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Malaria remains one of the deadliest diseases worldwide and it is caused by the
protozoan parasite Plasmodium spp. Parasite visualization is an important tool for
the correct detection of malarial cases but also to understand its biology. Advances
in visualization techniques promote new insights into the complex life cycle and
biology of Plasmodium parasites. Live cell imaging by fluorescence microscopy or
flow cytometry are the foundation of the visualization technique for malaria
research. In this review, we present an overview of possibilities in live cell imaging
of the malaria parasite. We discuss some of the state-of-the-art techniques to visu-
alize organelles and processes of the parasite and discuss limitation and advantages
of each technique. © 2019 International Society for Advancement of Cytometry

Key terms
staining; dyes; GFP; aptamer; malaria

DETECTING PLasMoDIUM SPP.

Malaria is an infectious disease caused by the protozoan parasite from the genus
Plasmodium. The disease is common in sub- and tropical regions, threatening
around 40% of the population worldwide. About 216 million people were infected
by the parasite and an estimated 445,000 malaria deaths were reported in 2016
only (1).

Five species of the genus Plasmodium are known to cause human malaria.
P. falciparum is the most severe one, being responsible for 90% of malaria deaths
worldwide. Great efforts in vector control and malaria prevention, as well as an
effective drug treatment, achieved the reduction of malaria infections and mortality
in recent years. However, increasing resistance against antimalarial drugs endangers
the current progress made in malaria control.

Fast diagnosis of malaria and the identification of the infecting species are one
of the starting points to determine the correct drug treatment. A variety of malaria
detection methods has been proposed, but diagnosis is still commonly performed by
visual detection of the intraerythrocytic parasite by transmitted light microscopy of
a peripheral blood smear stained with Giemsa stain (2). The staining approach con-
sists of mixing an acidic (Eosin Y) and basic dye (Methylene blue and Azure B) to
stain cytoplasm and chromatin, respectively. The technique can determine the para-
sitemia and plasmodial species in a low-cost and rapid manner and, although other
methods have been successfully developed, it remains the preferred diagnostic
method for malaria.

Visualization of Plasmodium greatly contributed to understanding its biology.
With help of new probes, dyes and fluorescent proteins, organelles and dynamic
processes and changes in the metabolism of the parasite can be specifically studied.
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These tools combined with technical advances in microscopy
and flow cytometry paved the way for new discoveries in
malaria research.

In this review, we will shed light on some of the state-of-
the-art techniques to visualize organelles and processes, focus-
ing on the Plasmodium parasite. We focus on live cell imag-
ing in combination with fluorescence microscopy or flow
cytometry to provide an overview of the most common imag-
ing techniques. Possible limitations and clear advantages of
the techniques are also discussed.

THE TOOLS TO VISUALIZE Prasmoprum

To dye or not to dye?

Dyes are colored organic substances that can specifically
bind to their substrate, such as cells, organelles, or even
molecules. Some basic requirements for dyes are important
for biological applications: they should be sensitive enough
to track biological processes at nanomolar or micromolar
range; resolution has to be sufficient to verify dynamic cell
signaling processes and the required instruments should be
financially affordable.

In the context of parasitic diseases, some dyes may be
able to appropriately stain targeted organelles of the studied
parasite, but they can show an unexpected anti-parasitic effect
as well. Methylene Blue, used in the Giemsa stain as a dye for
nucleic acids, was the first fully synthetic dye used as an anti-
malarial drug (3). Following drug screenings have identified
several synthetic dyes with in vitro and in vivo activity
against asexual stages of the malaria parasite P. falciparum
(4-6). For example, three mitochondrial dyes—MitoRed,
dihexyloxacarbocyanine iodide (DiOC6), and rhodamine B—
were highly active (ICsy - values <200 nM) and could be a
starting point for the development of novel antimalarial lead
compounds.

There are several well-characterized natural and com-
mercially available dyes in different spectra, which target
specific compartments of the parasite, such as the nucleus,
mitochondrion, endoplasmic reticulum or the food vacu-
ole or dynamic processes like oxidative stress or Ca**
effluxes (Table 1).

Dyes interacting with nucleic acid are essential in malaria
research and are often used for detection, growth analysis, drug
screening, and invasion studies using flow cytometry or fluores-
cence microscopy. Studies take advantage of the fact that a nor-
mal circulating red blood cells (RBCs) lack DNA and thus,
parasitized RBCs can be easily distinguished from non-infected
RBCs by DNA stains. There exist a wide variety of dyes inter-
acting with the DNA of the cell, either by intercalating with it,
for example, ethidium bromide, propidium iodide, and acridine

Cytometry Part A @ 97A: 694-705, 2020

Published online 18 November 2019 in Wiley Online Library
(wileyonlinelibrary.com)

DOI: 10.1002/cyto.a.23927
© 2019 International Society for Advancement of Cytometry

orange, or by binding to it like 4’,6-diamidino-2-phenylindole
(DAPI) and the family of Hoechst dyes. However, several of
them are not cell-permeable and thus not suited for live cell
imaging.

Hoechst 33342 (bisbenzimide) and SYBR Green I are
commonly used DNA dyes in malaria research. Hoechst
33342 binds to the minor groove of double-stranded DNA,
with preference for adenine and thymine (AT) rich regions
(7,8), which are most prevalent in the Plasmodium genome
(over 80% in most species). It has been successfully used in
fluorescence microscopy (9) and flow cytometry (10). How-
ever, it was shown that Hoechst 33342 also exhibited a strong
in vitro antiplasmodial activity at a concentration range from
4.1 nM to 30.8 nM and low cytotoxicity to human HeLa cells
(4), which can lead to difficulties in live cell imaging of the
parasites. The intercalating dye SYBR Green I is another
widely used nucleic acid dye that has been employed for more
than a decade as a probe to measure the malaria parasite
growth inhibition (10-15). Mostly used in flow cytometry
analysis, it provides the chance of studying developmental
stages of intraerythrocytic growth of Plasmodium sp., their
quantification and further determine antimalarial drug candi-
dates’ sensitivity for a variety of Plasmodium strains. SYBR
Green I strongly reacts with double-stranded DNA, but it also
has the capacity of staining single stranded DNA and RNA,
although to a lesser extent. Treatment with RNAse is rec-
ommended by the manufacturers to reduce the background,
but sensitivity to RNA is low and can be neglected for live cell
imaging (16).

Another nuclei acid dye for flow cytometry analysis is the
commercially available Vybrant® DyeCycle™ (ThermoScientific,
Waltham, Massachusetts, USA). The dye is structurally related to
the family of Hoechst dyes and it comes in several spectra. The dye
is normally used for studies of the cell cycle and as an indicator for
viable cells. Due to its high sensitivity, it has been used for differen-
tiation of the blood stages in Plasmodium (17).

Analysis of the viability of the parasite within the eryth-
rocytes is important to study the effects of drugs on its
growth. Analysis of the apoptotic mechanism in Plasmodium
raised the theory that a number of parasites within the eryth-
rocytes, especially in vitro culture, are actually dead (17).
Although the parasites may be dead, the erythrocyte stays
intact and thus, typical live/dead stains like propidium iodide
cannot enter the cell (18). Also, most nucleic acid dyes do not
distinguish between dead and live parasites. Stains depending
on membrane potentials have been commonly used as indica-
tors for the viability of the parasite. Dyes targeting the mito-
chondrion, such as Rhodamine 123 and MitoTracker™ can
be used for visualization of the mitochondrion of Plasmodium
(19-29), but they can be also employed as a marker for
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viability (23-29). This is due to the unique membrane poten-
tial of the organelle with a negative charge inside of the mem-
brane (30). Another dye which targets the mitochondrial
membrane potential and that can be used as a viable stain is
DiOC6 (3). First used as a marker for the endoplasmic reticu-
lum (31,32), the dye stains membrane bilayers. In Plasmo-
dium, the dye has been used as a viability dye in flow
cytometry for drug screenings (33). Yet, for both dyes,
antiplasmodial effects were also reported (4,5,21,34-36).

Not only used as a viability indicator, MitoTracker™ can
also be used for co-localization studies of specific targets within
the parasite (20-22). For co-localization, the studied target is
normally detected by tagging with GFP or by use of specific
antibodies against it and its localization is compared to dyes
staining the proper compartments of the parasite. Next to
MitoTracker™ for staining of mitochondrion, other commer-
cially dyes are available and have been used in Plasmodium. ER-
Tracker™ and LysoTracker® are both commercially available in
different spectra and highly selective and photostable. Both pro-
bes have been used for staining of the endoplasmic reticulum
and the food vacuole, respectively (37).

Fluorescent proteins for Plasmodium studies
Fluorescent proteins allowed a new approach to shed light on
the biochemical processes of the Plasmodium parasite. These
proteins can be used for live cell imaging, providing clear advan-
tages over immunofluorescence or electron microscopy, as these
techniques require a good preservation of the Plasmodium sam-
ples (38). Fluorescent proteins may also present some limita-
tions: their photophysical properties are not as good as of
organic dyes; also, some of them are not very bright or
photostable; their expression can vary considerably even within
the same cell types or same temperature; moreover, their fluores-
cence signal can be lost during fixation of the cells, thereby anti-
bodies are required to enhance the signal (39).

The fluorescent protein must be incorporated into the Plas-
modium parasite by transfection and maintained episomal under
drug pressure or integrated into the genome of the parasite.
New sets of transfection vectors (40,41) and the improvements
of the transfection process (42) improved the efficiency and suc-
cess in generating transgenic parasite strains.

Undoubtedly, green fluorescent protein (GFP) (43) has
opened an avenue to better understand cellular events in sev-
eral diseases. First used in P. falciparum in 1997 (44), GFP
facilitated the investigation of protein localization and inter-
action (45), trafficking between the different compartments of
the parasite, visualization of a specific organelle or even the
whole parasite during the life cycle (45-50). More recently,
the formation of the parasite plasma membrane was eluci-
dated in Plasmodium berghei by GFP-tagged localized protein
(51), thereby providing data on membrane dynamics in live
cell imaging.

However, conjugation of GFP can impair its function and
thus lead to impairment in growth. There are reports that GFP
can be toxic to cells due to aggregation and phototoxicity. It was
also shown that GFP can induce apoptosis in living cells (52).
Impairment of the biological function after conjugation with

GFP was reported for the glycosylphosphatidylinositol (GPI)-
anchored protein of P. falciparum (53,54). The protein forms a
coat on the surface of developing merozoites and an inducible
expression system solved this problem.

Autofluorescence of the erythrocytes can be challenging
for studies with GFP. Red fluorescence proteins are favorable
because of the reduction of autofluorescence in the red emis-
sion range. Also, the long wavelength used for excitation of
RFP allows a better penetration of cells and tissues, and con-
sequently intravital imaging for murine malaria parasites.

Malarial parasite proteins have been detected in nearly
all compartments within the parasite and beyond (38), includ-
ing cytosol (55-57), mitochondria (20,57), apicoplast (20,57),
food vacuole (45), parasitophorous vacuole, and infected
erythrocytes (58). While the destination of proteins can be
predicted by their targeting sequence, many groups have used
GFP-fusion proteins to study trafficking into the respective
organelles within the parasite (45). For example, Waller and
collaborators discovered the involvement of the ER in the
trafficking of proteins to the apicoplast by selective truncation
of the bipartite targeting sequence (46). The bipartite
targeting sequence consists of a signal peptide and a plant-like
transit peptide. The former leads the protein through the
secretory pathway of the ER and the latter is responsible for
the transport from the ER to the apicoplast. Recent reports
suggest a direct connection between the ER and apicoplast
since trafficking of stromal apicoplast proteins are not
disrupted by treatment with AIF4-, an inhibitor for G
protein-dependent vesicular fusion (59).

Since there is no specific stain available yet for the
apicoplast, visualization depends mostly on fluorescent proteins.
By targeting it to the apicoplast, the morphology of the organelle
has been studied in the asexual stages in P. falciparum (60,61)
and in the asexual and sexual stages for P. berghei (62). Appe-
aring as a small round organelle, the apicoplast undergoes great
morphological changes during the erythrocytic stages of the life
cycle. During maturation within the erythrocyte, the apicoplast
starts to enhance and branches extensively until it eventually
divides into the newly formed merozoites. During the whole life
cycle, the apicoplast was shown to associate with the mitochon-
drion most likely due to the metabolic dependency of both
organelles and their shared metabolic pathway of biosynthesis of
heme (63).

Fluorescence proteins are not only used for localization
studies but they can also be used for the detection of subtle
changes in a specific milieu within a cell. HyPer and roGFP
are mutated versions of known fluorescent proteins, respec-
tively, YFP and GFP, which can be used for the detection of
change in redox milieu. For HyPer, the circularly permuted
YFP (cpYFP) was fused to OxyR-RD, the H,0,-sensing regu-
latory domain of the transcription factor OxyR from
Escherichia coli (64). Several versions have been created
through single point mutations. There are some concerns
whether HyPer is a sole H,O, sensing probe or whether it
also interacts with the glutathione system of the cell (65).
Another drawback of HyPer is its sensitivity toward pH
changes. This can be addressed by using the H,0O, insensitive
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version of the probe, SypHer (66). In P. falciparum, HyPer-3
has been used to study drug-induced changes in H,O, levels
in a faster and more sensitive range than the roGFP probe
(67). However, the control probe SypHer shows different
behavior at a pH higher than 7, so it has to be used with
caution.

The fluorescent protein roGFP was created by introduc-
tion of a redox-sensitive cysteine, which upon change in the
oxidative state leads to a change in fluorescent properties (68).
Further point mutation generated more sensitive versions of
this redox sensor. While, the probe alone detects changes in
the local thiol/disulfide equilibrium, it can also be coupled to
redox-sensitive enzymes and signal peptides for detection of
specific redox events and to be target to a specific organelle.
In Plasmodium, the enzymes thiol peroxidase (Orpl) and
human glutaredoxin 1 (hGrxl) have been coupled to the
redox-sensitive GFP to detect changes in the H,0, and gluta-
thione milieu, respectively (67,69-71). Both probes have been
targeted to sub-cellular compartments of the parasite as well
by fusing the probe to the signal sequences of the acyl carrier
protein (ACP, Apicoplast) and citrate synthase (CS, Mito-
chondrion) (71,72). The probes are sensitive to even low
range changes in the redox milieu, but they might interfere
with the redox state due to the episomal transfection in vivo
and the correlated use of a selection drug to maintain the
transfection (69). This can be circumvented by genomically
integrating the redox sensor into the parasite, which has been
successfully performed and characterized (73).

Hence, all probes discussed above are important indica-
tors for their specific milieu but they do have clear limita-
tions. Monitoring such a fast and delicate process such as
redox metabolism requires experiment planning and the use
of the most suitable probes in order to provide reliable experi-
mental results for the raised research hypothesis.

FLOW CYTOMETRY: A TECHNIQUE FOR
ANALYZING THE Prasmoprium PARASITE

Flow cytometry enables measurements of optical and fluores-
cent characteristics of cells or particle populations. The fluid
sample is injected into the flow cytometry analyzer where
each single cell or particle passes through a light source. The
obtained data of the scattered light provide valuable informa-
tion about biochemical, biophysical, and molecular aspects of
the studied sample. Flow cytometry is commonly used in
immunophenotyping, measurements of apoptosis or mem-
brane potentials, analysis of the cell cycle or cell proliferation
and cell sorting (74).

Flow cytometry analysis in malaria research takes advan-
tage of the fact that normal circulating red blood cells (RBCs)
do not contain DNA and parasitized RBCs can be detected by
nucleic acid stains. Exceptions are the immature forms of red
blood cells (reticulocytes), which contain small amounts of
RNA or remnants of DNA in erythrocytes named Howell-
Jolly bodies. Although they are rare occurrences in healthy
subjects, levels of reticulocytes can change upon infection
with malaria and developing of anemia (75). Also, Howell-
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Jolly bodies that are cleared by the spleen in healthy patients
can occur more often in sickle cell disease due to the ongoing
decline of splenic function (76).

Flow cytometry has been used for detection of infection,
analysis of parasite growth and inhibition of invasion as well
as IC5, determination of possible antimalarial drugs.

Several nucleic acid stains have been already used for
quantification of parasite growth, including ethidium bromide
(77-79), Hoechst 33342 (79-81), SYBR Green I (11,81-83),
SYTOX Green (84), among others, each with their own
advantages and limitations.

Fixation of the parasite might be need for some nucleic
stains or when used in combinations with antibodies. Fixation
procedures can lead to aggregations of RBCs into clumps in
solution (85) or autofluorescence of RBCs, which increase the
background of the sample. However, effective fixation proce-
dure has been widely reported and used which circumvent
these problems (86-88).

Another additional step might be the treatment with
RNases to reduce RNA contaminations and thus the back-
ground of the sample, which is recommended for some
nucleic acid stains (89).

SYBR Green I is one of the widely used probes in flow cyto-
metry for malaria research due to its high sensitivity and easy to
use staining protocol. Bei and collaborators (82) established a
flow-cytometer-based method to establish P. falciparum virulence
by determining both fold increase in parasitemia after each asex-
ual growth and the ratio of observed multiply infected erythro-
cytes to those predicted by Poisson distribution. The authors
showed that SYBR Green I flow cytometry method provided a
very high linear correlation to the parasitemia measured by the
traditional light microscopy method. For better accuracy in para-
sitemia measurements, the parasites must be synchronized at
ring-stage and the erythrocytes should not harbor more than
three parasites each, as the fluorescence emitted by these multiply
infected erythrocytes may not be distinguishable when compared
to early trophozoite-parasite stage.

High-throughput protocol approach for SYBR Green I is
also reported in the literature (11,90). The protocol combines
flow cytometry and the SYBR Green I dye, which allows suffi-
cient resolution between the peaks of non-infected RBCs,
infected RBCs and white blood cells. Two standard antimalar-
ial drugs (pyrimethamine and chloroquine) were used to vali-
date the results and the determination of and the 50%
effective dose (EDsg) of both drugs were calculated. A disad-
vantage of this method is that it requires a longer incubation
period—about 30 min—compared to the gold-standard
staining protocol.

Other methods using SYBR Green I have been developed
such as ex vivo methods suitable for both P. vivax and P.
falciparum based on flow cytometry for drug screening, with
a sensitivity very close to the traditional microscopy results
(91,92). SYBR Green I and hydroethidine (HE) are also
reported in the literature for the quantification of red blood
cells with a flow-cytometry-based ex vivo assay (92). SYBR
Green I in combination with dihydroethidium and Hoechst
33342 was also explored as a potential way to quantify and
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stage through flow cytometry a number of malaria parasites
in red blood cells in whole blood and in vitro parasites (13).

Invasion studies to determine the effect of antibodies or dif-
ferent RBC populations have to carefully distinguish between the
donor RBCs and the targeted, treated RBCs. One possibility is to
purify the schizont stage via magnetic beads and thus, reduce the
contamination of the donor RBCs (93,94). Additionally, several
two-color flow cytometry approaches have been developed that
utilized dyes of markers to distinguish the target RBCs by fluores-
cence (15,81,95). The group of Rayner reported a method for
staining the targeted RBC population with the intracellular dyes
carboxylfluorescein diacetate succinimidyl ester (CFDA-SE) or
7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one)
succinimidyl ester (DDAO-SE) and the nucleic acid dyes Hoechst
33342 or SYBR Green I, respectively. Their study demonstrated
that the used dyes are not interfering with the invasion process of
Plasmodium like reported for surface labeling of the target RBC
population (77). Further development of this technique was
recently published by Vimonpatranon et al. (15), as an in vitro
culture system that combines biotin/streptavidin-labeling of dif-
ferent red blood cells populations and fluorescent DNA dyes such
as Hoechst 33342 or SYBR Green 1. Several concentrations of
biotin have been tested which can be easily distinguished by flow
cytometry. This combination allowed the article authors to deter-
mine the invasion efficacy of malaria parasites in heterogeneous
red blood cell populations.

Parasitemia is mostly determined in flow cytometry by
staining DNA. Transgenic parasites expressing GFP can be
detected and sorted by its fluorescence signal, which can be ben-
eficial during the other stages of the parasite life cycle (96,97).

Another approach in flow cytometry that appears to
have an important impact in the early diagnosis of malaria
is the in vivo photoacoustic flow cytometry (PAFC). With
PAFC, a focused linear laser beam irradiates directly circu-
lating cells in the peripheral vessels through the skin. By
using an ultrasound transducer, laser-induced photoacoustic
waves can be detected. The fluorescent light can be detected
by a photodetector. The main advantage in using PAFC is
the high sensitivity: it has a sensitivity of twofold to three-
fold higher than a conventional in vitro flow cytometry
approach. (98).

Imaging flow cytometry (IFC) is a high-throughput tech-
nique that combines fluorescence microscopy and flow cyto-
metry. This combination allows the measurement of both
fluorescence intensities and the spatial distribution of such fluo-
rescence in large sets of cell populations by using light micros-
copy (99). As the malaria parasite presents different asexual
stages of development which includes rings, trophozoites and
schizonts, IFC can be a valuable tool for distinguishing such dif-
ferent stages. Dekel and collaborators (100) developed methods
of IFC that allowed the detailed morphological quantification of
different malarial parasite asexual stages by using both Hoechst
and Thiazole Orange dyes.

A recent work from Chia and colleagues (101) demon-
strated a proof-of-concept of the high-throughput capacity by
using IFC in malarial drug screening. A chemical library of
4,440 compounds at 10 pM was screened, where 245 hits
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showed effective parasite’s digestive-vacuole disruption and
about 0.6% of the hits demonstrated a potency at a concentra-
tion lower than 1 pM. The cutoff for digestive-vacuole disrup-
tion was arbitrarily determined as about a twofold increase
from the cells that received phosphate buffered saline (PBS)
as negative control. Fluo-4 is a fluorescent Ca®" binding dye
that was successfully used by the authors to check the disrup-
tion of the vacuole.

For extracellular vesicles (EVs) secreted into the inter-
cellular compartment by Plasmodium, recently Ofir-Birin and
colleagues (18) monitored the uptake of malaria-derived vesi-
cles by host monocytes. This was performed by using IFC in
combination with the use of different specific stains for the
cargo compartments, such as Thiazole Orange for RNA-
cargo, Ghost Dye UV for protein cargo, and Dil, DiD or DiO
for lipid cargo.

As flow cytometer analyzers become financially less
expensive and proper training for using them is provided,
they become more available in endemic areas, where ex vivo
fast detection of parasitemia can be performed. The use of
flow cytometry allows a rapid screening for drug resistance
and therefore the development of new or improved dyes is
valuable for malaria research.

DNA AND RNA IN SHAPES: APTAMERS

The recent grow in aptamer research gave way for the devel-
opment of aptamers not only for therapeutical use but also
for biosensing and imaging purposes. The short chained
DNA or RNA nucleotides are considered rivals for antibodies
due to higher conformational stability, in particular at higher
temperature and pH, specificity to targets and convenience of
chemical synthesis (102).

Modification of the synthesis process Systematic Evolu-
tion of Ligands by EXponential enrichment (SELEX) opened
the field for more complex targets like whole cells or microor-
ganism (for more information, see review (103)).

By tagging aptamers to radioactive and fluorescent mole-
cules or even nanoparticles, aptamers can be easily used in in
vitro and in vivo imaging of the target. Additionally, apta-
mers specific to fluorophore or their quenchers can inte-
ract with their target and thereby regulate the fluorescence
(104,105). Coupling the aptamers with fluorescein isothiocya-
nate (FITC) or gold particles (AuNPS) have been proven to
be useful for visualization of the selected target (102,106).

While aptamers play an increasing role in cancer
research (107-109), aptamers against parasites are rare. The
few publications studying aptamers and parasites are shown
in the literature and most of them are focusing on Plasmo-
dium, Leishmania, and Trypanosoma (110). As an example of
aptamers development, A RNA aptamer against live
Trypanosoma cruzi trypomastigotes was developed which
binds with a high affinity against trypomastigotes from differ-
ent strains but not to epimastigotes (111). T. cruzi-binding
aptamers have also been used to develop an assay for detec-
tion of the parasites at low levels of concentration (112).
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In Plasmodium, most publications are focusing on the
use of aptamers as possible inhibitors for the parasite’s growth
and few are addressing the topic of detection the parasite.
One example is an aptamer against the plasmodial biomarker
lactate dehydrogenase (pLDH) of P. vivax and P. falciparum
(112,113). The protein shows high expression level in both
the sexual and asexual stages of parasites. The pL1 aptamer
was developed as an aptamer-based assay for detection (102).
Aggregation of the conjugated AuNPs depends on the level of
pLDH and shows a color shift from red to blue in the assay.
Using this methodology, parasites were detectable at low con-
centrations in human blood samples. SELEX was also applied
for the selection of RNA aptamers against a conserved protein
in Plasmodium (PfEMP1), but the focus of the group lies
more on therapeutic use of the aptamer then detection of the
parasite (114).

Another study reports an improvement of cell-SELEX by
combining inertial microfluidics and SELEX to create a platform
named I-SELEX which has broad application in aptamer discov-
ery (115). The platform has been tested on Plasmodium infected
RBC and one of the selected aptamers have been showed to be
specific for P/EMP1. Further advances in this highly growing
field will facilitate the selection of new aptamers and will lead to
new possibilities for their usage in the future.

CONCLUSIONS

Whether to visualize a sub-cellular compartment, verify the
localization of a target or even detecting dynamic and change-
able processes, there is a variety of imaging probes to choose
from. After careful consideration, the optimal probe for each
research question can be found in dyes of a wide range of
spectra, fluorescent proteins, immunohistochemistry or even
aptamers. Therefore, it is important to consider the advan-
tages and disadvantages of each probe. Fluorescent dyes are
easy to utilize, fast and usable in fixed and living cells and can
detect subcellular compartments. However, some dyes display
antimalarial activity, thus they should be used with caution.
Dyes are often susceptible to photo bleaching and conse-
quently cannot be used for imaging over long time scales. For
this type of experiments, fluorescence proteins are more
favorable. Fluorescence proteins are genetically encoded and
stably expressed in the cell, either by episomal transfection or
by genomic integration. However, conjugation of a protein to
fluorescence protein might impair its function or lead to pho-
totoxicity inside the cell. Also, transfection requires usage of a
selection drug which might interfere with the process under
examination. Both approaches allow imaging of cellular pro-
cesses over longer periods of time.

Recent advances in flow cytometry, especially the reduc-
ing cost and handiness of the analysers, give rise for this tech-
nique for the detection of malaria in endemic areas. Flow
cytometry prevails over other detection methods like light
microscopy by its accuracy and sensitivity. The analysis is fast
and can provide information on drug resistant parasite
strains.

Additionally, to the established methods, the new field of
aptamer research opened new approaches in the imaging of the
Plasmodium parasite. Aptamers can be easily modified and
through the intense selection process are specific for their target.
The first successful attempts for detection of malaria parasites
have been reported and more will surely follow in the future.

Even with declining mortality, understanding the metabolic
and cellular processes of Plasmodium parasites is as important as
ever. Technical advances in imaging techniques and stronger
cooperation between scientific fields will inevitably lead to new
discoveries and opportunities in the field of imaging.
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