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REVIEW

Progress and challenges in the use 
of fluorescence‐based flow cytometric assays 
for anti‐malarial drug susceptibility tests
Kasem Kulkeaw* 

Abstract 

Drug-resistant Plasmodium is a frequent global threat in malaria eradication programmes, highlighting the need for 
new anti-malarial drugs and efficient detection of treatment failure. Plasmodium falciparum culture is essential in drug 
discovery and resistance surveillance. Microscopy of Giemsa-stained erythrocytes is common for determining anti-
malarial effects on the intraerythrocytic development of cultured Plasmodium parasites. Giemsa-based microscopy 
use is conventional but laborious, and its accuracy depends largely on examiner skill. Given the availability of nucleic 
acid-binding fluorescent dyes and advances in flow cytometry, the use of various fluorochromes has been frequently 
attempted for the enumeration of parasitaemia and discrimination of P. falciparum growth in drug susceptibility 
assays. However, fluorochromes do not meet the requirements of being fast, simple, reliable and sensitive. Thus, this 
review revisits the utility of fluorochromes, notes previously reported hindrances, and highlights the challenges and 
opportunities for using fluorochromes in flow cytometer-based drug susceptibility tests. It aims to improve drug 
discovery and support a resistance surveillance system, an essential feature in combatting malaria.
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Background
Malaria caused by the parasitic protozoan Plasmo‑
dium falciparum is highly virulent [1] and a leading 
cause of mortality in children compared to other Plas‑
modium species. Given the occurrence of anti-malarial 
drug resistance [1, 2], a surveillance system to restrict 
spreading across endemic areas and new drug develop-
ment are necessary to cope with ongoing global threats. 
Both procedures primarily rely on conventional culture 
of P. falciparum, either laboratory strains or field iso-
lates, and microscopic examination to assess the growth 
of the cultured Plasmodium parasites [3–6]. Despite 
its standardization and conventional use, microscopic 
assays to enumerate and differentiate various stages of 

intraerythrocytic Plasmodium parasites are tedious and 
time-consuming. Moreover, interrater variability among 
the microscopists largely affects the interpretation, 
emphasizing a need for rapider and simpler assays that 
retain accuracy.

Flow cytometry, a laser-based measurement of cell 
characteristics, allows us to analyse a greater number 
of cells in a short period of time. In addition to meas-
uring cell size and intracellular contents based on scat-
tered light (Fig.  1), advances in fluorescent dye-labelled 
antibodies have increased the applicability of flow 
cytometry to distinguish various cell types in complex 
biological samples. Flow cytometry also facilitates quan-
titative analysis of rarely observed cells owing to the rapid 
liquid flow and high sensitivity of laser-excited fluores-
cence detection. Given that mature erythrocytes, host 
cells of blood-dwelling Plasmodium, lack nuclear DNA, 
detection of malarial DNA is thus able to distinguish 

Open Access

Malaria Journal

*Correspondence:  kasem.kuk@mahidol.edu
Department of Parasitology, Faculty of Medicine Siriraj Hospital, Mahidol 
University, 2, Wanglang Road, Bangkoknoi, 10700 Bangkok, Thailand

http://orcid.org/0000-0002-6652-9244
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-021-03591-8&domain=pdf


Page 2 of 13Kulkeaw ﻿Malar J           (2021) 20:57 

parasitized erythrocytes from non-infected erythrocytes, 
especially those in a leukocyte-free culture of Plasmo‑
dium parasites. At present, many DNA- and RNA-bind-
ing fluorochromes are commercially available, and they 
are divided into two types: cell membrane permeable and 
non-permeable (Table 1). As a supportive but not alter-
native tool to conventional microscopy, the use of these 

fluorochromes enables anti-malarial drug testing in a 
fully or partially high-throughput setting. Therefore, in 
the first part of the review, methods used for assessing 
drug susceptibility tests and their limitations are sum-
marized. Then, the use of flow cytometry in the meas-
urement of parasitized erythrocytes is revisited. The 
advantages and remaining challenges of using nucleic 

Fig. 1  Use of a fluorochrome-based flow cytometer assay for the assessment of Plasmodium falciparum development. a Schematic diagram of 
the process to assess Plasmodium development in a culture using fluorescence dyes and flow cytometry. In the left panel, sexual and asexual 
development of P. falciparum are shown. Plasmodium parasites asexually develop through the following stages in a cyclical manner in culture: 
ring-shaped trophozoites, trophozoites, and schizonts. Upon rupture of a schizont, merozoites egress from the host cells and subsequently invade 
new erythrocytes, initiating the next developmental cycle. Some ring-shaped trophozoites undergo sexual development, resulting in gametocytes. 
The middle panel shows that to detect Plasmodium-infected erythrocytes, parasite nucleic acids of all intraerythrocytic stages could be stained 
with a number of fluorescent dyes. Then, the cells are taken into a flow cytometer, by which each cell is individually treated in a flowing fluid. 
The cells are exposed to light of different wavelengths generated from the laser light source. Nucleic acid-binding fluorochromes can be excited 
by light, resulting in fluorescence emission. In addition, cell size and intracellular content also cause scatter of the exposed light in the forward 
and side directions. A flow cytometer obtains a fluorescence signal from the emitted fluorescence and the forward- and side-scattered light. The 
fluorescence signal is displayed based on the fluorescence intensity. The emitted fluorescence is shown as a yellow Y-axis, while the forward scatter 
(FSC) or side scatter (SSC) is shown as a green X-axis (right panel). In the right panel, an example of data analysis post flow cytometry is illustrated. 
To determine the threshold to distinguish cells with emitted fluorescence, an unstained cell sample (− fluorochrome) is included. For the stained 
cells (+ fluorochrome), a mixture of cells is clearly discriminated based on resolving the emitted fluorescence intensity into three categories: high, 
intermediate and low. Here, when the fluorescence intensity is proportional to the nucleic acid content, each developmental stage of Plasmodium 
is identified: ring-form and early trophozoites have the lowest fluorescence intensity, late schizonts have intermediate fluorescence intensity, and 
mature schizonts have the highest fluorescence intensity. b An application of fluorochrome-based flow cytometric analysis for drug susceptibility 
testing. Generally, a synchronous culture of ring-formed P. falciparum is incubated with an anti-malarial drug (here referred to as X) and then 
stained with fluorochrome. Without drug X (control), the ring-form stage of P. falciparum develops into trophozoites and schizonts. In contrast, 
the drug-treated Plasmodium parasites develop at slower speeds or arrest between the ring form and the mature trophozoite, resulting in a lower 
percentage of trophozoites. c Examples of analysed data displayed in two formats. First, a dose-response curve can be generated regardless 
of the Plasmodium stage, but only parasitaemia, the percentage of cells having a fluorescence signal, is calculated. Second, according to the 
developmental stage, the bar graph can additionally inform which stage is affected by the drug. Based on the displayed data, drug X likely inhibits 
the development of the ring form into mature trophozoites
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acid-binding fluorochromes are highlighted. This review 
notes opportunities to overcome the limitations associ-
ated with each fluorochrome.

Role of light microscopy and in vitro assays in anti‑malarial 
drug susceptibility tests
The use of a light microscope paved the way to discov-
ering many pathogenic microorganisms causing human 
diseases, advancing our knowledge of medicine. With-
out staining with a dye, Alphonse Laveran first noticed 
an unknown microorganism with actively mobile fila-
ments in blood taken from an infected soldier under a 
microscope, later confirming it as a Plasmodium male 
gamete with moving flagella [7]. Once the Giemsa solu-
tion, a type of Romanowsky dye, was deployed to stain 
human blood smears on glass slides, scientists were able 
to identify Plasmodium-infected erythrocytes under 
a light microscope. Thus, enumerating the parasitized 
erythrocytes and discriminating intraerythrocytic stages 
allows an estimation of the number of infected host cells 
(parasitaemia) and a measurement of parasite growth. 
Since then, Giemsa-based microscopy has become the 
gold standard for the diagnosis and clinical management 
of malaria [8] and an essential part of anti-malarial drug 
susceptibility tests.

To assess the effect of a drug on the intraerythrocytic 
growth of malaria parasites, cultures of Plasmodium spp. 
have been widely used as a malaria model in the pre-
clinical phase of anti-malarial drug development and as 
a tool for drug resistance surveillance. To model malaria 
in vitro, laboratory-adapted P. falciparum strains or field-
isolated strains are cultured with human erythrocytes, 
mostly those of blood group O, in RPMI 1640 medium 
supplemented with HEPES, sodium bicarbonate, and 
heat-inactivated human AB serum. The in vitro or ex vivo 
cultured Plasmodium parasites are then incubated with 
serial dilutions of drug and subjected to enumerating 
parasitized erythrocytes (schizonts) using a microscope. 
Giemsa-based light microscopy is the main method used 
to measure the intraerythrocytic development of Plasmo‑
dium parasites [9, 10], and it has a limit of detection of 
0.001% parasitaemia based on examination of thick blood 
film in routine microscopic diagnosis [11]. In Plasmo‑
dium growth inhibition assays, a synchronous culture is 
treated with a drug [12]. Then, the development of Plas‑
modium parasites is examined. There are several meth-
ods for the assessment of intraerythrocytic Plasmodium 
growth: morphological observation under a microscope 
and biochemical measurements. For morphology-based 
assays, the microtechnique developed by Rieckmann 
et  al. [3] is simple and reliable and has still been used 

in recent reports [13–18]. For biochemical assays, the 
microtechnique was modified to a semiautomatic triti-
ated hypoxanthine incorporation assay, measuring Plas‑
modium uptake of radiolabelled hypoxanthine, a nucleic 
acid precursor, to assess the growth inhibitory effect of 
anti-malarial drugs [19] or immune serum [20]. Given 
a rapid, more precise and quantitative method, many 
recent reports have been adopted for the assessment of 
Plasmodium growth inhibition in experiments [21] and 
in a clinical trial setting [22] and for surveillance of drug 
resistance in field isolates [23]. In addition to DNA syn-
thesis-based assays, Plasmodium parasites in intraeryth-
rocytic stages also actively synthesize cell membranes 
composed of phospholipids; thus, an assay based on 
incorporation of the radioisotope-labeled phospholipid 
precursor ethanolamine was developed [24], allowing an 
assessment of anti-malarial compounds targeting enzyme 
functioning in fatty acid biosynthesis [25]. Apart from 
biosynthesis-based tests, measurements of Plasmodium-
specific lactate dehydrogenase [26–28] and histidine-rich 
protein II [29, 30] are also available and have been widely 
used for anti-malarial drug tests [31, 32].

In 1979, Howard et  al. [33] were the first to use the 
nucleic acid-binding fluorescent Hoechst 33,258 dye to 
detect P. berghei-infected mouse erythrocytes. In early 
1990, a fluorescence-based flow cytometer was intro-
duced for drug susceptibility testing and parasite detec-
tion in human blood [34, 35]. Compared to the gold 
standard Giemsa-based microscope, fluorescence-based 
flow cytometry consumes a relatively shorter period of 
time. Prior to microscopic examination, thick blood film 
preparation and Giemsa staining were required. Then, 
a well-trained microscopist enumerates Plasmodium-
infected cells and leukocytes. Approximately 16–20 h of 
drug testing was performed in a 96-well plate, while flu-
orescence-based flow cytometry consisting of cell stain-
ing, washing and acquisition was performed within 2  h 
[36]. Despite its high sensitivity, reliability and applicabil-
ity for high-throughput experiments, fluorescence-based 
flow cytometry is expensive. Large, complex flow cytom-
eters have been transformed into a small, transportable, 
user friendly and low-cost format, providing a platform 
suitable for field settings [36–38]. Thus, the principles of 
fluorochrome-based flow cytometry and the common 
processes that occur before and after flow cytometric 
assays are next briefly explained.

Basis of fluorescence‑based flow cytometric assays of 
Plasmodium falciparum development
The schematic diagram in Fig. 1 shows a flow cytometry 
method commonly used to assess Plasmodium develop-
ment in culture (Fig.  1, left panel). A major change in 
asexual development is an increase in DNA synthesis and 
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the number of nuclei. Thus, the use of nucleic acid-bind-
ing fluorescent chemicals is speculated to discriminate all 
asexual stages of Plasmodium. Flow cytometry is capable 
of analysing many thousands of cells on a single-cell basis 
in a short time. Each cell aligns in the flowing stream and 
is exposed to different wavelengths of light generated 
from the laser source (Fig.  1a, middle panel). Cell size 
and content can be measured using light scatter: forward 
scatter (FSC) and side scatter (SSC), respectively (green 
X-axis in the right panel of Fig. 1a). The use of FSCs and 
SSCs allows the exclusion of cell debris that is small; thus, 
quantifying a large number of cells is accurate, especially 
in the examination of parasitaemia post drug exposure. 
Upon excitation, the emitted fluorescence of nucleic acid-
binding fluorochromes can be displayed based on their 
fluorescence intensities: high, intermediate and low (right 
panel of Fig. 1a) depending on the resolution of fluores-
cence intensity. Similar to the Giemsa-based microscopy 
data, the flow cytometer data indicate the proportion of 
Plasmodium-infected erythrocytes, known as parasi-
taemia. However, unlike microscopic examination, flow 
cytometry provides quantifiable data in a high-through-
put, automatic manner, thus minimizing interassay vari-
ance. In drug susceptibility assays, a highly synchronized 
culture of Plasmodium parasites (laboratory-adapted 
strains or field-isolated strains) is first prepared and sub-
sequently treated with various doses of drug. Mostly, 
synchronized cultures of ring-like Plasmodium parasites 
are incubated with drugs, and their growth is assessed 
mostly at the schizont stage. Hence, prior drug treatment 
and heterogeneity in Plasmodium parasites may con-
found the interpretation. Owing to the high resolution of 
the emitted fluorescence intensity, flow cytometry offers 
an option to determine the extent to which the culture is 
synchronous (Fig. 1b). After drug treatment, flow cytom-
etry could provide information about not only parasitae-
mia but also the proportion of each developmental stage 
(Fig. 1c). The quantifiable data can be displayed as a dose-
response curve. Moreover, a change in the proportion 
of each asexual stage provides the stage-specific effects 
of the tested compound or anti-malarial drug (Fig.  1d), 
allowing further investigation of a drug mechanism.

Applications of fluorochrome assays for the assessment 
of Plasmodium development
Fluorochromes are classified into two categories of 
dyes: cell permeant and cell impermeant. Although the 
mechanism underlying fluorochrome transport across 
the cell membrane remains unknown, increased mem-
brane transport of nucleosides, amino acids, and carbo-
hydrates may account for cell permeability [39, 40].

Cell membrane‑permeable fluorochromes
Hoechst  Hoechst dyes are bis-benzimides developed by 
Hoechst AG, and they have been used for DNA staining. 
Hoechst 33,258 and Hoechst 33,342 have similar excita-
tion-emission spectra: they are excited by 350-nm ultra-
violet light and emit blue-cyan fluorescent light around a 
maximum of 461 nm. By contrast, a 405-nm laser report-
edly excited Hoechst 34,580, resulting in emission of light 
at the same wavelength as aforementioned above [41]. 
Hoechst dyes bind to all types of nucleotides located in 
a minor groove of double-stranded DNA (dsDNA); how-
ever, AT-rich DNA sequences preferentially interact with 
Hoechst dyes, resulting in an increase in fluorescence 
intensity [42]. Given the ability of the Hoechst dyes to per-
meate the cell membrane, they have been used for visuali-
zation of living cells in real time.

Despite such cell permeability, several reports dem-
onstrated the utility of Hoechst 33,258 for in vitro drug 
susceptibility tests [34] and the detection of P. falciparum 
in human blood in a field study [35] using formaldehyde 
or guanidinium-HCl [43] as a fixative agent. Cell fixation 
and flow cytometric analysis were simultaneously per-
formed in a single tube without a cell wash, simplifying 
the method. Moreover, cell fixation lysed non-parasitized 
erythrocytes, while Plasmodium-infected erythrocytes 
and leukocytes were still intact, allowing detection of 
seven parasites per thousand leukocytes [35]. Notably, 
the limit of detection could be higher due to the back-
ground fluorescent signal caused by artifact materials 
being a confounding factor in the accurate quantification 
of P. falciparum-infected erythrocytes. However, mor-
phological analysis of formaldehyde-fixed parasitized 
cells at each intraerythrocytic stage remains difficult, 
limiting accurate identification of Plasmodium devel-
opment. Therefore, cell fixation-free methods have 
been developed, allowing morphological observation 
and subsequent identification of developmental stages. 
A simpler single step of cell incubation with Hoechst 
33,342, dihydroethidium and anti-CD45 at room tem-
perature without washing or fixation enables identifica-
tion of intraerythrocytic stages and seems suitable for 
high-throughput platforms [44]. Given that a UV laser 
is indispensable for detecting the fluorescence signals of 
Hoechst 33,342 and dihydroethidium and that only some 
flow cytometers are equipped with a UV laser, wide-
spread use of the method is limited. Alternatively, a vio-
let laser is also able to excite Hoechst 33,342 [45] and is 
commonly equipped with most flow cytometry; thus, the 
violet laser compensates for the lack of a UV laser.

Hydroethidine  Hydroethidine, also commonly known 
as dihydroethidium, has been used for detecting intracel-
lular superoxide. Upon cell uptake, some reactive oxygen 
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species oxidize hydroethidine in the cytoplasm. Ethidium, 
the oxidized form of hydroethidine, can enter the nucleus 
to intercalate into dsDNA. When the dye-DNA complex 
is excited by 535-nm light, ethidium emits fluorescence 
at 610 nm. Moreover, the ethidium-RNA complex could 
be excited by 370-nm light to emit 420-nm light, result-
ing in the detection of reticulocytes [44]. Given that most 
living cells metabolically produce reactive oxygen species, 
hydroethidine was first used to examine the viability and 
growth of Babesia bovis, an intraerythrocytic parasite of 
cattle [46]. For human malaria, hydroethidine revealed 
anti-malarial effects of leukocytes on the survival and 
development of Plasmodium parasites [47]. Its use in 
combination with the nucleic acid-binding dye thiazole 
orange yielded an increase in fluorescence intensity that 
correlated with the stage of Plasmodium development: 
multinuclear schizonts exhibited a fluorescence intensity 
higher than that of ring forms. Thus, the homogeneous 
intensity of fluorescence also allowed assessment of the 
synchronicity of Plasmodium parasites in a culture [48], an 
important factor for transcriptomic analysis. Importantly, 
hydroethidine was applicable for testing the anti-malarial 
drug susceptibility of asexual stages of field isolates [36] 
and cultured gametocytes [49] of P. falciparum. Never-
theless, based on morphological observations, nonviable 
parasites with fragmented DNA were regarded as viable 
ring-stage parasites after incubation with hydroethidine, 
warranting careful interpretation [50]. In a practical view, 
the requirement of a 37  °C incubation makes the use of 
hydroethidine relatively complicated compared to that of 
dyes that bind DNA at room temperature.

SYTO 61. SYTO 61 is a product in the SYTO® series 
commercialized by Thermo Fisher, and it binds to DNA 
and RNA. The DNA-SYTO-61 complex absorbs visible 
light maximally at 628 nm and emits red light at 645 nm. 
A single stain with SYTO 61 was able to discriminate 
between non-infected and infected erythrocytes, and 
to measure the development of P. falciparum via flow 
cytometry. Thus, the results from the anti-malarial chlo-
roquine test with SYTO 61 were comparable to those of 
the [3H]-hypoxanthine incorporation test [51]. A com-
bination of SYTO 61 with a fluorescent indicator of 
oxidative stress (dichlorofluorescin diacetate) was used 
to clearly demonstrate that the ring-form stage had the 
lowest level of 2′,7′‐dichlorofluorescein, whereas the 
trophozoite stage exhibited a higher level [51], which is 
in agreement with the increase in reactive oxygen species 
due to haemoglobin digestion. Although such a combina-
tion would support a screening of haemoglobin degrada-
tion inhibitors, exposure of dichlorofluorescin diacetate 
to strong light intensities results in its photochemical 
oxidation, confounding the interpretation of intracellu-
lar reactive oxygen species generation [52]. Hence, when 

aiming to elucidate oxidative stress using dichlorofluo-
rescin diacetate, shortening the period of flow cytometric 
analysis is required.

Acridine orange  Acridine orange binds DNA and RNA 
via intercalation and electrostatic attraction between 
oppositely charged molecules. Acridine orange interacting 
with DNA can be maximally excited at 500 nm, whereas 
acridine orange bound to RNA is maximally excited by 
460-nm light. As a result, the maximum emission of acri-
dine orange occurs at 526  nm (green fluorescence) and 
650 (red fluorescence) nm when the dye is bound to DNA 
or RNA, respectively, allowing discrimination between 
DNA and RNA. Despite cell permeability, acridine orange 
failed to detect Plasmodium-infected erythrocytes in a 
cell fixation-free setting [53], suggesting a requirement of 
permeabilization via chemicals or an increase in tempera-
ture. By contrast, Saito-Ito et  al. [54] deployed a proto-
col in which parasitized erythrocytes were concurrently 
lysed using dodecyl methyl ammonium chloride, a lipid 
bilayer-dissociating disinfectant, and stained with acrid-
ine orange. This method allowed discrimination of P. fal‑
ciparum parasites from lysed erythrocyte ghosts, white 
blood cells and platelets. By using a lysis-stain combina-
tion, the detection threshold of parasitaemia in a culture 
of P. falciparum and the dose of anti-malarial drug were 
similar to those obtained with a standard microscope [54]. 
To date, the number of reports in which acridine orange 
was used to analyse human malaria parasites without cell 
fixation or lysis is limited. Acridine orange permeated 
gametocytes of P. falciparum following more than 2 h of 
incubation at ambient temperature. This study demon-
strated that acridine orange use did not affect gameto-
cyte viability, allowing high-content confocal imaging of 
morphological transitions upon activation [55]. In rodent 
malaria models, Plasmodium berghei and Plasmodium 
yoelii-infected erythrocytes in peripheral blood could be 
detected using an acridine orange-based flow cytometry 
method. Owing to the detection of green and red fluo-
rescence signals, P. berghei and P. yoelii-infected eryth-
rocytes were discriminated from white blood cells [56]. 
Nevertheless, reticulocytes could confound the interpre-
tation, especially in highly anaemic animals infected with 
P. berghei [57]. However, the low permeation by acridine 
orange is likely a drawback limiting its use for human 
malaria parasites.

Coriphosphine O  Coriphosphine O is a dsDNA interca-
lating and RNA loop-binding fluorochrome. In addition 
to its excitation by common 488-nm argon ion lasers, an 
advantage in using Coriphosphine O is its ability to emit 
light with two distinct spectra: green and orange fluo-
rescence is emitted when it is bound to DNA and RNA, 
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respectively. Moreover, given the large difference in the 
positions of the band maxima of the absorption and emis-
sion spectra (known as the Stokes shift) after it binds to 
nucleic acids, coriphosphine O is hence able to distinguish 
parasitized erythrocytes, especially those in the early ring-
form stage, from non-infected cells at high resolution 
[58]. In a study of the host immune response against para-
sites, enumeration of parasite survival and death remains 
a challenge because nucleic acid-binding fluorophores are 
incapable of differentiating residual, fragmented DNA 
and RNA in dead cells from their respective intact forms 
in live cells. Thus, fluorochromes capable of binding to 
mitochondria in viable parasites have been employed [59]. 
A combination of MitoTracker, a mitochondria-staining 
fluorescent dye; Coriphosphine O; and a human CD45-
specific antibody was able to enumerate live parasites and 
assess the effect of antibody-dependent cellular inhibition 
of leukocytes on Plasmodium growth in vitro [58]. The 
results obtained from this tricolour flow cytometry were 
comparable to those of Giemsa-based microscopy in the 
assessment of growth inhibition; however, this protocol is 
relatively complicated, requiring incubation at 37 °C and 
cell washing prior to the flow cytometric assay.

ViSafe Green  ViSafe Green (VSG) is an environmentally 
safe nucleic acid-binding fluorescent dye that has been 
applied for visualizing DNA and RNA in agarose and pol-
yacrylamide gels. VSG can be activated by 250–300 nm 
(UV) light, and its emission exhibits a spectrum similar 
to that of ethidium bromide [60]. VSG is, therefore, an 
alternative to ethidium bromide for visualizing DNA and 
RNA in agarose gels. Recently, VSG was able to perme-
ate P. falciparum-infected erythrocytes in all four major 
stages and that its fluorescence intensity depended on the 
intraerythrocytic stage of P. falciparum development. Of 
note, the VSG-based flow cytometric assay failed to distin-
guish gametocytes from schizonts [61]. The obtained rela-
tive values correlated well between the VSG assay and the 
gold standard microscopy method used to enumerate par-
asitized erythrocytes. Moreover, VSG-based flow cytom-
etry was applicable for assessing the synchronicity of P. 
falciparum development in erythrocytes and the growth 
inhibitory effect of anti-malarial drugs in vitro. Compared 
to the use of other cell-permeant fluorochromes, the use 
of VSG is a relatively simple and fixation-free method that 
enumerates malaria-infected erythrocytes and assesses 
intraerythrocytic development in culture and in anti-
malarial drug susceptibility assays. However, given DNA- 
and RNA-binding ability, the interpretation of VSG + cells 
is likely confounded by the presence of reticulocytes, 
nucleated erythrocytes and leukocytes. Moreover, VSG 
was not able to distinguish the early gametocyte stage in 
cultures containing schizonts. Thus, further validation 

and comparison with other fluorochromes are required to 
conclude its superiority.

Cell‑impermeant fluorochromes
Some nucleic acid-binding fluorochromes require an 
additional step of cell membrane permeabilization. Alde-
hyde and ethanol are commonly used for fixation and 
permeabilization. Since both chemicals inevitably alter 
cell structure, morphological observation of malaria 
parasites is impossible after cell membrane permeabiliza-
tion, a drawback of cell-impermeant fluorochromes.

Propidium iodide  Propidium iodide (PI) is an intercalat-
ing dye that binds to both DNA and RNA without nucleo-
tide preference. Although unbound PI in solution can be 
excited, the emitted fluorescence signal is enhanced 20- to 
30-fold after intercalation between nucleic acids. When 
bound to DNA, the excitation/emission maxima of PI are 
535 nm (green)/617 nm (orange–red). PI has been widely 
applied for many purposes. First, since PI is unable to per-
meate the cell membrane, it can differentiate viable cells 
from nonviable cells that have lost membrane integrity. 
Second, the fluorescence intensity of PI is proportional to 
the DNA content, allowing cell cycle analysis. However, PI 
also binds to RNA; thus, it is necessary to eliminate RNA 
using RNase prior to staining with PI. Regarding applica-
tions of PI for malaria research, Plasmodium nucleic acids 
could be stained with PI after fixation with paraformalde-
hyde and glutaraldehyde [62]. In in vitro drug susceptibil-
ity tests of P. falciparum, the minimum concentration of 
drugs that inhibit Plasmodium parasite growth could be 
calculated based on a decrease in fluorescence intensity, 
and the results correlated with microscopy observations 
[63]. Moreover, owing to the high resolution of the emit-
ted fluorescence intensity, the use of PI-based flow cytom-
etry allowed the isolation of pure P. falciparum trophozo-
ites from clinical blood samples for whole genome studies 
without host genome contamination [64].

SYBR Green I  SYBR Green I (SGI) is an asymmetrical 
cyanine dye (synthetic dyes belonging to the polymethine 
group) that was originally used for visualizing nucleic 
acids in gel electrophoresis, quantifying DNA in solution 
and detecting amplified products in quantitative real-time 
PCR. SGI interacts noncovalently with dsDNA via interca-
lation or minor groove binding [65]. Upon DNA binding, 
the DNA-SGI complex is capable of absorbing blue light 
(λmax = 497 nm) and emitting green light (λmax = 520 nm). 
SGI reportedly binds to single-stranded DNA and RNA, 
then emitting a fluorescent signal approximately 10-fold 
less intense than that for dsDNA binding [65, 66].

Regarding cell analysis, SGI was utilized for enumera-
tion of viable cultured bacteria [67] and detection of 
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viruses [68]. For Plasmodium parasites, there are two 
ways to use SGI-based flow cytometric analysis: with or 
without cell fixation. Izumiyama reported that without 
cell fixation, SGI staining of P. falciparum-infected eryth-
rocytes was able to differentiate intraerythrocytic stages 
based on the fluorescence intensity at the wavelength 
of maximum intensity. Ring-form and young trophozo-
ites exhibited the lowest fluorescence intensity, whereas 
mature schizonts had the highest fluorescence intensity. 
The developmental stages exhibiting an intermediate 
level of fluorescence intensity were the late trophozoite 
and young schizont stages [53]. The fixation-free protocol 
of SGI was also applicable for invasion assays; however, 
the requirement of a 37  °C incubation makes the proto-
col complicated and time-consuming [69]. In addition 
to its value in studying laboratory-adapted P. falciparum 
strains, fixation-free, SG-based flow cytometry was appli-
cable to first round invasion-derived parasitaemia of clin-
ical isolates [70]. For the cell fixation-based protocol, the 
use of paraformaldehyde as a fixative agent in the P. falci‑
parum merozoite counting assay allowed the assessment 
of chloroquine effects on schizogony [53] and reinvasion 
[53, 69]. Moreover, a combination of erythrocyte lysis 
and 37  °C incubation reportedly increased resolution in 
the flow cytometric assay. Fluorescence intensity corre-
lated with an increase in DNA content during 24-hour 
growth of synchronized P. falciparum [71]. However, 
without cell fixation, the resolution of the SGI fluores-
cence intensity was not well defined among the Plasmo‑
dium stages, limiting the assessment of parasite growth 
[44]. Therefore, the optimal use of SGI relies on methods 
to enhance cell permeability: cell fixation, cell lysis and 
increasing the temperature.

YOYO‑1  YOYO-1, a cyanine dye, is a homodimer of 
oxazole yellow (known as YO) and binds to DNA via inter-
calation [72]. In solution, free YOYO-1 dye is activated by 
458-nm light, resulting in maximum emission at 564 nm. 
When bound to dsDNA, YOYO-1 exhibits over a thou-
sand-fold fluorescent enhancement. The DNA-interca-
lated YOYO-1 absorbs 489-nm light and maximally emits 
at 509 nm. The use of YOYO-1 was able to discriminate 
non-parasitized and parasitized erythrocytes in cultures 
of P. falciparum. Similar to other cell-impermeant dyes, 
fixation with formaldehyde is inevitable. Moreover, sub-
sequent permeabilization with Triton X-100 (TX100) was 
deployed, ending 24 h before YOYO-1 staining [73]. The 
fluorescence intensity of YOYO-1 depended on develop-
mental stage: multinucleated schizonts exhibited higher 
fluorescence intensity than ring-form schizonts. Owing 
to this behavior, YOYO-1-based flow cytometry served as 
a useful tool for screening biochemicals against Plasmo‑
dium development [73]. When this method was applied 

for the diagnosis of malaria in endemic areas, its sensitiv-
ity and specificity were comparable to those of standard 
microscopy; however, analyzing the fluorescence from 
reticulocytes was a drawback of the protocol because an 
appropriate negative control was required [74]. In both 
studies, RNA removal using RNase was included in the 
protocol. Overall, YOYO-1 is useful for in vitro culture of 
Plasmodium parasites but is not yet applicable for field 
isolates, largely due to its RNA-binding activity in reticu-
locytes.

PicoGreen  PicoGreen, an intercalating, cell-impermeant 
fluorochrome, specifically binds to dsDNA but not to 
ssDNA, RNA, or free nucleotides. The PicoGreen-dsDNA 
complex can be excited by 480-nm light and maximally 
emits at 520 nm. In contrast to its high fluorescence when 
bound to DNA, unbound PicoGreen emits fluorescence 
with a very low intensity. PicoGreen is resistant to pho-
tobleaching, which is an irreversible fading of fluorescence 
caused by light exposure; therefore, intra-assay variance is 
avoided owing to the high stability of the dye. Thus, it is 
suitable for high-throughput, multiwell-formatted assays 
and microplate readers. The use of PicoGreen in anti-
malarial chloroquine assays gave a similar growth inhibi-
tory concentration as the standard radioactive hypox-
anthine uptake assay [75, 76]. Given the requirement of 
TX100 for cell permeabilization [75] or saponin for cell 
lysis [76], the use of PicoGreen is relatively complicated. 
Moreover, residual DNA of dead parasites and leukocyte 
contamination possibly confound the interpretation.

Challenges and opportunities in the application of flow 
cytometry‐based assays
Viable parasite detection
A major drawback of the aforementioned DNA/
RNA-staining fluorochromes is the inability to distin-
guish live and dead parasites owing to remnant DNA 
and/or RNA of Plasmodium inside the host cells. In 
most living eukaryotic cells, functioning mitochon-
dria maintain their membrane polarization, whereas 
in metabolically inactive cells, nonviable cells lose such 
polarization [77]. Thus, living Plasmodium parasites 
could be detected based on mitochondrial function. 
Fluorescent dyes that bind to the polarized mitochon-
drial membrane, herein called mitochondrial dyes, are 
able to differentiate between living and dead cells [78]. 
MitoTracker CMXRos, a mitochondrial dye (8-(4′-chlo-
romethyl) phenyl-2,3,5,6,11,12,14,15-octahydro-1  H,4 
H,10  H,13  H-diquinolizino-8  H-xanthylium chloride), 
was used for this purpose. When applied with a combi-
nation of the growth inhibitory anti-malarial atovaquone 
and proguanil, the MitoTracker CMXRos was able to 
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differentiate living parasite populations, which are char-
acterized by intact mitochondrial membrane potential, 
from dead parasites whose mitochondrial membrane 
potential was compromised [59]. Although this method 
is useful to probe viable Plasmodium parasites, incuba-
tion at 37  °C is inevitable. Since nonviable cells have a 
compromised cell membrane, cell-impermeant fluoro-
chromes are able to cross the compromised cell mem-
brane and intracellularly bind to nucleic acids. Based on 
these properties, an approach to overcome this compli-
cated protocol is to combine cell-permeant and cell-
impermeant fluorochromes, especially those maximally 
emitting at different wavelengths. For instance, Hoechst 
33,342, SYBR Green I or ViSafe Green can be combined 
with propidium iodide. Moreover, SYTOX® blue, a high-
affinity nucleic acid dye that fluoresces, is able to enter 
only cells with compromised cell membranes. Thus, it 
has the potential to detect dead cells. To the best of my 
knowledge, there has been no report in which these com-
binations of fluorochromes have been deployed for Plas‑
modium-infected erythrocytes.

Anti‑malarial drug sensitivity tests in the field
The emergence of anti-malarial drug resistance high-
lights the importance of drug susceptibility tests by 
which the existence and spread of resistant parasites can 
be detected and tracked. At present, given the availabil-
ity of a compact, transportable flow cytometer, a combi-
nation of SYBR Green I and dihydroethidium, both cell 
permeant, has been applied for the detection of drug 
resistance in malaria endemic areas in Papua Province, 
Indonesia [36] and Thailand [37, 38].

Various doses of anti-malarial drugs need to be tested; 
thus, the assay required a protocol suitable for a multiwell 
operation. Here, key characteristics of fluorochromes 
are proposed for their use in flow cytometer-based 
drug susceptibility assays (Fig.  2). To allow anti-malar-
ial drug susceptibility assays in a multiwell format, cul-
tured Plasmodium-infected erythrocytes can be directly 
stained with a cell-permeant fluorochrome. Neither cell 
fixation nor harvesting are required. Given fluorescence 
enhancement (increasing fluorescence intensity or a 
Stokes shift upon binding to nucleic acids), the stained 
cells can be directly exposed to laser light without the 
removal of unbound fluorochrome. Thus, a washing 
step is not needed. Highly selective DNA binding of the 

Fig. 2  Proposed key features of fluorochrome-based flow cytometry for high-throughput antimalarial drug susceptibility testing. In a conventional 
drug susceptibility test, various doses of antimalarial drugs need to be evaluated; thus, the assay requires a protocol suitable for a multiwell format. 
Taking advantage of DNA-binding fluorochromes, key characteristics of flow cytometer-based drug susceptibility assays are proposed. Briefly, 
Plasmodium-infected erythrocytes are incubated with cell-permeant fluorochromes without cell fixation or harvesting. Given the fluorescence 
enhancement (increase in emitted fluorescence intensity or a Stokes shift upon binding to nucleic acids), the stained cells are directly exposed 
to laser without removal of unbound fluorochrome, eliminating a cell washing step. Highly selective DNA binding of fluorochromes minimizes 
the effects of confounding factors derived from RNA binding in reticulocytes. Since several wells are analysed, the fluorochrome must resist 
photobleaching. In addition, the high resolution of fluorescence intensity further allows discrimination of ring-form or mature trophozoites or 
schizonts, characterizing stage-specific drug resistance
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fluorochrome will minimize the effects of confound-
ing factors derived from RNA binding in reticulocytes. 
Since several wells are analysed, the fluorochrome must 
resist photobleaching. In addition, the high resolution 
of fluorescence intensity allows further discrimination 
of ring-form trophozoites, trophozoites and schizonts, 
characterizing stage-specific drug resistance.

However, there are two major hindrances in anti-
malarial drug sensitivity tests. First, the use of nucleic 
acid-binding fluorochromes will lose accuracy owing to 
fluorescence signals of RNA in reticulocytes and rem-
nant DNA (Howell-Jolly bodies) in some erythrocytes, 
both in erythrocytes or leukocytes in the peripheral 
blood of human individuals. To exclude such artifacts 
in blood, deploying fluorochrome binding specifi-
cally to RNA, antibody specific to transferrin receptor, 
highly expressed on immature enucleated erythrocytes 
and nucleated erythroid cells, or CD45, a common leu-
kocyte antigen, allows more accurate identification of 
Plasmodium-infected erythrocytes [44,  58]. Second, 
the use of nucleic acid-binding fluorochromes is inca-
pable of predicting whether drug-exposed parasites 
are alive or dead due to remnant DNA and/or RNA of 
Plasmodium. As discussed in viable parasite detection, 
there are two types of fluorescent dyes: one binds to 
the polarized mitochondrial membrane, and the other 
is a cell-impermeant dye capable of crossing a compro-
mised cell membrane. Combinations of mitochondrial 
or cell-impermeant dyes with cell-permeant dyes will 
allow assessment of cidal effects in addition to growth 
inhibition.

Applications of the DRAQ5 fluorochrome
DRAQ5™ is a cell-permeable, DNA-binding anthraqui-
none. Given the lipophilicity of DRAQ5, it can cross 
phospholipid-enriched membranes without cell fixation 
[79]. Although DRAQ5 staining of zebrafish erythrocytes 
can be simply performed at ambient temperature [79], 
faster staining of P. berghei gametocytes with DRAQ5 
was accomplished at a higher temperature [80]. Since 
DRAQ5 fluorescence intensity is correlated with DNA 
content and chromatin complexity, it could discriminate 
cell type based on the accessibility of DRAQ5 [81]. More-
over, its excitation and emission in the far red part of the 
spectrum allow the use of DRAQ5 with several fluoro-
chromes. At present, there is no report of DRAQ5 being 
used for human malaria parasites. Thus, it will be inter-
esting to see how DRAQ5 can be deployed for human 
malaria research.

Enhancement of erythrocyte membrane permeability 
to fluorochromes
Formaldehyde and glutaraldehyde partially solubilize 
lipids on the cell membrane [82], consequently increas-
ing membrane permeability [83]. However, cell integ-
rity is destroyed, leading to morphological changes in 
Plasmodium-infected erythrocytes [84] and basophilia of 
aldehyde-fixed biological samples [85]. TX100 is widely 
used for cell lysis in protein extraction methods. TX100 
is a nonionic detergent composed of a hydrophilic poly-
ethylene oxide chain and a hydrophobic aromatic hydro-
carbon group. Given that it is a nonpolar, hydrophilic 
polyoxyethylene, TX100 is able to dissolve lipids from cell 
membranes, increasing cell permeability [86]. Following 
TX100 treatment, oval biconcave-shaped erythrocytes 
remain, while cell membrane permeability significantly 
increases, allowing intake of bovine serum albumin [87]. 
Recently, the use of the ionic detergent N-lauryl sarcosine 
increased the permeability of erythrocytes and enabled 
intracellular binding of antibodies for flow cytometric 
assays; however, a significant decrease in cell size was 
also observed [88]. Overall, fluorochrome permeation 
into the erythrocyte membrane could be enhanced using 
ionic or nonionic detergents such as Nonidet P-40.

Perspectives
Despite many successful applications of fluorochrome-
based flow cytometric assays in malaria research, none of 
them has become a widely-used method. High-cost and 
multistep processes, in contrast to the need for affordable 
and user-friendly tools, likely account for the restricted 
use of these assays in the malaria field. Recently, in 
attempts to develop low-cost, easy-to-use flow cytom-
eters, a portable, compact flow cytometer and a microflu-
idic chip equipped with fluorescence readers have been 
invented [89, 90]. Thus, further exploration of the use of 
these devices is recommended. Moreover, a major draw-
back in the use of nucleic acid-staining fluorescent dyes 
in clinical samples is the inability to differentiate leuko-
cytes and Plasmodium-infected erythrocytes. Owing to 
the larger amount of nuclear DNA in leukocytes, a pos-
sible solution is to search for fluorochromes exhibiting 
a wider range of fluorescence intensities (higher resolu-
tion); leukocytes and Plasmodium-infected erythrocytes 
emit fluorescence with highly different intensities. How-
ever, the invention of fluorochrome derivatives that are 
cell permeable, have high fluorescence enhancement, 
are selective for DNA binding and have fluorescence that 
quenches just slightly would further increase the use of 
flow cytometry in malaria research.
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Conclusions
The various uses of nucleic acid-binding fluorochromes 
and flow cytometry include enumeration of Plasmodium-
infected erythrocytes and discrimination of P. falciparum 
growth in drug susceptibility assays. Studies deployed flu-
orochromes, which are capable and incapable of crossing 
the cell membrane to bind nucleic acids, for assessment 
of anti-malarial drug efficacy. Depending on purpose of 
study, the following guideline is proposed; (1) a combina-
tion of dihydroethidium with Hoechst 33,342 or thiazole 
orange is for drug susceptibility test, and discrimination 
of parasite maturation stage and viability, (2) a combina-
tion of SYTO61 with dichlorofluorescin is for assessment 
of oxidative stress, (3) a combination of Coriphosphine 
with MitoTracker is for discrimination of viable and 
nonviable Plasmodium parasites, and (4) a combination 
of dihydroethidium with thiazole orange is for study of 
transcriptiome. However, the previously reported hin-
drances, including the complexity of the process, inability 
to distinguish live and dead parasites, and low resolution 
and low quenching of fluorochromes, limit their wide-
spread use in the aforementioned applications. To over-
come these hindrances, the review highlights the key 
features to select and opportunities to use fluorochromes 
in flow cytometer-based drug susceptibility tests.
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