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Abstract

Background: Five species of Plasmodium are known to infect humans. For proper treatment of malaria, accurate
identification of the parasite species is crucial. The current gold standard for malaria diagnosis is microscopic examina-
tion of Giemsa-stained blood smears. Since the parasite species are identified by microscopists who manually search
for the parasite-infected red blood cells (RBCs), misdiagnosis due to human error tends to occur in case of low para-
sitaemia or mixed infection. Then, molecular methods, such as polymerase chain reaction or loop-mediated isother-
mal amplification (LAMP), are required for conclusive identification of the parasite species. However, since molecular
methods are highly sensitive, false-positive results tend to occur due to contamination (carry over) or the target gene
products may be detected even after clearance of the parasites from the patient’s blood. Therefore, accurate detec-
tion of parasites themselves by microscopic examination is essential for the definitive diagnosis. Thus, the method of
in situ LAMP for the parasites was developed.

Results: Red blood cell suspensions, including cultured Plasmodium falciparum, strain 3D7, infected-RBCs, were
dispersed on cyclic olefin copolymer (COC) plate surfaces rendered hydrophilic by reactive ion-etching treatment
using a SAMCO RIE system (hydrophilic-treated), followed by standing for 10 min to allow the RBCs to settle down on
the plate surface. By rinsing the plate with RPMI 1640 medium, monolayers of RBCs formed on almost the entire plate
surface. The plate was then dried with a hair drier. The RBCs were fixed with formalin, followed by permeabilization
with Triton X-100. Then, amplification of the P falciparum 18S rRNA gene by the LAMP reaction with digoxigenin (DIG)-
labelled dUTP and a specific primer set was performed. Infected RBCs as fluorescence-positive cells with anti-DIG
antibodies conjugated with fluorescein using fluorescent microscopy could be detected.

Conclusions: The present work shows that the potential of in situ LAMP for the identification of Plasmodium species
at the single cell level on hydrophilic-treated COC palates, allowing highly sensitive and accurate malaria diagnosis.
The findings will improve the efficacy of the gold standard method for malaria diagnosis.
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Background

Malaria is an infectious disease caused by different spe-
cies of Plasmodium, of which, five species are reported
to infect humans (i.e., Plasmodium falciparum, Plasmo-
dium vivax, Plasmodium malariae, Plasmodium ovale,
and Plasmodium knowlesi). Plasmodium parasitizes red
blood cells (RBCs) and disrupts the host cells, resulting
in the occurrence of fever and/or anaemia. Since malaria
caused by P falciparum is the most serious, with high
mortality, accurate and prompt diagnosis is especially
important to effective management. Microscopic exami-
nation of thick and thin, Giemsa-stained blood films
(‘Giemsa microscopy’) has been the gold standard for the
diagnosis of malaria [1]. Although Giemsa microscopy
with thick blood films is useful to detect the parasites in
patients with low parasitaemia, this technique has some
limitations. Diagnosis by this method tends to under-
estimate the infection rate [2] and is not recommended
for identification of the parasite species [3]. Microscopic
examination of Giemsa-stained thin blood smears is
a better method for accurate parasitaemia estimation
and identification of the parasite species compared to
the microscopic examination of thick blood films. Para-
sitemia generally indicates the severity of the malaria
infection and accurate identification of the species ena-
bles an appropriate choice of anti-malarial medicine and
better treatment of the disease.

However, at a time, only a small area of a thin blood
smear provides a monolayer of RBCs suitable for micro-
scopic evaluation, thereby limiting the number of cells
that can be examined for parasitaemia estimation [4].
Recently, a method that allows microscopic analysis of
Giemsa-stained RBCs spread in a monolayer over the
entire surface of hydrophilic-treated plastic plates was
established to improve Giemsa microscopy with thin
blood smears [5]. Microscopists examine differential-
diagnostic details, such as infected RBCs, parasite size
and shape, or characteristic dots in the RBC stroma [6].
Giemsa microscopy does not always show typical Plas-
modium-infected RBCs (iRBCs). Therefore, identification
of the parasite species requires examination of as many
iRBCs as possible. Misdiagnosis particularly occurs in
case of low parasitaemia and also in case of mixed infec-
tion where the abundance of a particular parasite species
may dominate the presence of other species [7, 8]. Fur-
ther, misdiagnosis also occurs when the quality of the
blood smear is poor.

Genetic analysis, such as polymerase chain reac-
tion (PCR), is a very sensitive diagnostic method for the
detection and identification of Plasmodium species [9,
10]. Recently, Lau et al. reported that loop-mediated iso-
thermal amplification (LAMP), which is more sensitive
than PCR with a processing time of less than 60 min at
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low temperature (~65 °C) [11, 12], can be used for the
identification of the parasite species [13]. Rapid diagnos-
tic tests (RDTs) based on the immunochromatographic
capture procedure using monoclonal antibodies are also
used for the identification of the parasite species; how-
ever, the possibility of misdiagnosis is a well-known dis-
advantage of RDTs [14].

One of the advantages of molecular methods, such
as PCR or LAMDP, is that an accurate diagnosis can be
made using the gene-specific primer set. However, false-
positive results obtained by PCR analysis after clear-
ance of the parasites from the patients’ bloodstream has
been reported [15]. Further, false-positive results tend to
occur via molecular methods resulting from contamina-
tion (carry over) due to these high sensitivity [16, 17].
Therefore, a definitive diagnosis of malaria should be
made by detecting the specific parasite species itself dur-
ing microscopic examination. Hence, in situ LAMP was
developed where gene amplification can be performed
in iRBCs on thin blood smears. Development of in situ
LAMP for virus-infected cells [18] and bacteria [19,
20] has been reported. Recently, a method that allows
the formation of a monolayer over the whole surface of
hydrophilic-treated plastic plates were reported [5]. In
this study, in situ LAMP was performed in iRBCs on the
hydrophilic-treated plates to analyze as many iRBCs as
possible on a slide. The identification of malarial parasite
at cellular levels using in situ LAMP assay was able to be
performed.

Methods

Malarial parasite culture and preparation

of hydrophilic-treated cyclic olefin copolymer (COC) plate
surface

Plasmodium falciparum strain 3D7 was cultured, as pre-
viously described [21]. Plastic plates (25 x 75 mm) made
of COC (Shin-Etsu Polymer Co. Ltd., Tokyo, Japan) were
rendered hydrophilic by reactive ion-etching treatment
using a SAMCO RIE system (SAMCO Inc., Tokyo, Japan)
as previously described [22].

In situ LAMP

Technical details of in situ LAMP assay are described
in Fig. 1. Briefly, fresh RBCs from a healthy donor with
blood type O (Japanese Red Cross Society, Tokyo,
Japan) were infected with P falciparum, which con-
tained more than 60% of ring-stage, more than 20% of
late trophozoite-stage, and less than 20% of schizont-
stage parasites. The monolayer of infected-RBCs was
allowed to dry on the hydrophilic-treated COC plate
(Fig. 1a—f), fixed with 20% formalin for 20 min, and
then permeabilized with 0.5% Triton X-100 for 10 min.
For in situ LAMP reaction, cells were incubated with
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Fig. 1 Protocol for in situ LAMP for Plasmodium-infected red blood cells on hydrophilic-treated COC plates. After hydrophilic treatment of COC
plates (a), iRBCs were added to the plates, followed by 10 min standing to allow the RBCs to settle down on the plate surface (b). A picture of a plate
(box). Schematic cross-sectional image of the RBCs forming a multilayer on a COC plate (c). After removing non-adherent cells (d), cells were spread
as a monolayer on the plates (e). Plates were dried rapidly with a hair dryer (f). The cells were fixed with formalin (g), followed by permeabilization
with Triton X-100. Then, LAMP reaction with DIG-labeled dUTP and a specific primer set for P, falciparum 18S rRNA gene was performed (h). The
resulting LAMP products in the cells were visualized with FITC-conjugated anti-DIG antibody using a fluorescence microscope (i)

LAMP reaction mixture at 63 °C on a hot plate (HHP-
140D, AS ONE Corporation, Osaka, Japan) for 1 h.
LAMP reaction mixture (100 uL) contained 50 pL of
2x reaction mix (Loop DNA amplification Kit, Eiken
Chemical Co. Ltd., Tochigi, Japan), 4 puL of Bst DNA
polymerase (Eiken Chemical Co. Ltd.), 3 pL of 1 mM
digoxigenin (DIG)-11-dUTP (Roche, Mannheim, Ger-
many), 5.2 uL of primer mix specific to 185 rRNA gene
of P. falciparum [13] containing 160 pmol of each inner
primer (FIP and BIP), 80 pmol of each loop primer
(FLP and BLP), and 20 pmol of each outer primer (F3
and B3), and 37.8 pL of Milli-Q water. After washing
the cells with PBS, 100 pL of the diluted anti-DIG-
fluorescein, Fab fragments (Roche) (1:100 in PBS),
was added to the cells and incubated for 1 h at room
temperature (23-28 °C). After washing with PBS, cells
were nuclear-stained and mounted using SlowFade "
Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific Inc., Waltham, MA). Phase-contrast and fluo-
rescence images of the cells were acquired using a fluo-
rescence microscope (DM6000 B, Leica Microsystems,

Wetzlar, Germany) with a digital camera (DFC350 FX,
Leica Microsystems).

Results
Figure 1 shows a protocol for in situ LAMP assay in
iRBCs. Reactive ion-etching treatment was performed on
glass-slide shaped cyclic olefin copolymer (COC) plates
(Fig. 1a). Three mL of iRBCs diluted to 1% of haematocrit
with RPMI 1640 medium was dropped on hydrophilic-
treated plates (Fig. 1b). Plates were left undisturbed for
10 min to allow the RBCs to settle and adhere onto the
plates (Fig. 1c). Non-adherent RBCs were removed by
rinsing the plates for 10 s with RPMI 1640 medium con-
taining 10% ethanol (v/v), which facilitates drying of
RBCs in the next steps (Fig. 1d, e). The monolayer, which
covered the entire plate, was immediately dried using a
hair dryer (Fig. 1f) to avoid disrupting the morphology of
the RBCs or parasites.

A plastic frame(s) (1 cm length x 1 cm width x 0.5 cm
height) was glued on the plate with double-sided tape
and manicure, followed by fixation of the cells with



Hashimoto et al. Malar J (2018) 17:235

100 pL of 20% (v/v) formalin diluted with Milli-Q water
for 20 min in the frame (Fig. 1g). After removal of the
fixing solution, cells were treated with 100 pL of Triton
X-100 diluted with Milli-Q water [0.5% (v/v)] for 10 min
(Fig. 1h). Plasmodium parasitizes in a parasitophorous
vacuole (PV) within RBCs [23], and the treatment of
iRBCs with Triton X-100 may permeabilize the PV mem-
brane. Recently, it has been reported that the sensitivity
of LAMP increased 100-fold after Triton X-100 treat-
ment of iRBCs [24]. After removal of the solution, 100 puL
of the LAMP reaction mixture containing a primer set
specific for amplification of P, falciparum 18S rRNA gene
was added to the cells (Fig. 1h). To avoid evaporation of
the reaction mixture, 180 pL of mineral oil was overlaid.
DIG-11-dUTP was added to the LAMP reaction mixture
(30 uM at the final concentration). The plate was heated
on a hot plate for 1 h at 63 °C. LAMP reaction resulted
in DIG-labeled 185 rRNA gene amplification in iRBCs
(Fig. 1i). The reaction product was visualized using anti-
DIG antibodies conjugated with fluorescein (FITC) by
fluorescence microscopy.
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Figure 2a shows the hydrophilic-treated COC plate
after application of RBCs followed by quick drying.
RBCs were uniformly spread across the plate. Figure 2b
shows the plate with two plastic frames for in situ
LAMP assay. When the plates were observed under a
microscope, a monolayer of non-aggregated RBCs was
visualized over the plate surface (Fig. 2c, d).

Representative images after in situ LAMP assay are
shown (Fig. 3a—c). For a negative control, cells were
treated with Milli-Q water instead of the LAMP reac-
tion mixture followed by detection with the FITC-
conjugated anti-DIG antibody (Fig. 3d—f). To identify
the parasites, iRBCs were also stained with nuclear
stain 4/,6-diamidino-2-phenylindole (DAPI) (Fig. 3b,
e). In this experimental condition, iRBCs were clearly
observed in phase-contrast images (Fig. 3a, d) as well as
by fluorescence microscopy (iRBCs stained with DAPI)
regardless of the presence or absence of the LAMP
reaction. While fluorescent signals in iRBCs were
detected by in situ LAMP reaction (Fig. 3c), they were
not detected in the negative control (Fig. 3f). These

(c) and x200 magnification (d)

Fig. 2 Representative images of red blood cells on hydrophilic-treated plates for in situ LAMP assay. a, b A hydrophilic-treated COC plate with dried
RBCs without a plastic frame (a) and with plastic frames (b). ¢, d Representative microscopic images of the RBCs on the plate at x50 magnification
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Fig. 3 Detection of Plasmodium falciparum in red blood cells using in situ LAMP with DIG-labelled dUTP. a-c iRBCs on the hydrophilic-treated
plates were analysed by in situ LAMP assay. Representative phase-contrast microscopic images (1000x, oil immersion) of the cells (a), fluorescence
microscopy image in which the nucleic acid was stained with DAPI (b) and in which LAMP reaction was performed (c). d—-f For a negative control,
cells on the plates were handled according to the protocol described in Fig. 1, except PBS was added instead of the LAMP reaction mixture.
Representative phase-contrast microscopic image of the cells (d), fluorescent microscopic image in which nucleic acid was stained with DAPI (e),
and fluorescent microscopic image of cells visualized with a filter for FITC (f). Note that DAPI-positive RBCs are parasite-infected RBCs

results indicate that in situ LAMP was successfully per-
formed in iRBCs.

Discussion

In this study, a method called in situ LAMP assay that
involves forming a monolayer of iRBCs over the entire
surface of hydrophilic-treated COC plates was described.
This assay enables researchers to identify parasites under
a microscope from a wide range of blood smears and per-
form genetic analysis of the parasites at a single cell level.
In situ LAMP assay can be performed in a short period
of 2.5 h. Considering that DNA purification is required
for the standard LAMP assay, the in situ LAMP assay is
rapid, easy, and inexpensive, as a COC plate is of low-
cost (0.3 USD), thereby providing several advantages over
the standard assay. In this study, in situ LAMP was per-
formed in an area of 1 cm? using 100 uL of the LAMP
reaction mixture to acquire stable results. About four-
fold increase in the amount of reagent was required as
compared to the standard LAMP assay in a tube. Since
FITC-conjugated anti-DIG antibody is required for
in situ LAMP assay, it costs about 15 USD for one assay,
and the cost also depends on the assay area and the price
of the reagents used for the assay.

In situ LAMP assay could be performed on a thin blood
smear prepared on glass slides. Consequently, in situ
LAMP assay may be performed on blood smears pre-
pared in field settings. Since the effect of hydrophilic-
treatment on COC plates lasts for more than 2 weeks, the
hydrophilic-treated plates can be taken to the field. The
number of RBCs that can be analysed in COC plates is
higher compared to a thin blood smear; therefore, in situ
LAMP assay with hydrophilic-treated COC plates should
be performed for better results. Especially, when the five
species of the parasites need to be distinguished, five
LAMP reaction mixtures containing the specific primer
sets for each species must be prepared. In this case, since
five plastic frames for the assay can be glued on the RBC
monolayer on a single hydrophilic-treated plate, the COC
plates are more appropriate than glass slides. The proto-
col for in situ LAMP assay will remain the same among
the parasite species is anticipated, but this has to be veri-
fied in the future.

As microscopic analysis of Giemsa staining is com-
monly used for the identification of the parasite species,
and whether in situ LAMP assay could be performed
after Giemsa staining was investigated. iRBCs spread in a
monolayer over the entire surface of hydrophilic-treated
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plastic plates were fixed with methanol followed by
Giemsa staining. Then, in situ LAMP assay was per-
formed using the Giemsa-stained RBC monolayer. The
dye for Giemsa staining was removed during in situ
LAMP assay. After in situ LAMP reaction, no FITC-
labeled iRBCs that were stained with DAPI were
detected. Due to methanol fixation of iRBCs, membrane
of RBCs and/or PVs might not have been permeabilized
by Triton X-100 treatment, or the fixed genome DNA
could not serve as the template for the in situ LAMP
reaction.

A fluorescent microscope is required for the in situ
LAMP assay. In field settings, an optical microscope is
better than a fluorescent microscope. Using 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium as the
substrate for immunodetection was attempted in in situ
LAMP assay with alkaline phosphatase-conjugated anti-
DIG antibody instead of FITC-conjugated anti-DIG
antibody. However, it was very difficult to distinguish it
from the reaction product from haemozoin. On the other
hand, more than 100 iRBCs were analysed by in situ
LAMP assay using a fluorescent microscope, and the
FITC signals were detected in all iRBCs. Further, since
the specificity of anti-DIG antibody is very high, false
fluorescent signals were not detected. Taken together, the
specificity of in situ LAMP assay developed in this study
was very high. Development of in situ LAMP assay that
does not require a fluorescent microscope is important
for the assay to be more widely used.

Previously, a method for automated determination
of infection rate on the hydrophilic-treated COC plate
was reported [5]. iRBCs stained with SYTO21, a cell-
permeant green fluorescent dye, are added to the plate,
allowing formation of a wide range of monolayers, con-
sisting of more than 1.8 x 10’ RBCs. The number of
RBCs and parasites can be calculated automatically using
software tools. Thus, not only identification of the spe-
cies, but also highly sensitive and quantitative detection
of the parasites can be performed on the hydrophilic-
treated plate. On the other hand, for the treatment of
malaria, determination of the resistance of the para-
sites to drugs is also important. Recently, Chuhar et al.
reported that LAMP can be used for the detection of the
chloroquine-resistance gene of P falciparum [25], sug-
gesting the potential of LAMP assay for analysis of vari-
ous drug resistance genes. Therefore, in situ LAMP can
be used not only for the identification of the parasite spe-
cies, but also for the detection of resistance gene of the
parasite to drugs at cellular levels. Shah et al. developed a
fluorescence in situ hybridization (FISH) method for the
detection of iRBCs [26], and identification of the para-
site species can also be possible with this method. One
of the disadvantages of FISH is that if the target genes
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are not abundantly present (e.g., single copy gene), they
cannot be detected. Since target genes can be amplified
by LAMP with high sensitivity, accurate identification
of parasite species and drug-resistant mutations may be
possible by this method.

Conclusions

Detection of Plasmodium in blood samples by micro-
scopic examination is cardinal for definite diagnosis of
malaria. Identification of the parasite species are also
important for proper treatment. The technicians have
to get skillful for identification of the parasite species by
Giemsa microscopy. To avoid misdiagnosis, diagnosis by
molecular methods should be performed especially in the
difficult cases (i.e., patients with low parasitaemia, mixed
infection, or receiving treatment). In situ LAMP with
hydrophilic-treated COC plates enable the technicians
not only to examine a number of iRBCs compared to
canonical blood smears, but also to identify the parasite
species by the molecular method at cellular level. There-
fore, in situ LAMP may significantly improve present
gold standard method for malaria diagnosis.
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