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ABSTRACT: Malaria is caused by parasites of the Plasmodium genus and remains one of the most pressing human health problems.
The spread of parasites resistant to or partially resistant to single or multiple drugs, including frontline antimalarial artemisinin and
its derivatives, poses a serious threat to current and future malaria control efforts. In vitro drug assays are important for identifying
new antimalarial compounds and monitoring drug resistance. Due to its robustness and ease of use, the [3H]-hypoxanthine
incorporation assay is still considered a gold standard and is widely applied, despite limited sensitivity and the dependence on
radioactive material. Here, we present a first-of-its-kind chemiluminescence-based antimalarial drug screening assay. The effect of
compounds on P. falciparum is monitored by using a dioxetane-based substrate (AquaSpark β-D-galactoside) that emits high-
intensity luminescence upon removal of a protective group (β-D-galactoside) by a transgenic β-galactosidase reporter enzyme. This
biosensor enables highly sensitive, robust, and cost-effective detection of asexual, intraerythrocytic P. falciparum parasites without the
need for parasite enrichment, washing, or purification steps. We are convinced that the ultralow detection limit of less than 100
parasites of the presented biosensor system will become instrumental in malaria research, including but not limited to drug
screening.
KEYWORDS: malaria, Plasmodium falciparum, drug screening, IC50 assay, chemiluminescence, AquaSpark

Malaria is a devastating disease with major impact on
public health in endemic regions. 95% of the total

malaria case burden is carried by regions in sub-Saharan Africa,
with children under the age of five representing the most
vulnerable group.1,2 The disease-causing protozoan Plasmo-
dium parasites are transmitted during the bite of infected
Anopheles mosquitoes, and following their entry into the
bloodstream, parasites migrate to the liver where they infect
and proliferate within hepatocytes. Intrahepatic replication is
clinically silent, and the disease only manifests after parasites
re-enter the blood circulation. The symptomatic blood stage of
infection is characterized by repeated rounds of erythrocyte
invasion, asexual replication, rupture of the infected red blood
cell (RBC), and the consequent release of daughter cells
capable of invading new erythrocytes.3

In the late 1950s, the emergence of chloroquine-resistant
parasites revealed the need for new antimalarial com-
pounds.4−6 Since then, multiple drugs were developed and
introduced, but, worryingly, parasites evolved resistance or
partial resistance to nearly all of today’s therapeutic
approaches, including the first-line artemisinin-based combi-
nation therapies (ACTs).7−9 The current spread of parasites
that are partially resistant to artemisinin and its derivatives as
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well as to the partner drugs used in ACTs is threatening
current and future therapeutic strategies. Clearly, the discovery
and development of antimalarials with alternative modes of
action are needed urgently.
In vitro drug susceptibility assays, which examine the effect

of drugs on the growth of intraerythrocytic asexual parasites,
are essential tools for monitoring drug resistance and screening
for new drug candidates. Various methods using different
readout techniques have been described, including the
microscopic examination-based WHO microtest,10 isotope
incorporation-based assays,11,12 the enzymatic Plasmodium
lactate dehydrogenase (pLDH) assay, the ELISA-based assays
for detecting either pLDH,13 histidine-rich protein II,14 or P.
falciparum aldolase,15 fluorescence-based assays,16−22 hemo-
zoin detection by flow cytometry,23 or rotating-crystal
magneto-optical diagnostic techniques24−26 and luciferase-
based assays.27−29 Common to all these methods is that they
assess the inhibition of asexual parasite development as an end
point after drug exposure. The wide range of assay options
notwithstanding, all methods are linked to inherent advantages
and limitations regarding sensitivity, high-throughput compat-
ibility, the reliance on hazardous chemicals that are difficult to
dispose of, applicability to field isolates, and practical handling,
such as the possibility to store assay plates between the end
point and assay readout.

Typically, assays used to quantify half-maximal inhibitory
concentrations (IC50) fail at monitoring the speed at which
antimalarial compounds act on parasite viability. To address
this important measure of drug efficacy, Sanz et al. developed
the so-called parasite reduction ratio (PRR) assay that allows
characterizing drug activity using three parameters, (i) the lag
time, which describes the time it takes for a compound to
achieve its maximum effect, (ii) the log10(PRR), defined as the
log10 drop of viable parasites within 48 h in the range of the
maximal killing rate, and (iii) the parasite clearance time 99.9%
(PCT 99.9%) that quantifies the time required to kill 99.9% of
the initial parasites.30 While the PRR assay has proven to be
most valuable for evaluating and monitoring drug efficacy, its
time- and labor-intensive setup and execution have limited it to
low-throughput applications.

The PRR, but also other measures of drug activity, including
IC50 assays, are often quantified using incorporation of [3H]-
hypoxanthine into DNA of replicating parasites. Due to its
robustness and excellent signal-to-noise ratio and despite
relying on radioactive material, [3H]-hypoxanthine incorpo-

ration remains a gold standard for measuring parasite
development and survival.31−33 Alternative quantification
methods that perform equally well as the [3H]-hypoxanthine-
based assay and do not require the handling of radioactive
substances would clearly aid antimalarial drug discovery and
development.

Here, we describe the development of a first-of-its-kind
chemiluminescence-based malaria drug assay using a lumines-
cent biosensor probe that is activated by P. falciparum parasites
expressing a galactosidase transgene. In contrast to fluores-
cence, chemiluminescence does not require exciting light, thus
eliminating the need for an external light source and problems
related to overlapping spectra, light scattering, and activation of
autofluorescent molecules, which may affect the readout
quality of fluorescence-based assays. In addition, luminometers
that use photomultiplier tubes to detect luminescence are
among the least expensive readout devices on the market, and
the sensitivity of chemiluminescence-based assays is generally
high due to low background levels.34−36

We used a commercially available phenoxy-dioxetane-based
chemiluminescent molecule (AquaSpark β-D-galactoside) that,
once activated, emits light at 3000-fold higher intensity
compared to Schaap’s dioxetanes.35,37 Activation of this
probe, henceforth called β-galSENSOR, is initiated by the β-
galactosidase-catalyzed removal of a quenching β-D-galactoside
substrate. Following the spontaneous elimination of a spacer,
the decay of a phenolate intermediate results in the emission of
intense green light with an emission maximum at wavelengths
between 510 and 550 nm35,38 (Figure 1). In absence of the β-
galactosidase enzyme, the β-galSENSOR probe remains highly
stable, and the enzymatic activation of the probe works in
aqueous solutions without the need for other additives such as
complex buffer systems or expensive enzymes.35 Furthermore,
and in contrast to most luminescence-based systems, the
activity of this β-galSENSOR probe is ATP-independent. Today,
phenoxy-dioxetane probes, including the β-galSENSOR probe, are
used for the ultrasensitive detection of bacteria such as Listeria
monocytogenes or Salmonella spp..38−41

To use phenoxy-dioxetane biosensors in antimalarial drug
discovery and development, we stably inserted the Escherichia
coli β-galactosidase gene, also called lacZ, into the genetic
background of different drug-sensitive and multidrug-resistant
P. falciparum parasite strains. In combination with the β-
galSENSOR probe, these NF54lacZ, F12lacZ, and K1lacZ lines allow
screening molecules for antimalarial activity and monitoring

Figure 1. Principle of phenoxy-dioxetane biosensor probes. (A) Schematic of β-galSENSOR probe activation. (B) The β-galSENSOR probe is kept in a
stable, nonluminescent state by an enzyme-labile β-galactoside. Removal of this group by β-galactosidase triggers the formation of a phenolate
intermediate that undergoes chemiexcitation to emit green light. ELG, enzyme-labile group; hv, photon emission.
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drug efficacy using the most easy and cost-effective
experimental setup. Upon β-galSENSOR probe addition, parasites
expressing β-galactosidase are detected at high sensitivity,
offering a new tool for approaches that depend on low parasite
numbers including quantification of parasite reduction ratios.

■ RESULTS
Engineering of P. falciparum Parasites That Process a

β-D-Galactoside Biosensor Substrate. To allow the
detection of P. falciparum parasites using the chemiluminescent
β-galSENSOR probe (Biosynth AG, cat. #A-8169_P00), we
engineered a cell line carrying the bacterial transgene lacZ. In a
first step, we modified parasites of the gametocyte-deficient
strain F12.42,43 Specifically, we integrated lacZ into the
nonessential P230p locus44 of these parasites using a two-
plasmid CRISPR/Cas9-based gene editing strategy (Figures
2A,B and S1).45 Parasites were selected to maintain a plasmid
carrying expression cassettes for Cas9 and a P230p-targeting
guideRNA (gRNA) using the antifolate drug WR99210 in
combination with the drug selectable marker human
dihydrofolate reductase (hDHFR). The culture was sub-
sequently maintained in the absence of WR99210 to allow
for a spontaneous loss of the plasmid and the selection marker.
Following limiting dilution cloning, an hDHFR-free, and thus
antifolate-sensitive parasite population, was subsequently
selected. If not mentioned otherwise, experiments described
hereafter were conducted using this clonal F12 line dubbed
F12lacZ (Figure 2C). The hsp70 promoter�one of the
strongest and constitutively active transcriptional regulators
of P. falciparum46�controls lacZ expression. As expected,
F12lacZ readily express the lacZ-encoded β-galactosidase
enzyme (Figure 2D) and is able to process the β-galSENSOR

probe (Figure 2E). The concomitant chemiexcitation yields
strong luminescence with peak emission between 510 and 550
nm.35,38 We measured luminescence signals either with a
multimode plate reader (unit: counts per second (counts/s))

or an IVIS Spectrum In Vivo Imaging System (unit: photons/
seconds/cm2/steradian (p/s/cm2/sr); radiance). In absence of
β-galactosidase activity, the β-D-galactoside serves as a
protective, electron-withdrawing group that keeps the
phenoxy-dioxetane molecule in a highly stable and non-
luminescent state. Of note, this protection is near-complete,
and only negligible luminescence above background was
observed upon adding the β-galSENSOR probe to wild type
parasites or to parasite-free control conditions (Figure 2E).
F12lacZ Parasites Are Detected with High Sensitivity.

To accurately determine the effect of compounds on cell
viability, drug screening assays generally require a linear
relationship between reporter activity and the number of viable
cells and, ideally, offer a low limit of detection (LOD). Using
200 μM β-galSENSOR probe, parasite number was linearly
correlated with emitted radiance. Parasites were detected
above the background down to an absolute number of 10
parasites per well of a 384-well plate when probed in
phosphate-buffered saline (PBS) and MgCl2 at a final
concentration of 1 mM (Figure 3). When probed in culture
medium (CM) with a hematocrit (Hc) of 1.25%, 50 parasites
per well were detected above background (Figure S2A).
Decreasing the concentration of the β-galSENSOR probe to 10
μM increased the LOD to about 200 parasites per well in a 96-
well plate when also probed in CM with a Hc of 1.25% (assay
conditions) (Figure S2B). As for parasites exposed to 200 μM
of the β-galSENSOR probe, F12lacZ parasites emit chemilumi-
nescence that linearly correlates with parasite numbers (Figure
S2B).

Next, we monitored the LOD and the stability of the
luminescence emitted by different F12lacZ asexual parasite
stages. Specifically, we serially diluted F12lacZ at three different
time points during intraerythrocytic development (15−22 h
post invasion (hpi); 24−31 hpi; 39−46 hpi) and added 10 μM
β-galSENSOR probe (Figure 4). We monitored luminescence
during consecutive time points using stage-matched F12wt

Figure 2. The P. falciparum line F12lacZ expresses β-galactosidase. (A) Schematic of the P230p locus in wild type F12 and F12lacZ parasites. Arrows
indicate primers used for diagnostic PCRs. Striped boxes represent the homology regions used for CRISPR/Cas9-based gene editing. The gRNA
binding site is indicated. (B) Diagnostic PCR confirms integration of the lacZ expression cassette in F12lacZ. Primers used are shown in (A). wt, wild
type; int, integration; kb, kilobases. (C) Diagnostic hdhfr (502 bases) PCR. (D) Western blot showing the expression of β-galactosidase by F12lacZ

parasites. Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH, ∼36 kDa) was used as a loading control. kDa, kilodalton. (E)
Chemiluminescence emitted from the F12lacZ parasites and controls. Concentration of the β-galSENSOR probe is indicated.
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parasites as controls. Serial dilution of parasites showed that
100 synchronous F12lacZ parasites can be detected above the
background at a probe concentration of 10 μM (Figure 4A).
By contrast, a wild type control population (F12wt) remained
undetectable under otherwise identical conditions. Generally,
the differently staged parasite populations showed similar
luminescence intensities and detection limits, and the flux rates
emitted from these cultures remained stable for at least 3 h
after exposing F12lacZ parasites to the β-galSENSOR probe at 10
μM (Figures 4B and S3). At the highest cell number, schizonts
showed decreasing flux over time, indicating that the β-
galSENSOR probe reached limiting levels under these conditions.
As discussed later, relatively low parasite numbers (≤6000)
should thus be used when aiming at an absolute quantification
of late stage intraerythrocytic parasites, especially if the assay
setup includes a lag time between addition of β-galSENSOR

probe and luminescence quantification.
β-Galactosidase Remains Stable under Nonphysio-

logical Conditions. Activity of β-galactosidase is ATP-
independent and, in contrast to most luciferase-based assays,
is therefore not directly linked to the energy state or the

physiological context of cells. Indeed, we observed that β-
galactosidase retains its activity after lysis of F12lacZ parasite
cultures, i.e., under nonphysiological conditions (Figure 5). In
fact, the enzyme readily processes the β-galSENSOR probe even
after storing F12lacZ lysates at 37 or −20 °C for more than 3
weeks. It is therefore important to note that the luminescence
derived from the lacZ/β-galSENSOR probe pair should not be
confused with that of a viability dye. Similar to fluorescence-
based assays, such as SYBR Green I-based detection of nucleic
acids,19,20 it is therefore important to include appropriate
negative controls, as presented hereafter. With regard to
handling large amounts of test plates and general flexibility of
the assay, the high stability of β-galactosidase is certainly
advantageous, as assay plates can be stored at −20 °C without
the need to perform readout measurements immediately after
the assay end point.
The lacZ/β-galSENSOR Probe System Allows Probing

Antimalarial Drug Efficacy. We next examined whether the
chemiluminescence emitted from F12lacZ parasites is suitable
for determining the drug susceptibility of P. falciparum
parasites in a drug screening format. To do so, we probed
the effect of the well-characterized antimalarials artesunate
(AS), chloroquine (CQ), pyrimethamine (PYRI), and
MMV390048 on F12lacZ growth. AS and CQ are routinely
used as compound controls in drug screening approaches,47

including the [3H]-hypoxanthine incorporation assay. To
evaluate the suitability and performance of the lacZ/β-
galSENSOR probe system for drug activity testing, we ran β-
galSENSOR probe-based dose−response assays side-by-side with
[3H]-hypoxanthine-based quantification of replicating DNA.
The assay setup is detailed in Figure 6 and in the Materials and
Methods section. Briefly, mixed-stage F12lacZ parasites were
exposed to serially diluted test drugs using 96-well microtiter
plates and incubated under standard malaria culture conditions
for 72 h. The assay plates were stored and RBCs lysed for at
least 24 h at −20 °C after the 72 h incubation period (Figure
S4). Frozen plates were thawed prior to the addition of the β-
galSENSOR probe. Following exposure to the β-galSENSOR probe
at 10 or 2 μM, the assay plates were analyzed using a standard
plate reader (TECAN, Spark). In parallel, F12lacZ parasites

Figure 3. The β-galSENSOR probe allows detecting low numbers of
F12lacZ parasites. Mixed-stage F12lacZ parasites are detected at low
numbers (10 parasites/well) when incubated with the β-galSENSOR

probe at 200 μM, and emitted chemiluminescence that linearly
correlates with cell numbers. n = 3; biological replicates (rep.) are
shown individually with error bars indicating standard deviations of
technical replicates; for the control samples (ctrl.), biological
replicates are taken together for simplification, and error bars indicate
standard deviations of biological replicates.

Figure 4. Luminescence emitted from F12lacZ parasites remains stable. (A) Chemiluminescence emitted by F12lacZ parasites synchronized to
different stages of intraerythrocytic development. Linear regression was calculated using values significantly different from the F12wt ctrl. (B)
Following addition of the β-galSENSOR probe, luminescence remains stable over a wide range of parasite numbers and stages for at least 180 min.
Absolute parasite numbers used per condition are indicated. 20 000 wild type parasites (F12wt) were used as negative controls (ctrl.). For (A), n =
3; biological replicates are shown individually; for the control samples (ctrl.), values were averaged, and error bars indicate standard deviations of
biological replicates. For (B), a representative example of three biological replicates is shown. The full data set is shown in supplementary Figure 3.
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Figure 5. β-Galactosidase activity can be quantified after storing parasite lysates under different conditions. Viable F12lacZ parasites were lysed, and
luminescence was quantified every 2 days following storage of the samples at 37 or −20 °C. n = 3; biological replicates (rep.) are shown
individually; for the control samples (ctrl.), values were averaged, and error bars indicate standard deviations of biological replicates.

Figure 6. Overview of the IC50 assay protocol using the lacZ/β-galSENSOR probe system.

Figure 7. lacZ-expressing parasites as a tool for drug screening assays. (A) Comparison of the F12lacZ/β-galSENSOR probe and [3H]-hypoxanthine
incorporation assay formats. Biological replicates (rep.) are shown individually. IC50 values (nM) are indicated. The β-galSENSOR probe was used at
2 μM. Avg., average; SD, standard deviation. (B) Assay robustness determined by the Z′-factor, n = 4. (C) Luminescence derived from F12lacZ

parasite cultures lysed at the start of the experiment (negative control) and untreated F12lacZ following the 72 h incubation period (positive
control).
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deriving from the same mother culture were treated and
analyzed using the [3H]-hypoxanthine incorporation assay and
a beta counter (PerkinElmer, MicroBeta). We found the IC50

values determined by the different assay formats to be virtually

identical (Figure 7A). As mentioned above, if absolute
quantification of intraerythrocytic parasites is not the primary
focus, performing the luminescence-based assay with 2 μM of
the β-galSENSOR probe allows for robust screening conditions

Figure 8. The β-galactosidase-based assay is compatible with the 384-well format and with parasites of different genetic backgrounds. Dose−
response experiments performed with the β-galSENSOR probe system using 96- and 384-well plates and in combination with drug sensitive
(NF54lacZ) and multidrug-resistant (K1lacZ) parasite lines. 10 μM β-galSENSOR probe; n = 3.

Figure 9. The β-galactosidase-based assay allows quantifying the parasite reduction ratio. Side-by-side comparison of the PRR assay performed
using [3H]-hypoxanthine incorporation or β-galactosidase-catalyzed luminescence as a readout. Pharmacodynamic parameters derive from a
simulation using a previously developed R script (Walz et al.). Avg., average; SD, standard deviation.
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(Z′-factor = 0.81 (standard deviation (SD) = 0.03) with a
signal-to-noise ratio of 26.51 (SD = 5.47), n = 4) (Figures
7B,C and S5). Considering the low detection limit of the lacZ/
β-galSENSOR probe system, we expected that miniaturization of
the assay is feasible. Indeed, we found the system to allow
probing of antimalarial effects in the 384-well format simply by
reducing the culturing and readout volumes and therefore
without affecting the ease of use of the presented assay setup
(Figure 8).

In routine antimalarial drug screening, multiple parasite lines
are typically probed in parallel to take strain-specific differences
in drug susceptibility into account.48,49 This may include
different isolates or strains carrying drug-resistance mutations.
To mitigate the drawback of having to use genetically modified
parasites, we equipped the widely used drug sensitive and
multidrug-resistant P. falciparum lines, NF54 and K1,
respectively, with the lacZ reporter cassette used in F12lacZ.
These NF54lacZ and K1lacZ parasite lines multiplied normally
and showed the expected drug susceptibility/resistance (Figure
8, S6). CQ for instance inhibited K1lacZ with an IC50 of 112.2
nM, i.e., over 30-fold less efficiently compared to the activity of
this drug against F12 and NF54 parasites.
Streamlining the Parasite Reduction Ratio (PRR)

Assay Using lacZ Reporter Parasites. The lacZ/β-galSENSOR

probe system presented here may become a valuable tool for
many applications, especially those requiring sensitive
detection of parasites at low numbers such as the PRR assay.
While being labor-intensive and time-consuming, this assay
provides important information on the rate at which test
compounds kill malaria parasites.30 We therefore set out to test
whether the PRR assay would benefit from the chemilumi-
nescence-based detection of F12lacZ parasites (Figure 9). We
conducted the PRR assay according to the new PRR assay
version 2 published by Walz et al.47 We describe the assay
setup in detail in the Materials and Methods section. Briefly,
parasite viability is tested after different periods of time under
drug pressure (0, 24, 48, 72, 96, or 120 h). After the respective
treatment period, the drug is washed off and samples
containing 105 parasites are transferred to a 96-well plate
and serially diluted to one parasite per well using 4-fold
dilution steps. Parasites are then incubated under standard in
vitro culturing conditions for 14 days. The subsequent
quantification of parasites marks the assay’s end point. Here,
we performed PRR assays for two standard drugs, CQ and
PYRI, using F12lacZ parasites in combination with either a
[3H]-hypoxanthine- or the chemiluminescence-based assay
readout.

The data of these PRR assays are presented in Figure 9 and
show that all readout parameters, including the lag time,
log10(PRR), and the 99.9% PCT, are highly comparable
between the gold standard [3H]-hypoxanthine incorporation
readout and the chemiluminescence-based method.

■ DISCUSSION AND CONCLUSION
The recent discovery of dioxetanes that emit strong
luminescence in aqueous solutions upon enzyme-mediated
decoupling of a protective group opens up new possibilities for
sensitive biomarker detection. Here, we present a lacZ/β-
galSENSOR probe system that allows for the highly sensitive,
chemiluminescence-based detection of P. falciparum parasites.
We describe a protocol for determining and monitoring
antimalarial drug activity in vitro. Pairing high sensitivity with
ease of use, we believe that the presented chemiluminescence-

based system can become a valuable tool including, but not
limited to, the discovery of antimalarial drugs.

Requiring lacZ-expressing P. falciparum parasites and a
single-component reagent, the β-galSENSOR probe, parasite-
catalyzed chemiluminescence can be quantified using a
standard plate reader. Time-consuming steps, such as washing
required for ELISA- as well as for fluorescence-based assays
(SYBR Green I, PICO green), can be omitted. Light scattering
and nonselective excitation are drawbacks associated with the
use of fluorescent probes, contributing to the current
superiority of the [3H]-hypoxanthine incorporation assay.50

While the lacZ/β-galSENSOR probe system does not involve the
use of hazardous substances, including radioactive isotopes, the
requirement of transgenic lines currently restricts its use to
parasite lines created during this study. In attempts to still
provide a valuable tool box for antimalarial drug discovery and
monitoring, we inserted the lacZ expression cassette into three
different parasite stains, F12, NF54, and K1. While the F12lacZ

and NF54lacZ lines allow quantifying compound activities in
drug-sensitive parasites of different genomic backgrounds, the
K1lacZ line is descending from a multidrug-resistant
strain.42,43,48,51 Due to the high stability of the ectopically
expressed β-galactosidase, it is important to note that the
luminescence derived from the lacZ/β-galSENSOR probe pair
should not be confused with that of a viability marker. One
advantage of this stability is that assay plates can be stored at
−20 °C for at least 3 weeks prior to adding the β-galactoside
substrate for readout.

Evaluating whether the lacZ/β-galSENSOR probe system
allows for high-throughput screening was out of the scope of
this study. The assay sensitivity as well as our experiments
using the 384-well format, however, indicate that the system is
likely amenable to high-throughput formats. While assay
miniaturization could reduce costs, the presented assay is
already cost-effective in the 96-well format when using 2 μM β-
galSENSOR probe (Tab. S1).

We assume that the sensitivity of the lacZ/β-galSENSOR probe
system will become an asset to various approaches in malaria
research, especially if they require handling small numbers of
parasites. One of these applications is the PRR assay. As
mentioned above, the PRR assay allows testing recovery of
malaria parasites following drug treatment, a measure that is
becoming increasingly important for monitoring the action of
antimalarials. We thus evaluated the lacZ/β-galSENSOR probe
system for PRR assay testing. Compared to the current gold
standard�the [3H]-hypoxanthine incorporation method�the
chemiluminescence-based readout yielded highly comparable
results (Figure 7) for the two tested drugs CQ and PYRI. Of
note, the chemiluminescence-based readout inherently differs
from quantifying incorporation of a radioactive isotope into
replicating parasite DNA. Owed to the high sensitivity at which
β-galactosidase can be detected, it is important to distinguish
between enzyme activity deriving from viable parasites versus
β-galSENSOR probe processed by β-galactosidase present in the
initial parasite inoculum. As detailed in the Materials and
Methods section, we thus recommend including a control that
quantifies residual β-galactosidase activity derived from
nonviable parasites. The most recent PRR protocol (version
2) requires a 14-day regrowth phase using the [3H]-
hypoxanthine incorporation readout.47 Here, we used the
same streamlined protocol for the chemiluminescence-based
readout. Given the high sensitivity of the lacZ/β-galSENSOR

probe system, it is not surprising that our results indicate the
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potential for further reduction of the regrowth phase. While
this would certainly be beneficial for ramping up the
throughput of the PRR assay, more work is needed to confirm
our hypothesis.

Compounds inhibiting reporter enzyme activity, rather than
test sample viability can cause false-positive hits in drug
screening assays. Luciferase is for instance targeted by many
compounds,52 and the lacZ/β-galSENSOR probe system
presented here will certainly not be an exception to this
phenomenon.53,54 This being said, the lacZ/β-galSENSOR probe-
based assay may well be used as a counterscreen for luciferase-
based assays and vice versa to identify inhibitors of β-
galactosidase and luciferase, respectively. This can be
conducted without the need to change the luminescence-
based readout. In addition, we believe that lacZ-expressing
parasites have the potential to become valuable outside drug
screening and monitoring, for instance, as sensitive reporters of
mosquito infection.

In conclusion, we report that the new generation
chemiluminescent β-galSENSOR probe can be used for the
sensitive detection of lacZ-expressing P. falciparum parasites.
The presented system can be used for antimalarial drug
screening and monitoring using straightforward and inex-
pensive experimental setups without the need for using
harmful substances. We thus believe that it will become a
valuable tool for different applications in malaria research that
require sensitive P. falciparum detection.

■ MATERIALS AND METHODS
Transgenic P. falciparum Lines. P. falciparum parasites of

strains F12, NF54, and K1 were transfected using standard
procedures.55 Two different plasmids with identical functions,
p626-P230p (for F12) or pHF-gC-P230p (for NF54 and K1)
(containing the Cas9 and the guideRNA expression
cassettes),44 were used in combination with the rescue plasmid
P230p-lacZ (based on P230p-sfGFP)44 for editing of the
P230p locus. The LacZ sequence from E. coli was codon-
optimized for P. falciparum (Genewiz). Parasites were selected
to maintain a plasmid carrying expression cassettes for Cas9
and a P230p-targeting gRNA using a final concentration of 5
nM of the antifolate drug WR99210 in combination with the
drug selectable marker human dihydrofolate reductase
(hDHFR). F12lacZ parasites were cloned in 96-well plates
using limiting dilution. From the clones obtained, the hDHFR-
free clone H12 was used for successive experiments. The same
procedure was repeated to obtain NF54lacZ (E1) and K1lacZ

(B1) clones. Primer sequences used for diagnostic PCR of the
P230p locus were as in ref. 44. Primers used for PCR of the
hdhfr gene were CTAAACTGCATCGTTGCTGTG (forward
primer hDHFR_F) and CCTGGACATCAGAGAGAACAC
(reverse primer hDHFR_R).
Western Blotting. 500 μL of packed infected red blood

cells at 3−5% parasitaemia were treated with saponin (3 mL
0.15% saponin in PBS) for 10 min on ice in 15 mL Falcon
tubes. Parasite pellets were washed twice in ice-cold PBS and
resuspended in lysis buffer (2% SDS, 62.5 mM Tris base (pH
6.8), 10% glycerol, 5% β-mercaptoethanol) , prior to adding
NuPAGE LDS Sample Buffer (4×, cat. no. #NP0007) to a 1×
final concentration. SDS PAGE was performed using 4−12%
Bis-Tris gels (Novex, Qiagen) in combination with MOPS
running buffer (Novex, Qiagen). Protein blotting was done
using a nitrocellulose membrane (GE healthcare #106000169).
The membrane was blocked using 5% milk powder in PBS/

0.1% Tween 20 (PBS-T) for 1 h and probed using mouse anti-
β-galactosidase mAb (Promega, cat.#Z3781), 1:5000, a mouse
anti-GAPDH56 diluted 1:10000 in 2% milk powder in PBS-T,
and a goat antimouse HRP (Pierce cat. #31430). The
membrane was washed five times in PBS-T before SuperSignal
West Pico Plus substrate (Thermo Scientific, cat. #34580) was
added.

P. falciparum Cell Culture. Parasites were cultured using
standard methods.57,58 In brief, the culture medium (CM)
consisted of RPMI 1640 (10.44 g/L, ThermoFisher Scientific,
cat. #51800−043), supplemented with 25 mM HEPES (5.94
g/L, Sigma-Aldrich, cat. #H4034−500G), NaHCO3 (2.1 g/L,
Sigma-Aldrich, cat. no. #31437−500G-R), neomycin (100 mg/
L, Sigma-Aldrich, cat. #N6386−100G), Albumax II (5 g/L,
Thermo Fisher, cat. # 11021−045), 2 mM choline chloride
(279 mg/L, Sigma-Aldrich, cat. #C7527−100G), and 0.36 mM
hypoxanthine (50 mg/L, Sigma-Aldrich, cat. # H9377−25G).
All components were dissolved in water (Milli-Q purified),
stirred for at least 3 h, and then sterile filtered (0.22 μm pore
size) with a bottle top filter (Corning, cat# 431118). The
parasite cultures were kept at a hematocrit (Hc) of 5% and
incubated at 37 °C in a gas mixture consisting of 93% N2, 4%
CO2, and 3% O2. Erythrocyte concentrates were obtained from
the local blood bank.
Multiplication Rate Analysis. Analysis of the multi-

plication rates of the transgenic P. falciparum strains F12lacZ,
NF54lacZ, and K1lacZ compared to their wild type parental
strains was performed using mixed-stage parasite cultures.
Starting parasitemia was set at ∼0.3%, and parasitemia was
determined by Giemsa-stained blood smears. Parasites were
grown under culture conditions with a Hc of 1.25%. 48 h later,
parasitemia was determined again and multiplication rates were
calculated.
Limit of Detection Experiments. Chemiluminescence

detection limits were evaluated using either black 384-well
plates (Greiner Bio-One, cat. no. 781086) or white 96-well
plates (Greiner Bio-One, cat. no. #655083). The number of
parasites was calculated by combining Giemsa-stained blood
smears (to quantify parasitemia) and an improved Neubauer
chamber (to quantify erythrocytes per volume). Starting with
2250 parasites per well in a 96-well plate (in 100 μL in PBS
containing MgCl2 at 1 mM), a 2-fold dilution series was
performed to reach a theoretical 1.1 parasites per well. 20 μL of
each of these 2-fold dilution steps was transferred to a 384-well
plate, resulting in a theoretical 450 to 0.22 parasites per well.
Noninfected RBCs at the same Hc were used as a negative
control. AquaSpark β-D-galactoside (Biosynth AG, cat. #A-
8169_P00), here referred to as β-galSENSOR probe, was
dissolved in H2O containing 1 mM MgCl2 to a concentration
of 400 μM and incubated at room temperature (RT) for ∼30
min and subsequently added to each well to a final
concentration of 200 μM. To determine the LOD under
IC50 assay-like conditions, 14 400 parasites per well were
serially diluted to a theoretical 0.22 in parasites per well (in
100 μL CM at a Hc of 1.25%) in white 96-well plates. β-
galSENSOR probe was diluted to a concentration of 20 μM and
added to each well to a final concentration of 10 μM.
Chemiluminescence was quantified using the multimode
reader Spark from TECAN at 37 °C. Data analysis was done
using GraphPad Prism (v 8.2.1). The following GraphPad
function was used: [Inhibitor] vs response − Variable slope.
The underlying equation is Y = Bottom + (Top − Bottom)/(1
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+ (X/IC50)^HillSlope). Data were normalized to positive and
negative controls prior to nonlinear fit analysis.
Luminescence Stability Experiments. Luminescence

stability was quantified using a theoretical parasite per well
range of 20 000−1, 3-fold diluted, and lysed in H2O (20 μL
per well of a 384-well plate Greiner Bio-One, cat. #781086).
20 000 F12wt parasites were used as negative control. β-
galSENSOR probe (Biosynth AG, cat. #A-8169_P00) was
dissolved in PBS containing 1 mM MgCl2 to a concentration
of 20 μM, incubated at RT for 30−60 min and subsequently
added to each well to a final concentration of 10 μM.
Chemiluminescence was measured every 15 min (0−180 min)
using PerkinElmer’s IVIS Spectrum In Vivo Imaging System
Lumina LT Series III at RT. IVIS raw data was extracted using
the Living Image Software (v 4.7.2) and analyzed using
GraphPad Prism (v 8.2.1).
Assessing β-Galactosidase Activity Stability in Para-

site-Lysates. The stability of the ectopically expressed β-
galactosidase activity under different storage conditions was
evaluated in biological triplicates. To do so, parasite
suspensions with a parasitemia of ∼0.3% and an Hc of
1.25% were lysed using one freeze−thaw cycle (room
temperature → −20 °C → room temperature). A lysate of
uninfected RBCs with the same Hc was used as a negative
control. Corresponding lysates were either aliquoted and
stored at −20 °C or distributed in technical duplicates to white
96-well plates (Greiner Bio-One, cat. #655083) and incubated
with malaria gas at 37 °C. From day 0 to day 22, an aliquot of
the lysate stored at −20 °C was taken and distributed in
technical duplicates to the 96-well plate every 48 h. β-galSENSOR

probe (Biosynth AG, cat. #A-8169_P00) was diluted to 20 μM
in H2O containing 1 mM MgCl2 and added 1:1 (100 μL/100
μL) to the corresponding wells. The plate was incubated for
∼30 min at 37 °C prior to reading out luminescence using the
multimode reader Spark from TECAN at 37 °C. Plates were
stored at 37 °C, and the procedure was repeated using 48 h
intervals.
Cost Analysis of [3H]-Hypoxanthine IC50 vs lacZ/β-

galSENSOR Probe IC50 Assay. An evaluation and comparison
of the costs between the [3H]-hypoxanthine incorporation-
based IC50 assay and the lacZ/β-galSENSOR probe IC50 assay is
presented in supplementary Table 1.
[3H]-Hypoxanthine IC50 Assays. [3H]-hypoxanthine IC50

assays were performed as reported previously11,59 using
parasites cultured in transparent 96-well plates (Falcon, cat.
#353072). The highest drug concentrations were 50 nM for AS
(Mepha, cat. #11665), 200 nM for PYRI (Sigma-Aldrich, cat.
#46706−250MG) and MMV390048, and 100 nM for CQ
(Sigma-Aldrich, cat. #C6628−25G). P. falciparum F12lacZ

parasites were diluted to 0.3% parasitemia and a Hc of
1.25% in a volume of 200 μL. After 48 h, [3H]-hypoxanthine
was added to an end concentration of 0.25 μCi. Parasites were
incubated for another 24 h and put at −20 °C for at least 24 h.
Plates were then harvested and [3H]-hypoxanthine incorpo-
ration counted on a MicroBeta counter from PerkinElmer as
described in Desjardins et al.11 Data was analyzed using
Microsoft Excel 2016 (v 16.0.5356.1000) and GraphPad Prism
(v 8.2.1). The following GraphPad function was used:
[Inhibitor] vs response − Variable slope. The underlying
equation is Y = Bottom + (Top − Bottom)/(1 + (X/IC50)
^HillSlope). Data were normalized to positive and negative
controls prior to nonlinear fit analysis.

lacZ/β-galSENSOR Probe IC50 Assays. IC50 assays using the
lacZ/β-galSENSOR probe system were performed in white 96-
well plates (Greiner Bio-One, cat. #655083) with highest drug
concentrations of 50 nM for AS, 200 nM for PYRI and
MMV390048, and 100 nM for CQ. 10 mM drug stocks (in
DMSO) were prediluted to 4× working solutions in CM. 2-
fold serial dilutions were used, and mixed-stage parasites were
incubated at a parasitemia of 0.3% and a Hc of 1.25%. As a
negative control, an aliquot of the parasite suspension was
immediately stored at −20 °C until the assay was prepared for
the readout. The assay plates were placed in a humid malaria
gas chamber and incubated at 37 °C for 72 h. After incubation,
the plate was stored at −20 °C for at least 24 h. Lysis of
samples at −20 °C is strongly recommended, as IC50 values
could not be calculated for all drugs if samples were not lysed
prior to signal measurement (Figure S4). For the readout, the
assay plates and the corresponding controls were thawed.
Equal volumes of control samples were added to the test plates.
The β-galSENSOR probe (Biosynth AG, cat. #A-8169_P00) was
diluted to 4 μM in H2O containing 1 mM MgCl2 and added to
all wells of the plate to a final concentration of 2 μM (where
indicated, 10 μM end concentration was used). Plates were
incubated for 30−60 min at 37 °C, and the luminescence was
quantified using the multimode reader Spark from TECAN at
37 °C. Raw data were analyzed using Microsoft Excel 2016 (v
16.0.5356.1000) and GraphPad Prism (v 8.2.1). The following
GraphPad was: [Inhibitor] vs response − Variable slope. The
underlying equation is Y = Bottom + (Top − Bottom)/(1 +
(X/IC50)^HillSlope). Data were normalized to positive and
negative controls prior to nonlinear fit analysis using GraphPad
Prism.

IC50 assays using the lacZ/β-galSENSOR probe with NF54lacZ

or K1lacZ were performed in black 96-well plates (Greiner Bio-
One, cat. #655086). The 384-well format assay was evaluated
using black plates (Greiner Bio-One, cat. #781086). Highest
drug concentrations were 200 nM for AS and CQ in the 96-
well format and 50 nM for AS and 100 nM for CQ in the 384-
well format. 2-fold serial dilutions were used, and synchronized
parasites (8−14 h post invasion) were incubated at a
parasitemia of 0.3% and a Hc of 2.5%. As a negative control,
parasites treated with 100 nM CQ were used. The assay plates
were placed in a humid malaria gas chamber and incubated at
37 °C for 72 h. After incubation, the β-galSENSOR probe was
diluted to 20 μM in H2O containing 1 mM MgCl2 and added
to all wells of the plate to a final concentration of 10 μM. Plates
were incubated for ∼60 min at 37 °C, and chemiluminescence
was measured using a PerkinElmer IVIS Spectrum In Vivo
Imaging System Lumina LT Series III at RT. IVIS raw data was
extracted using the Living Image Software (version 4.7.2) and
analyzed using GraphPad Prism (v 8.2.1).
Parasite Reduction Ratio Assay. PRR assays were

conducted according to the new PRR assay version 2 protocol
published by Walz et al.,47 which was adapted from Sanz et
al.30 The [3H]- and β-galSENSOR-based PRR assays were
performed using transparent and white 96-well plates,
respectively. Compound stock solutions were diluted to
100× the final assay concentration using CM. Mixed-stage
parasites at a parasitemia of 0.3% and a Hc of 1.25% were
cultured in 5 mL using six-well plates (Falcon, cat. #353046)
(equals 1.875 × 106 parasites). Parasites were exposed to test
compounds at 10× IC50 and incubated for 24−120 h. The
drugs were renewed every 24 h by aspiration of the old
supernatant and addition of freshly prepared CM containing
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the drugs. Every 24 h, 4.5 mL of the treated culture was
collected, and the parasites were washed three times using
fresh CM (no drug added) and resuspended in 4.5 mL of CM.
267 μL of the washed parasite culture (equivalent to 105

parasites at time point 0 h) was serially diluted in 4-fold steps
(67 μL each) into wells of a 96-well plate (in four technical
replicates). To avoid edge effects, outer wells were not used
and filled with 250 μL of CM instead. Identical plates were
prepared for all time points, including the 0 h, initial time point
0. The 96-well plates were incubated for 14 days using
standard culture conditions (see Materials and Methods
section). The CM was changed twice by removing 100 μL
(first medium change) or 150 μL (second medium change) of
supernatant and adding 150 μL of fresh CM with a Hc of 1.5%
per well. For the [3H]-based PRR assay, tritium-labeled-
hypoxanthine solution was added to each well on day 13 to an
end concentration of 0.5 μCi. The plates were then incubated
for a further 24 h. For the lacZ/β-galSENSOR probe-based PRR
assay, the volume per well was adjusted to 100 μL on day 14.
For both assay types, the plates were stored at −20 °C for at
least 24 h. After the plates were completely thawed, they were
analyzed using the respective methods described in Materials
and Methods section. Similar to the [3H]-based PRR assay, we
defined a threshold value for distinguishing between wells with
viable versus nonviable parasites. Specifically, wells were
deemed positive for parasite growth if the measured value
was above three times the average of the negative control
(uninfected RBCs) for the [3H]-hypoxanthine readout and
120-fold for the lacZ/β-galSENSOR probe readout. The data was
analyzed using Microsoft Excel 2016 (v 16.0.5356.1000), R (v
4.1.3), and RStudio (v 2022.02.3).
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