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A B S T R A C T

The automated hematology analyzers XN-30 (for research) and XN-31 prototype (for diagnosis support) can
easily and rapidly detect Plasmodium-infected red blood cells (iRBCs) and distinguish the developmental stages of
the parasite in approximately 1 min. Two dedicated reagents, Lysercell M and Fluorocell M, are available with
the analyzers. Lysercell M plays an indispensable role in enhancing the fluorescence intensity of the nucleic acid
staining dye in Fluorocell M and altering cell morphology. These effects of Lysercell M have been empirically
determined but insufficiently analyzed. In this study, the properties of Lysercell M were analyzed using two flow
cytometers and a fluorescence microscope. First, the fluorescence intensity emitted by iRBCs treated with
Lysercell M or phosphate-buffered saline (PBS) was evaluated. Second, the size of RBCs treated with Lysercell M
or PBS was measured. Finally, the morphology of individual parasites was observed after reconstruction of an M
scattergram, a cytogram of the XN-31 prototype system, using an imaging flow cytometer. These analyses
showed that treatment of iRBCs with Lysercell M increased the fluorescence intensity of stained parasite nucleic
acids by approximately 10-fold and reduced the size of iRBCs in a stage-specific manner, facilitating the iden-
tification and quantification of ring form, trophozoite, and schizont stage iRBCs. These properties suggest that
Lysercell M is useful for rapidly detecting iRBCs and accurately distinguishing the parasite developmental stages,
thereby contributing to the usability of the XN-30 and XN-31 prototype analyzers.

1. Introduction

Malaria is one of three major infectious diseases worldwide, along
with tuberculosis and acquired immunodeficiency syndrome.
According to the World Health Organization, approximately 228 mil-
lion cases of malaria were reported in 2018; of these, 405,000 resulted
in death [1]. Light microscopy is the gold standard for malaria diag-
nosis [2]; however, it is time-consuming and requires experienced and
skilled microscopists for quality assurance. In laboratories, single-color
flow cytometers (FCMs) with nucleic acid staining have been used to
detect malaria-infected red blood cells (iRBCs) [3–5]. However, be-
cause of the expertise required for nucleic acid staining and the sub-
sequent analysis, this technology is exclusively used for laboratory re-
search and cannot be applied for commercial diagnosis. Recently, the
automated hematology analyzer XN-31 prototype was developed for
diagnosis support by Sysmex (Kobe, Japan). The prototype analyzer has
the same physical characteristics, hardware configuration, and reagent

composition as the automated hematology analyzer XN-30 developed
for malaria research.

The XN-30 analyzer can detect iRBCs and distinguish their devel-
opmental stages not only in whole blood samples but also in in vitro
cultured suspensions in approximately 1 min [6]. The analyzer can
objectively and reproducibly evaluate the developmental stages by
automatically gating iRBCs on a two-dimensional cytogram termed the
“M scattergram” that presents the intensities of forward scattered light
(FSC), corresponding to the size of the iRBCs, and side fluorescent light
(SFL), indicating the nucleic acid content. The parasitemia of total and
individual developmental stages obtained from the XN-30 analyzer is
highly correlated with those obtained from microscopic analysis for
cultured malaria and mouse/human blood samples [6–9]. Furthermore,
the XN-30 analyzer is capable of distinguishing between the malarial
species Plasmodium falciparum and Plasmodium vivax [8], and detecting
their gametocytes [6,8]. These high performances are supported by two
dedicated reagents, Lysercell M (a lysis solution containing a nonionic
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surfactant) and Fluorocell M (a solution containing the nucleic acid
stain Hoechst dye). Of these two reagents, Lysercell M contributes to
the rapid detection of iRBCs and accurate differentiation of the parasite
developmental stages. These properties have been empirically de-
termined but insufficiently analyzed.

In this study, the properties of Lysercell M, which is used for both
XN-30 and XN-31 prototype analyzers, were analyzed by evaluating the
fluorescence intensity of the dye incorporated into parasites and the
size of iRBCs using two FCMs and fluorescence microscopy.

2. Materials and methods

2.1. Ethics approval and consent to participate

For in vitro parasite culture, the use of blood samples from healthy
Japanese volunteers was approved by the institutional review com-
mittee of the Research Institute for Microbial Diseases, Osaka
University (approval number: 22–3). Written informed consent was
obtained from all participants.

2.2. Parasite culture

The P. falciparum strain K1, obtained from Prof. Masatsugu Kimura
(Osaka City University, Osaka, Japan), was cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 0.5 g/L L-
glutamine, 5.96 g/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 2 g/L NaHCO3, 50 mg/L hypoxanthine, 10 mg/L genta-
micin, 10% heat-inactivated human serum, and RBCs at 3% hematocrit
level in an atmosphere of 5% CO2, 5% O2, and 90% N2 at 37 °C [10].
The parasites were cultured for 28 h under the culture conditions. For
developmental stage analysis, iRBCs with ring form were collected
using the sorbitol synchronization technique [11]. Briefly, the culture
content was harvested by centrifugation at 840 g for 5 min and re-
suspended in a five-fold volume of 5% D-sorbitol (Nacalai Tesque,
Kyoto, Japan). Then, the cells were washed twice with RPMI 1640
medium to remove D-sorbitol.

2.3. Analysis with the automated hematology analyzer the XN-31 prototype

The XN-31 prototype analyzer was equipped with a modified algo-
rithm for detecting cultured P. falciparum parasites (prototype: software
version 01-03, build 16) [6], and dedicated reagents CELLPACK DCL,
Lysercell M, and Fluorocell M (Sysmex, Kobe, Japan) were used. The
samples were aspirated into the XN-31 prototype analyzer, diluted with
CELLPACK DCL, and treated with Lysercell M (a lysis solution con-
taining a nonionic surfactant) and Fluorocell M (a solution containing
the nucleic acid stain Hoechst dye). The treated RBCs were detected
using a 405 nm violet semiconductor laser beam and the developmental
stages were analyzed on the M scattergram consisting of FSC indicating
iRBC size versus SFL (corresponding to the nucleic acid content). The
parasitemia levels of total stages, ring form, trophozoite, and schizont,
which were termed “MI-RBC%,” “RNG-RBC%,” “TRPZ-RBC%,” and
“SCHZ-RBC%” in this system, were calculated based on the numbers of
RBCs, which were termed “MI-RBC#,” “RNG-RBC#,” “TRPZ-RBC#,”
and “SCHZ-RBC#,” respectively, on the M scattergram. The total
number of RBCs, termed “RBC#,” was counted by the sheath flow direct
current detection method. MI, RNG, TRPZ, and SCHZ indicate total
stages, ring form, trophozoite, and schizont, respectively.

2.4. Manual analysis of data obtained from the XN-31 prototype analyzer

To analyze the data obtained using the XN-31 prototype analyzer,
the FCS file of the M scattergram was exported from the analyzer and
analyzed using the Flowing Software 2.5.0 (Turku Centre for
Biotechnology, University of Turku, Finland). The developmental
stages, i.e., ring form, trophozoite, and schizont, were manually gated

according to the instructions provided in the software manual.

2.5. Sample preparation using Lysercell M and Fluorocell M

The cultured malaria suspension (K1 strain; 5% parasitemia, 3%
hematocrit) was treated with Lysercell M and Fluorocell M according to
the preparation procedure equivalent to that for the XN-30 and XN-31
prototype analyzers. Briefly, 17 μL of the cultured malaria suspension
was treated with 1 mL of Lysercell M [or phosphate-buffered saline
(PBS) as control] and 20 μL of Fluorocell M for 1 min at 25 °C. The
treated samples were analyzed using a fluorescence microscope and two
FCMs, FACSLyric™ and ImageStream®X Mark II.

2.6. Fluorescence microscopy

Live RBCs were observed using the BZ-X800 microscope (Keyence,
Osaka, Japan). The BZ-X filter DAPI (OP-87762; excitation = 360 nm
and emission = 460 nm) was used to detect the fluorescence at
460 ± 50 nm after excitation at 360 ± 40 nm. A 40× magnification
objective lens was used. The RBC area was measured using the Image J
software, version 1.8.0 (NIH, Bethesda, MD, USA). The outline of the
cell image was manually gated with polygonal sections after performing
calibration using a scale bar inserted in the image.

2.7. Flow cytometric analysis using FACSLyric FCM

To measure the fluorescence intensity of iRBCs treated with
Lysercell M, the samples were analyzed using the FACSLyric FCM
(Becton Dickson, Franklin Lakes, NJ, USA) according to the manufac-
turer's instructions. A total of 500 μL of the sample was added to a 5 mL
Falcon tube (Becton Dickson). The sample was excited with a 20 mW
violet laser (405 nm) and detected using a 448/45 nm band-pass filter
(voltage: 370.4, threshold: 5,000). The flow rate was set to low (12 μL/
min). A total of 10,000 events were obtained per measurement. The
data were analyzed using Flowjo™ 7.6.5 (Becton Dickson).

2.8. Flow cytometric analysis using ImageStreamX Mark II FCM

The samples were analyzed using the ImageStreamX Mark II FCM
(Amnis-Millipore, Seattle, WA, USA) according to the manufacturer's
instructions. For this analysis, the Ch01 and Ch07 channels were used
to evaluate the cell morphology and fluorescence intensity, respec-
tively, of the iRBCs. The sample was excited with a 120 mW violet laser
(405 nm) and detected using a 470/70 nm band-pass filter. The flow
rate was set to high. An objective lens of 60× magnification was used.
A total of 20,000 events were obtained per measurement. The data were
analyzed using the IDEAS® Application v6.0 software (Amnis-
Millipore). The populations of ring form, trophozoite, and schizont
were gated as “R1 and R2,” “T,” and “S,” respectively. The cell area and
fluorescence intensity were determined using the Image J software,
version 1.8.0.

2.9. Statistical analysis

Statistical analysis, which included the mean, standard deviation
(SD), and coefficient of determination (R2), was performed using the
MS Excel software (Microsoft, Redmond, WA, USA).

3. Results

3.1. Typical M scattergrams obtained using the XN-31 prototype analyzer

The cultured malaria suspension was analyzed using the XN-31
prototype analyzer. The iRBCs were automatically distinguished as ring
form (red), trophozoite (orange), and schizont (purple) on the M scat-
tergram. Polychromatic RBCs, which are immature and small, and
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contain nucleic acid, were designated by blue color (Fig. 1A). The
analyzer counted the numbers of total RBCs and iRBCs at each devel-
opmental stage and then calculated the parasitemia (Fig. 1B).

3.2. Fluorescence intensity after Lysercell M treatment

To confirm the efficacy of Lysercell M at improving the fluorescence
intensity of the nucleic acid staining dye, the fluorescence intensity of
iRBCs treated with Lysercell M or PBS was measured using the
FACSLyric FCM. The fluorescence intensity of iRBCs treated with

Lysercell M was 704 to 30,767 (mode of 1,327) after the treatment,
whereas it was 63 to 19,862 (mode of 64.7) following PBS treatment
(Fig. 2A). The fluorescence intensity of iRBCs treated with Lysercell M
was approximately 10 times (mode of approximately 20 times) higher
than that of iRBCs treated with PBS (Fig. 2B). These results clearly
suggested that Lysercell M enhances the fluorescence intensity of the
nucleic acid staining dye and contributes to the rapid detection of
iRBCs.

Fig. 1. Typical data obtained using the XN-
31 prototype analyzer.
(A) M scattergram. The parasite develop-
mental stages and polychromatic red blood
cells (RBCs) were automatically dis-
tinguished. Red, ring form; orange, tropho-
zoite; purple, schizont; blue, polychromatic
RBCs. FSC, forward scattered light; SFL, side
fluorescent light. (B) Counts (i) and para-
sitemia levels (ii). (i) RBC#, total RBC
count; MI-RBC#, total malaria-infected RBC
(iRBC) count; RNG-RBC#, ring form count;
TRPZ-RBC#, trophozoite count; SCHZ-
RBC#, schizont count. (ii) MI-RBC%, total
parasitemia; RNG-RBC%, ring form para-
sitemia; TRPZ-RBC%, trophozoite para-
sitemia; SCHZ-RBC%, schizont parasitemia.
(For interpretation of the references to color
in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. Comparison of fluorescence intensity determined using the FACSLyric flow cytometer (FCM).
(A) Respective cytograms of iRBCs treated with Lysercell M (upper panel) and phosphate-buffered saline (PBS) (lower panel). Cytograms consisting of forward
scattered light (FSC) and fluorescent light (FL) dot plots were used to gate iRBCs. (B) Overlay histogram of the gated cellular population. The histogram pertains to
the cell count and FL. The red and light blue lines indicate Lysercell M- and PBS-treated samples, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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3.3. Cell morphology analysis after Lysercell M treatment

To confirm the efficacy of Lysercell M in distinguishing the parasite
developmental stages, RBCs treated with Lysercell M or PBS were ob-
served using a fluorescence microscope. Lysercell M-treated iRBCs
shrank according to the developmental stages of the parasite, whereas
PBS-treated cells did not (Fig. 3A). Quantitative analyses also supported
this finding (Fig. 3B). These results suggested that Lysercell M con-
tributes to distinguishing the parasites in different developmental
stages by shrinking the RBCs.

3.4. Developmental stage analysis with ImageStreamX Mark II FCM

To confirm that the position of the dots on the M scattergram ac-
curately reflects the parasite developmental stage, the malaria culture
suspension was analyzed using the imaging FCM. The M scattergram
was reconstructed using the imaging FCM (Fig. 4A). In two populations,
R1 and R2, the developmental stage was the ring form of one and two
parasites, respectively, in one RBC (Fig. 4B, a–d). Furthermore, in the T
and S populations, the developmental stage was the trophozoite and
schizont, respectively (Fig. 4B, e–g and h–j, respectively). These results
hinted that each population on the M scattergram coincided with the
respective developmental stage.

3.5. Correlation charts of cell size and fluorescence intensity

To evaluate the correlation between fluorescence intensity and cell
size measured by the XN-31 prototype analyzer and the imaging FCM,
SFL (from the XN-31 prototype analyzer)/FL (from the imaging FCM)
values and FSC (from the XN-31 prototype analyzer)/cell area (from the
imaging FCM) values in each developmental stage were compared. A

high correlation was observed between SFL and FL values (Fig. 5A,
R2 = 0.95). For the cell size, a high correlation was also observed be-
tween FSC and cell area values (Fig. 5B, R2 = 0.99). These results in-
dicated that the populations on the M scattergram were highly corre-
lated with those on the cytogram constructed using the imaging FCM,
suggesting that the populations on the M scattergram correctly reflected
the parasite developmental stages.

4. Discussion

The goal of this study was to confirm the predicted effects of
Lysercell M used in both XN-30 and XN-31 prototype analyzers on
iRBCs. This study demonstrated two properties of Lysercell M: its ability
to enhance the fluorescence intensity of the nucleic acid staining dye
(Fig. 2) and its RBC-shrinking ability (Fig. 3). These properties can be
attributed to an adequately adjusted nonionic surfactant and sodium
chloride contained in Lysercell M that play pivotal roles in rapidly
detecting iRBCs and accurately distinguishing the parasite develop-
mental stages. The fluorescence intensity was improved by enhance-
ment of membrane permeability. Lysercell M resulted in leakage of
hemoglobin (Hb) from RBCs (data not shown). The incorporation of
nonionic surfactants into the lipid bilayer of RBCs enhances the leakage
of Hb [12], which suggests that the leakage of Hb by nonionic surfac-
tants enhances the optical transparency of the fluorescence from the
Hoechst dye. In addition, Lysercell M shrank RBCs based on the parasite
developmental stage. The increase or decrease in the volume of the RBC
ghosts depends on the alkali ion species present in the solvent; sodium
ions release intracellular H2O and decrease the volume of RBC ghosts
[13]. This suggests that sodium chloride in Lysercell M shrank RBC
ghosts and facilitated the identification of the developmental stages.

Lysercell M contributes to the detection of subtle differences in the

Fig. 3. Evaluation of the cell size after Lysercell M
treatment.
(A) Representative images of RBCs treated with Lysercell
M (upper panels) or PBS (lower panels). Blue, nucleus.
Scale bar, 5 μm. (B) Comparisons of cell size after treat-
ment with Lysercell M or PBS. Ring, ring form; Troph.,
trophozoite; Schiz., schizont. The cell area was measured
based on 10 cells in each group. The horizontal bars re-
present mean ± standard deviation (SD). (For inter-
pretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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shrunken cell size, making it a useful reagent for distinguishing be-
tween different Plasmodium species. In the clinical setting, identification
of the Plasmodium species, particularly the distinction between P. fal-
ciparum and P. vivax, is important in the choice of an appropriate
treatment strategy. The XN-30 analyzer, the research version of the XN-
31 prototype analyzer, is capable of distinguishing between the ma-
larial species P. falciparum and P. vivax because the mean FSC value on
the M scattergram is different for both P. falciparum- and P. vivax-ring

forms [8]. The XN-30 analyzer has also shown that signals from ga-
metocytes of the P. falciparum culture strain 3D7 and P. vivax appear
above the signal from the ring form and trophozoite in the M scatter-
gram [6,8,10]. We speculate that Lysercell M induced uniform mor-
phology by permeabilizing/shrinking the gametocytes and enhanced
the permeability of the DNA staining dye. Furthermore, the XN-30
analyzer is useful for the analysis of iRBCs treated with antimalarial
drugs. It has been used to determine the antimalarial efficacy of 400

Fig. 4. Observation of cell morphology by ImageStreamX Mark II.
(A) Cytogram showing area and FL. The dots have been distinguished into ring form (R1 and R2), trophozoite (T), and schizont (S). (B) Images obtained from the
imaging FCM. Ring form (a–d), trophozoite (e–g), and schizont (h–j) are shown. Ch01 and Ch07 indicate bright field and fluorescence of nucleic acid staining dye,
respectively.

Fig. 5. Comparisons of fluorescence intensity and cell size determined using the XN-31 prototype analyzer and imaging FCM.
(A) Fluorescence intensity. (B) Cell size. Ring (R1 and R2), ring form; Troph., trophozoite; Schiz., schizont. The dotted diagonal line represents the regression line.
The dots and horizontal/vertical bars indicate the means and SDs, respectively. A total of 30 images of ring forms and trophozoites and a total of 50 images of
schizonts were analyzed.
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candidate molecules and to classify the antimalarial effects into four
types [14]. However, the level of parasitemia is overestimated because
the XN-30 analyzer also detects the nucleic acids of dead parasites. This
issue is solved by the comparison of the M scattergram and parasitemia
of samples treated with antimalarial drugs to those of the negative
control as shown in previous studies [7,14]. The performance of the XN-
30 analyzer and the XN-31 prototype analyzer is equivalent.

Taken together, this study demonstrated that Lysercell M improves
the fluorescence intensity of nucleic acid staining dye and shrinks iRBCs
based on the parasite developmental stages. These properties of
Lysercell M contribute to the usability of both the XN-30 and XN-31
prototype analyzers for rapidly detecting iRBCs and accurately distin-
guishing the developmental stages of the malarial parasite.
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