spp. in blood samples.
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2.6. LAMP Assay

The LAMP assay and primers were adapted from Lau et al. with minor modifica-
tions to the loop primers [29]. The loop primers of different species were labeled with
specific hapten (biotin, DIG, Cy5, DNP, and FITC) (Table 1). Initially, the LAMP assay
was performed in single reaction. The 25-µL reaction mixture consisted of 6.7 µL distilled
water, 2.5 µL of 10X isothermal amplification buffer, 3.5 µL deoxynucleotide triphosphates
(10 mM), 1.5 µL magnesium sulphate (100 mM), 1 µL Bacillus stearothermophilus (Bst) 2.0
WarmStart® DNA Polymerase (New England Biolabs, Ipswich, MA, USA ), 1.6 µM forward
inner primer (FIP) and backward inner primer (BIP), 0.8 µM forward loop primer (FLP)
and backward loop primer (BLP), 0.2 µM forward primer (F3) and backward primer (B3)
primer, and 0.8 M betaine (Sigma-Aldrich, St. Louis, MO, USA). The filter paper with
extracted DNA was used as a template. The LAMP assay was incubated in a heat block
at 65 ◦C for 50 min and inactivated at 80 ◦C for 2 min. After that, 4 µL of LAMP products
were loaded onto the lateral flow strip, followed by 60 µL of 1x PBS. The result was then
observed at 5 min. After the LAMP assay was confirmed working in singleplex reaction, all
four sets of primers were then added in one tube for the multiplex LAMP. The preparation
of the master mixture was similar as mentioned above except with the addition of all four
sets of each primer, 1.6 µM FIP and BIP, 0.8 µM FLP and BLP, 0.2 µM F3 and B3. The LAMP
assay was incubated in a heat block at 65 ◦C for 50 min and inactivated at 80 ◦C for 2 min.
After that, 4 µL of LAMP products were loaded onto the lateral flow strip, followed by
60 µL of 1x PBS. The result was then observed at 5 min. Multiplex LAMP-LF was used for
archived and fresh samples screening.
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Table 1. LAMP-LF primers used in this study.

Species Primer Sequence 5’ to 3’

Plasmodium spp.

FIP TACGGCCCGACGGTAAGATCGTAACCATGCCAACAC
BIP AGGAGTCTCACACTAGCGACAAAATTCCTTGTCGGGTAATCTC
FLP Biotin-CCGTCATAGCCATGTTAG
BLP DIG-ACCACATCTAAGGAAGGCAG
F3 TGTCAACTACCATGTTACGAC
B3 AACGGTCCTAAGGTAGCAA

P. knowlesi

FIP GTTGTTGCCTTAAACTTCCTTGTGTTCTTGATTGTAAAGCTTCTTAGAGG
BIP TGATGTCCTTAGATGAACTAGGCTTTGCAAGCAGCTAAAATCGT
FLP Biotin-TAGACACACATCGTT
BLP FAM-GCACGCGTGCTACACT
F3 CCATCTATTTCTTTTTTGCGTATG
B3 CAGTGGAGGAAAAGTACGAA

P. vivax

FIP GCCATGTTAGGCCAATACCCTAATGTGTGTATCAATCGAGTTTCT
BIP TAACGGGGAATTAGAGTTCGATTCCTGTAATTTACGCGCCTGCT
FLP Biotin-CATCAAAAGCTGATAGGTC
BLP DNP-GGAGAGGGAGCCTGAGAAATAGC
F3 AGCGACACGTAATGGATC
B3 CTTGTCACTACCTCTCTTCT

P. falciparum

FIP AGTAGTCCGTCTCCAGAAAATCTTACTTTGGGGGCATTCGTATT
BIP GCGAAAGCATTTGCCTAATCTATTTAAGATTACGACGGTATCTGATC
FLP Biotin-TCACCTCTGACATCTG
BLP Cy5- GTTAAGGGAGTGAAGACG
F3 GCTTAGTTACGATTAATAGGAGTA
B3 AGTCGGCATAGTTTATGGT

FIP: Forward inner primer; BIP: backward inner primer; FLP: forward loop primer; BLP: backward loop primer;
F3: forward primer; B3: backward primer.

2.7. Clinical Sensitivity and Specificity

By using microscopy as the reference standard, the clinical sensitivity and specificity
of the multiplex LAMP-LF assay were determined based on 86 whole blood samples
collected on-site. Sensitivity was calculated as (number of true positives)/(number of true
positives + number of false negatives), and specificity was calculated as (number of true
negatives)/(number of true negatives + number of false positives). The agreement between
the diagnostic test was calculated using the Kappa coefficient.

3. Results

Figure 2 shows the results for the singplex LAMP-LF. Strip 1 shows a positive LAMP-
LF result of P. malariae that appeared in two red bands, respectively located in the test
line 1 (TL1) coated with anti-DIG and control line (CL) coated with biotinylated BSA.
Strip 2 shows a positive LAMP-LF result of P. falciparum that appeared in two red bands,
respectively located in the test line 2 (TL2) coated with anti-Cy5 and CL. Strip 3 shows a
positive LAMP-LF result of P. vivax that appeared in two red bands, respectively located
in the test line 3 (TL3) coated with anti-DNP and CL. Strip 4 shows a positive LAMP-LF
result of P. knowlesi that appeared in two red bands, respectively located in the test line
4 (TL4) coated with anti-FITC and CL. Strip 5 shows the LAMP-LF result of the negative
control (distilled water) that appeared only in the CL. Different positive LAMP products
were tested on the lateral flow strips. There was no cross-reactivity between the positive
LAMP products with different haptens and the antibodies coated at the lateral flow strips
(figure not shown). The control line indicated the proper liquid flow through the strip.
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Figure 3 shows the multiplex LAMP-LF results for both archived and clinical samples.
Strip 1 shows a positive LAMP-LF result of P. falciparum that appeared in three red bands,
located in the TL1 coated with anti-DIG, TL2 coated with anti-Cy5, and CL, respectively.
Strip 2 shows a positive LAMP-LF result of P. vivax that appeared in three red bands,
located in the TL1 coated with anti-DIG, TL3 coated with anti-DNP, and CL, respectively.
Meanwhile, strip 3 shows a positive LAMP-LF result of P. knowlesi that appeared in three
red strips, located in the TL1 coated with anti-DIG, TL4 coated with anti-FITC, and CL,
respectively. Strip 4 shows the LAMP-LF result of the negative control (distilled water) that
appeared only in the CL.
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Table 2 shows the result of the comparison between microscopy and multiplex LAMP-
LF for archived malaria patients’ samples. The multiplex LAMP-LF successfully amplified
all P. knowlesi (n = 26), P. falciparum (and = 9), P. vivax (n = 9), P. malariae (n = 2), and P. ovale
(n = 2) positive samples. The 20 healthy blood samples did not show any amplification. By
using microscopy as the reference method, the multiplex LAMP-LF assay showed 100%
sensitivity (95% Confidence Interval (CI): 92.6 to 100%) and 100% specificity (95% CI: 83.2
to 100%).

Table 2. Comparison between microscopy and multiplex LAMP-LF for archived malaria patients’
samples.

Multiplex
LAMP-LF

Microscopy

Pf Pk Pv Pm Po Negative No. Cases by
Multiplex LAMP-LF

Pf 9 0 0 0 0 0 9
Pk 0 26 0 0 0 0 26
Pv 0 0 9 0 0 0 9
Pm 0 0 0 2 0 0 2
Po 0 0 0 0 2 0 2

Negative 0 0 0 0 0 20 20
Total 9 26 9 2 2 20 68

Pf : P. falciparum; Pk: P. knowlesi; Pv: P. vivax; Pm: P. malariae; Po: P. ovale.

Table 3 shows the results of the comparison among microscopy, nested PCR, and mul-
tiplex LAMP-LF for the malaria patients’ samples collected from Hospital Kapit, Sarawak.
The results show that there were two samples detected as negative by both microscopy
and multiplex LAMP-LF but were detected as P. vivax and P. knowlesi, respectively by
nested PCR. Also, another sample that was detected as P. knowlesi by both microscopy and
multiplex LAMP-LF but negative by nested PCR. Besides, we found that one sample was
detected as P. falciparum by microscopy but as P. knowlesi by both multiplex LAMP-LF
and nested PCR.

Table 3. Comparison among microscopy, nested PCR, and multiplex LAMP-LF for the malaria
patients’ samples collected from Hospital Kapit, Sarawak.

Samples Microscopy Nested PCR Multiplex
LAMP-LF

P. knowlesi
Positive 31 + β1 #1 + *1 + 31 *1 + β1 + 31

Negative 0 0 0

P. falciparum Positive *1 + 2 2 2
Negative 0 0 0

P. vivax
Positive 7 α1 + 7 7

Negative 0 0 0

Negative Positive 0 0 0
Negative #1 + α1 + 42 42 + β1 #1 + α1 + 42

# Sample was detected negative by microscopy and multiplex LAMP-LF but as P. knowlesi by nested PCR; α Sample
was detected negative by microscopy and multiplex LAMP-LF but as P. vivax by nested PCR; β Sample was
detected as P. knowlesi by microscopy and multiplex LAMP-LF but negative by nested PCR; * Sample was detected
as P. falciparum by microscopy and P. knowlesi by multiplex LAMP-LF and nested PCR.

By using microscopy as the reference method, the clinical sensitivity and specificity
of multiplex LAMP-LF were calculated based on 86 samples collected on-site. With this,
the developed multiplex LAMP-LF achieved 100% sensitivity (95% CI: 91.4 to 100%) and
97.8% specificity (95% CI: 88.2 to 99.9%). Multiplex LAMP-LF successfully amplified all
microscopy-positive samples. The 44 healthy blood samples did not show any amplifica-
tion. The positive predictive values and negative predictive values were 99.8% (95% CI:
99.2–99.95) and 100%, respectively. We calculated the kappa coefficient for all the meth-
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ods using microscopy as a reference test. Our results show that nested PCR had 94.2%
agreement (kappa = 0.88, 95% CI: 0.78–0.98), and the multiplex LAMP-LF 98.8% agreement
(kappa = 0.98, 95% CI: 0.93–1).

4. Discussion

In this study, we have developed a multiplex LAMP-LF assay for the diagnosis of
human malaria. The lateral flow strips contain test lines that capture biotin-, FITC, DIG-,
Cy5-, and DNP-labelled amplicons. The overall process was completed in one hour. The
developed multiplex LAMP-LF shows 100% clinical sensitivity and 97.8% clinical specificity
for the clinical samples collected on-site. This is a rapid, highly sensitive, robust, and easy-
to-operate method. Results can be read by observing the visible lines on the lateral flow
strips without the need for special equipment. Multiplex LAMP-LF is suitable for use
outside research/diagnosis laboratories and in field settings.

Out of the 86 samples, one sample was positive for P. knowlesi in both microscopy
and LAMP-LF but negative when tested with nested PCR. Two microscopy and LAMP-LF
negative samples were also found to be positive for P. knowlesi and P. vivax, respectively,
when tested with nested PCR. Based on these results, we infer that the discrepancy may
be due to the approaches used for DNA extraction between LAMP-LF and nested PCR
in this study. When comparing the two extraction methods, the simple yet crude DNA
extraction method used for LAMP-LF may have given a lower DNA yield compared with
the conventional solid phase DNA extracted by a commercial DNeasy® Blood & Tissue Kit
(Qiagen, Hilden, Germany). Therefore, nested PCR was able to pick up the two negative
samples that were undetected by LAMP-LF and microscopy. There was also one sample
detected as P. falciparum by microscopy but detected as P. knowlesi by LAMP-LF and nested
PCR. It may be due to the misdiagnosis of microscopy as the morphological features of the
early trophozoites of P. knowlesi are similar to that of P. falciparum [30]. Due to the rarity of
P. ovale and P. malariae samples, these species of malaria were not tested using this protocol.

The method used in DNA extraction was adapted from Zou et al. [20]. This is a
simple and DNA purification-free protocol. According to the WHO, an ideal point-of-care
diagnostic must fulfill the ASSURED criteria. LAMP, in itself, is an ideal candidate as a
point-of-care diagnostic tool for human malaria as it complies with most of the criteria.
Namely, LAMP is affordable; it is more sensitive and specific when compared with nested
PCR as it involves 4 to 6 primers; it is user-friendly as it does not require expertise for
species identification as in the case of microscopy; lastly, LAMP amplification is rapid and
the assay can be completed in less than one hour. However, to use LAMP as a diagnostic
approach, DNA is required as a template. Most of the DNA extraction methods require
a centrifuge, commercial DNA extraction kits, and multiple liquid handling steps, which
do not fit the criteria of point-of-care. However, the DNA extraction protocol developed
here is fast, easy-to-use, and simple to handle. Without the need of a centrifuge, the overall
extraction protocol took only ~8 min to complete.

Additionally, without a turbidity meter or gel electrophoresis machine, the LAMP
endpoint readout cannot be properly ascertained. A colorimetric detection approach could
be used to solve the problem. Additional colorimetric dyes in the LAMP assay could be
used to determine between positive and negative results by observing the color change
with the naked eye. However, the colorimetric detection approach is not suitable for use
with samples with mixed infections. Therefore, we propose a multiplex LAMP-LF to solve
this issue. For example, for samples with P. knowlesi and P. falciparum mixed infections,
the red color bands of anti-FAM, anti-Cy5, anti-DIG, and control lines were visible on the
lateral flow strip. The result was visualized within 5 min.

According to Zou et al. [20], filter papers can be made into dipsticks to extract nucleic
acids from a wide range of biological samples in less than 30 s without the need for any
special equipment. Blood was one of the biological samples tested. We adapted this method
in this study for the diagnosis of malaria with some modifications. To assist the binding
of DNA to the filter paper, we increased the size to a 6-mm diameter filter paper. We also
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made some amendments to the washing step. The volume of the washing buffer was
increased to 1 mL instead of 200 µL as we found that a larger buffer volume may better
help with diffusion of contaminants from the filter paper. When the filter paper was dipped
in the LAMP reaction mixture, the captured DNA was slowly diffused from the filter paper
into the LAMP reaction mixture and subsequently amplified.

LAMP-LF technology was used for the detection of malaria many years ago. However,
most of their reports focused on single or duplex Plasmodium species detection. Sharma
et al. developed a duplex LAMP-LF for the detection of P. falciparum and P. vivax [31].
Yongkiettrakul et al. also reported a LAMP-LF assay for the detection of P. falciparum
and P. vivax by using dihydrofolate reductase thymidylate synthase (dhfr-ts) as the target
gene [32]. Although the LAMP-LF was sensitive and could detect as little as 1 picogram
(pg) of P. falciparum DNA and 1 nanogram (ng) of P. vivax DNA, the overall LAMP-LF
assay took approximately 90 min to complete. As compared to our multiplex LAMP-LF
developed here, the overall process only took 60 min to complete.

In 2018, Mallepaddi et al. reported a LAMP-LF for the detection of 5 Plasmodium
species and successfully detected down to 0.01 pg/µL for all 5 Plasmodium species [33]. Al-
though the entire LAMP-LF assay took a shorter time (approximately 42 min) to complete,
only single species could be detected at each time of diagnosis. To improve the perfor-
mance of LAMP-LF, we developed a multiplex LAMP-LF for the simultaneous detection of
5 Plasmodium species. Differentiation of the 5 Plasmodium species could be performed by
using primers with differently labeled haptens. To the best of our knowledge, this is the
first multiplex LAMP-LF simultaneously detecting the 5 Plasmodium species.

One of the limitations of this study was the comparison between tests was performed
in a non-blinded fashion, which can lead to biases, particularly observer bias. The strength
of this simple DNA extraction coupled with LAMP-LF developed in this study is its
affordability, especially in areas with limited financial resources. The cost per reaction
of LAMP-LF (USD 2.76) was slightly higher compared with nested PCR (USD 1.01), but
with the advantage of not requiring a thermocycler and an electrophoresis apparatus. In
this study, the cost per reaction of the simple DNA extraction (USD 0.11) was much lower
compared with that of the commercial DNA extraction kit (USD 5.14).

5. Conclusions

In summary, we designed and tested a multiplex LAMP-LF on malaria that enables
one to interpret the diagnostic results rapidly, precisely, and visually from clinical samples
without professional instruments and expertise. The high sensitivity and specificity of
multiplex the LAMP-LF developed here inspire confidence in this assay as a point-of-care
method. By coupling a simple and purification-free DNA extraction method, the DNA
extraction time can be reduced to ~ 8 min. This allows the diagnosis of malaria to be more
accessible and affordable. It would be especially useful in resource-deficient areas.

Author Contributions: Conceptualization, M.Y.L. and Y.L.L.; methodology, M.Y.L. and L.P.Y.Z.;
resources, L.P.Y.Z., M.H.A.H., J.J., R.N.M., V.J.S.I., L.N.P.F. and I.S., writing-original draft preparation,
M.Y.L. and L.P.Y.Z.; writing-review and editing, M.Y.L. and Y.L.L.; supervision, Y.L.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by Long Term Research Grant Scheme (LRGS), LRGS/1/2018/
UM/01/1/4 (LR002D-2018) from the Ministry of Higher Education, Malaysia.

Institutional Review Board Statement: This study was approved by the Medical Ethics Committee
of UMMC (MEC reference no. 817.18 and 908.11) and National Medical Research Registry (reference
No. NMRR-12-1105-13079).

Informed Consent Statement: Informed consent cannot be obtained because the patients cannot be
traced. Blood samples were obtained as part of routine clinical procedure for the diagnosis of malaria.
This study only focused on the malaria parasite DNA, no human DNA or tissue was studied and no
images from patients were used. On top of that no patient details such as address, contact number or
name are mentioned in the manuscript.



Trop. Med. Infect. Dis. 2023, 8, 199 11 of 12

Data Availability Statement: The authors can confirm that all relevant data are included in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. World Malaria Report 2021; World Health Organization: Geneva, Switzerland, 2021; pp. 1–322.
2. Daher, R.K.; Stewart, G.; Boissinot, M.; Bergeron, M.G. Recombinase polymerase amplification for diagnostic applications. Clin.

Chem. 2016, 62, 947–948. [CrossRef] [PubMed]
3. Lai, M.Y.; Ooi, C.H.; Lau, Y.L. Recombinase polymerase amplification combined with a lateral flow strip for the detection of

Plasmodium knowlesi. Am. J. Trop. Med. Hyg. 2018, 98, 700–703. [CrossRef] [PubMed]
4. Lalremruata, A.; Nguyen, T.T.; McCall, M.B.B.; Mombo-Ngoma, G.; Agnandji, S.T.; Adegnika, A.A.; Lell, B.; Ramharter, M.;

Hoffman, S.L.; Kremsner, P.G.; et al. Recombinase polymerase amplification and lateral flow assay for ultrasensitive detection of
low-density Plasmodium falciparum infection from controlled human malaria infection studies and naturally acquired infections. J.
Clin. Microbiol. 2020, 58, e01879-19. [CrossRef] [PubMed]

5. Li, Y.; Kumar, N.; Gopalakrishnan, A.; Ginocchio, C.; Manji, R.; Bythrow, M.; Lemieux, B.; Kong, H. Detection and species
identification of malaria parasites by isothermal tHDA amplification directly from human blood without sample preparation. J.
Mol. Diagn. 2013, 15, 634–641. [CrossRef]

6. Garrido-Maestu, A.; Azinheiro, S.; Fuciños, P.; Carvalho, J.; Prado, M. Comparative study of multiplex real-time recombinase
polymerase amplification and ISO11290-1 methods for the detection of Listeria monocytogenes in dairy products. Food Microbiol.
2020, 92, 103570. [CrossRef]

7. Crannell, Z.A.; Castellanos-Gonzales, A.; Nair, G.; Mejia, R.; White, A.C.; Richards-Kortum, R. A multiplexed recombinase
polymerase amplification assay to detect intestinal protozoa. Anal. Chem. 2016, 88, 1610–1616. [CrossRef]

8. Schneider, P.; Wolters, L.; Schoone, G.; Schallig, H.; Sillekens, P.; Hermsen, R.; Sauerwein, R. Real-time nucleic acid sequence-based
amplification is more convenient than real-time PCR for quantification of Plasmodium falciparum. J. Clin. Microbiol. 2005, 43,
402–405. [CrossRef]

9. Zhang, H.; Xu, Y.; Fohlerova, Z.; Chang, H.; Iliescu, C.; Neuzil, P. LAMP-on-a-chip: Revising microfluidic platforms for
loop-mediated DNA amplification. TrAC Trends Anal. Chem. 2019, 113, 44–53. [CrossRef]

10. Puri, M.; Kaur, B.H.; Madan, E.; Srinivasan, R.; Rawat, K.; Gorthi, S.S.; Kumari, G.; Sah, R.; Ojha, S.B.; Panigrahi, S.; et al. Rapid
diagnosis of Plasmodium falciparum malaria using a point-of-care loop-mediated isothermal amplification device. Front. Cell. Infect.
Microbiol. 2022, 12, 961832. [CrossRef]

11. Notomi, T. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 2000, 28, 12. [CrossRef]
12. Goto, M.; Honda, E.; Ogura, A.; Nomoto, A.; Hanaki, K.I. Colorimetric detection of loop-mediated isothermal amplification

reaction by using hydroxy naphthol blue. BioTechniques. 2009, 46, 167–172. [CrossRef]
13. Tanner, N.A.; Zhang, Y.; Evans, T.C. Visual detection of isothermal nucleic acid amplification using pH-sensitive dyes. BioTech-

niques 2015, 58, 59–68. [CrossRef]
14. Zhang, J.; Cao, J.; Zhu, M.; Xu, M.; Shi, F. Loop-mediated isothermal amplification-lateral-flow dipstick (LAMP-LFD) to detect

Mycoplasma ovipneumoniae. World J. Microbiol. Biotechnol. 2019, 35, 31. [CrossRef]
15. Xue, Y.; Kong, Q.; Ding, H.; Xie, C.; Zheng, B.; Zhuo, X.; Ding, J.; Tong, Q.; Lou, D.; Lu, S.; et al. A novel loop-mediated isothermal

amplification-lateral-flow-dipstick (LAMP-LFD) device for rapid detection of Toxoplasma gondii in the blood of stray cats and
dogs. Parasite. 2021, 28, 41. [CrossRef]

16. Yang, Y.; Li, Q.; Wang, S.; Chen, X.; Du, A. Rapid and sensitive detection of Babesia bovis and Babesia bigemina by loop-mediated
isothermal amplification combined with a lateral flow dipstick. Vet. Parasitol. 2016, 219, 71–76. [CrossRef]

17. Njiru, Z.K. Rapid and sensitive detection of human African trypanosomiasis by loop-mediated isothermal amplification combined
with a lateral-flow dipstick. Diagn. Microbiol. Infect. Dis. 2011, 69, 205–209. [CrossRef]

18. Jiao, W.W.; Wang, Y.; Wang, G.R.; Wang, Y.C.; Xiao, J.; Sun, L.; Li, J.Q.; Wen, S.A.; Zhang, T.T.; Ma, Q.; et al. Development and
clinical validation of multiple cross displacement amplification combined with nanoparticles-based biosensor for detection of
Mycobacterium tuberculosis: Preliminary results. Front. Microbiol. 2019, 10, 2135. [CrossRef]

19. Li, S.; Liu, Y.; Wang, Y.; Chen, H.; Liu, C.; Wang, Y. Lateral flow biosensor combined with loop-mediated isothermal amplification
for simple, rapid, sensitive, and reliable detection of Brucella spp. Infect. Drug Resist. 2019, 12, 2343–2353. [CrossRef]

20. Zou, Y.; Mason, M.G.; Wang, Y.; Wee, E.; Turni, C.; Blackall, P.J.; Trau, M.; Botella, J.R. Nucleic acid purification from plants,
animals and microbes in under 30 seconds. PloS Biol. 2017, 15, e2003916. [CrossRef]

21. Naseri, M.; Ziora, Z.M.; Simon, G.P.; Batchelor, W. Assured-compliant point-of-care diagnostics for the detection of human viral
infections. Rev. Med. Virol. 2021, 32, 2. [CrossRef]

22. Otoo, J.A.; Schlappi, T.S. REASSURED Multiplex Diagnostics: A critical review and forecast. Biosensors 2022, 12, 124. [CrossRef]
[PubMed]

23. Kettler, H.; White, K.; Hawkes, S. Mapping the Landscape of Diagnostics for Sexually Transmitted Infections: Key Findings
and Recommendations. World Health Organization. 2004. Available online: https://apps.who.int/iris/handle/10665/68990
(accessed on 10 February 2021).

http://doi.org/10.1373/clinchem.2015.245829
http://www.ncbi.nlm.nih.gov/pubmed/27160000
http://doi.org/10.4269/ajtmh.17-0738
http://www.ncbi.nlm.nih.gov/pubmed/29260656
http://doi.org/10.1128/JCM.01879-19
http://www.ncbi.nlm.nih.gov/pubmed/32102854
http://doi.org/10.1016/j.jmoldx.2013.05.005
http://doi.org/10.1016/j.fm.2020.103570
http://doi.org/10.1021/acs.analchem.5b03267
http://doi.org/10.1128/JCM.43.1.402-405.2005
http://doi.org/10.1016/j.trac.2019.01.015
http://doi.org/10.3389/fcimb.2022.961832
http://doi.org/10.1093/nar/28.12.e63
http://doi.org/10.2144/000113072
http://doi.org/10.2144/000114253
http://doi.org/10.1007/s11274-019-2601-5
http://doi.org/10.1051/parasite/2021039
http://doi.org/10.1016/j.vetpar.2016.02.004
http://doi.org/10.1016/j.diagmicrobio.2010.08.026
http://doi.org/10.3389/fmicb.2019.02135
http://doi.org/10.2147/IDR.S211644
http://doi.org/10.1371/journal.pbio.2003916
http://doi.org/10.1002/rmv.2263
http://doi.org/10.3390/bios12020124
http://www.ncbi.nlm.nih.gov/pubmed/35200384
https://apps.who.int/iris/handle/10665/68990


Trop. Med. Infect. Dis. 2023, 8, 199 12 of 12

24. Snounou, G.; Viriyakosol, S.; Zhu, X.P.; Jarra, W.; Pinheiro, L.; do Rosario, V.E.; Thaithong, S.; Brown, K.N. High sensitivity of
detection of human malaria parasites by the use of nested polymerase chain reaction. Mol. Biochem. Parasitol. 1993, 61, 315–320.
[CrossRef] [PubMed]

25. Imwong, M.; Tanomsing, N.; Pukrittayakamee, S.; Day, N.P.J.; White, N.J.; Snounou, G. Spurious amplification of a Plasmodium
vivax small-subunit RNA gene by use of primers currently used to detect P. knowlesi. J. Clin. Microbiol. 2009, 47, 4173–4175.
[CrossRef] [PubMed]

26. Hajian-Tilaki, K. Sample size estimation in diagnostic test studies of biomedical informatics. J. Biomed. Inform. 2014, 48, 193–204.
[CrossRef] [PubMed]

27. Hermanson, G.T. Microparticles and nanoparticles. In Bioconjugate Techniques; Academic Press: Cambridge, MA, USA, 2008;
pp. 582–626. [CrossRef]

28. Yokota, S. Preparation of colloidal gold particles and conjugation to protein A/g/L, IGG, F(AB′)2, and streptavidin. Methods Mol.
Biol. 2016, 1476, 61–71. [CrossRef]

29. Lau, Y.L.; Lai, M.Y.; Fong, M.Y.; Jelip, J.; Mahmud, R. Loop-mediated isothermal amplification assay for identification of five
human Plasmodium species in Malaysia. Am. J. Trop. Med. Hyg. 2016, 94, 336–339. [CrossRef]

30. Singh, B.; Daneshvar, C. Human infections and detection of Plasmodium knowlesi. Clin. Microbiol. Rev. 2013, 26, 165–184. [CrossRef]
31. Sharma, S.; Kumar, S.; Ahmed, M.Z.; Bhardwaj, N.; Singh, J.; Kumari, S.; Savargaonkar, D.; Anvikar, A.R.; Das, J. Advanced

multiplex loop-mediated isothermal amplification (mLAMP) combined with lateral flow detection (LFD) for rapid detection of
two prevalent malaria species in India and melting curve analysis. Diagnostics 2021, 12, 32. [CrossRef]

32. Yongkiettrakul, S.; Jaroenram, W.; Arunrut, N.; Chareanchim, W.; Pannengpetch, S.; Suebsing, R.; Kiatpathomchai, W.; Porn-
thanakasem, W.; Yuthavong, Y.; Kongkasuriyachai, D. Application of loop-mediated isothermal amplification assay combined
with lateral flow dipstick for detection of Plasmodium falciparum and Plasmodium vivax. Parasitol. Int. 2014, 63, 777–784. [CrossRef]

33. Mallepaddi, P.C.; Lai, M.Y.; Podha, S.; Ooi, C.H.; Liew, J.W.; Polavarapu, R.; Lau, Y.L. Development of loop-mediated isothermal
amplification-based lateral flow device method for the detection of malaria. Am. J. Trop. Med. Hyg. 2018, 99, 704–708. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/0166-6851(93)90077-B
http://www.ncbi.nlm.nih.gov/pubmed/8264734
http://doi.org/10.1128/JCM.00811-09
http://www.ncbi.nlm.nih.gov/pubmed/19812279
http://doi.org/10.1016/j.jbi.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24582925
http://doi.org/10.1016/b978-0-12-370501-3.00014-x
http://doi.org/10.1007/978-1-4939-6352-2_4
http://doi.org/10.4269/ajtmh.15-0569
http://doi.org/10.1128/CMR.00079-12
http://doi.org/10.3390/diagnostics12010032
http://doi.org/10.1016/j.parint.2014.06.004
http://doi.org/10.4269/ajtmh.18-0177

	Introduction 
	Materials and Methods 
	Sample Collection 
	Alternative DNA Extraction Coupled with LAMP-LF Assay 
	Preparation of 40 nm Diameter Gold Nanoparticles 
	Conjugation of Streptavidin with Gold Nanoparticles 
	Construction of Lateral Flow Strips 
	LAMP Assay 
	Clinical Sensitivity and Specificity 

	Results 
	Discussion 
	Conclusions 
	References

