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of antischistosomal drug activity profiles
for screening of compound libraries
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and Mario M. Modena1

SUMMARY

Schistosomiasis is a neglected tropical disease that affects over 200 million peo-
ple annually. As the antischistosomal drug pipeline is currently empty, repurpos-
ing of compound libraries has become a source for accelerating drug develop-
ment, which demands the implementation of high-throughput and efficient
screening strategies. Here, we present a parallelized impedance-based platform
for continuous and automated viability evaluation of Schistosoma mansoni schis-
tosomula in 128 microwells during 72 h to identify antischistosomal hits in vitro.
By initially screening 57 repurposed compounds against larvae, five drugs are
identified, which reduce parasite viability by more than 70%. The activity profiles
of the selected drugs are then investigated via real-time dose-response moni-
toring, and four compounds reveal high potency and rapid action, which renders
them suitable candidates for follow-up tests against adult parasites. The study
shows that our device is a reliable tool for real-time drug screening analysis of
libraries to identify new promising therapeutics against schistosomiasis.

INTRODUCTION

Schistosomiasis affects annually more than 200 million people worldwide (Vos et al., 2017; McManus et al.,

2018). Among human parasitic diseases, schistosomiasis ranks third after malaria and intestinal nematode

infections in terms of socioeconomic and public health burden, especially in tropical areas (Adenowo et al.,

2015; Olveda et al., 2016; Kyu et al., 2018). The infection occurs through exposure to a parasitic trematode

of the genus Schistosoma, which penetrates human skin during contact with contaminated water and dam-

ages urogenital, intestinal, and hepatic functions by depositing eggs in the blood vessels surrounding the

bladder, intestines, and/or liver (Gryseels, 2012). Currently, no vaccine is available to prevent infection, and

treatment relies exclusively on a single drug, praziquantel (PZQ), developed in the 1980s (Vale et al., 2017;

Molehin, 2020). Despite the high efficacy and low cost of PZQ, there is a risk of developing resistance, as the

drug has been widely adopted for morbidity control in endemic areas for more than four decades (Wang

et al., 2012; Bergquist et al., 2017). In addition, the current drug-discovery pipeline for schistosomiasis is

alarmingly unproductive because of the low commercial investments for neglected tropical diseases and

limited-throughput of standard phenotypic visual screening (Conteh et al., 2010; Weng et al., 2018).

Thus, reliable and easy-to-use high-throughput screening systems are urgently needed to speed up the

antischistosomal drug development process and to identify new lead compounds against the human para-

site Schistosoma mansoni.

The microscopic assessment of schistosome viability by a trained operator is considered the gold standard

of assessing drug efficacy, as it can be easily applied to all parasite stages in in vitro and ex vivo drug

studies. However, this laborious and time-consuming procedure has limited throughput, is affected by a

high degree of subjectivity of the examiner, and delays the discovery of new compounds (Ramirez et al.,

2007; Lombardo et al., 2019). The possibility of using either larval-stage worms or newly transformed schis-

tosomula (NTS), which are artificially obtained in large numbers by the successful establishment of the life

cycle of S. mansoni in the laboratory, has opened routes for developing high-throughput approaches for

antischistosomal drug screening (Abdulla et al., 2009; Keiser, 2010; Peak and Hoffmann, 2011). Dye-based

and colorimetric-based high-throughput assays have been developed for automated detection of larvae

viability; however, the required number of parasites per well was very large in comparison to the standard
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visual method for drug testing (Peak et al., 2010; Panic et al., 2015b; Aguiar et al., 2017). As an alternative,

image-based automatedmicroscopy systems have been implemented to assess and quantify larval motility

and morphology during drug screening (Paveley et al., 2012; Chen et al., 2020). In addition, the develop-

ment of highly efficient image-analysis protocols has enabled the automatic identification of parasite larvae

and the tracking of their movement and phenotype changes via video acquisition using conventional mi-

croscope and computer resources (Singh et al., 2009; Lee et al., 2012; Marcellino et al., 2012; Asarnow and

Singh, 2013). However, continuous evaluation of NTS viability via imaging-based tools for large-scale drug-

exposure assays often requires specialized equipment, such as lab-automation robotic equipment and

automated, high-content screening microscopes for rapid analysis of multiple plates, which may ultimately

limit its widespread use in common laboratory settings. Finally, a simple, label-free, high-throughput

impedance-based technique has been successfully applied on cercariae and adults for monitoring and

quantifying their motility; nonetheless, this system could not be used to detect schistosomula movements

(Rinaldi et al., 2015). Hence, there is a demand for advanced platforms that are capable of large-scale

assessment of NTS viability in an automated and continuous way.

Besides the development of novel screening technologies, new antischistosomal therapeutics are direly

needed, as the drug development pipeline is dry and not sufficiently supported by pharmaceutical com-

panies (Trouiller et al., 2002; Pedrique et al., 2013). For neglected tropical diseases, repurposing (or repo-

sitioning) of drugs, which have been already tested for other indications in humans, is an essential strategy.

This approach can help to accelerate the discovery of anthelmintic treatments, thereby saving costs and

time in the drug development process by facilitating transition from preclinical studies to clinical trials

(Panic et al., 2014, 2015a). Therefore, libraries of compounds for repurposing of nonprofit organizations,

such as the Drugs for Neglected Diseases Initiative (DNDi) andMedicines for Malaria Venture (MMV), offer

an important resource for identifying novel lead drugs. To make optimal use of these libraries, simple and

automated high-throughput tools are strongly required to implement an efficient and cost-effective

screening.

In a previous study, we demonstrated that microstructured well plates help to reduce compound volumes

and the number of parasites needed for testing and allow for schistosomula culturing. Moreover, the use of

microstructures well plates enables the detection of NTS motility, which has been established as a reliable

descriptor of schistosomula viability, by means of electrical impedance spectroscopy (EIS) (Modena et al.,

2017; Chawla et al., 2018; Lombardo et al., 2019; Ravaynia et al., 2020). EIS is a noninvasive and label-free

technique for investigating the dielectric-property variations of a target sample over a specific range of fre-

quencies in real time (Sun and Morgan, 2010). The previously developed small-scale EIS platform included

only 32 microwell units and was validated for continuous assessments of dose-response effects of four es-

tablished drugs on NTS viability by comparison with standard visual scoring (Ravaynia et al., 2020). How-

ever, the adopted rapid-prototyping material, polydimethylsiloxane (PDMS), is known for small-molecule

absorption, which often obviates the use of microfluidic analytical platforms that have been developed in

academic labs for drug-screening applications and is not amenable to large-scale fabrication. Therefore,

the implementation of a higher-throughput impedance-based device with reliable drug-activity assess-

ment has to be addressed to boost the antischistosomal screening in both academic and highly standard-

ized industrial settings.

Here, we present the development and use of a fully integrated and automated impedance-based system,

featuring a large number of parasite compartments (128), for parallel drug screening of potential antischis-

tosomal compounds with minimal operator intervention. For reliable application in drug discovery, we

adopted a standard laboratory plastic material, polystyrene, (PS) to avoid compound adsorption and ab-

sorption, to reduce fabrication costs and time, and to increase measurement throughput (Van Midwoud

et al., 2012; van Meer et al., 2017). The developed device offers simultaneous measurements in 128 micro-

wells in parallel, which corresponds to more than 30 drug exposure scenarios with four statistical replicates

in a single assay. Moreover, we were able to implement a setup to run automated multiday assays with

continuous detection of parasite viability that drastically reduced experimental efforts. The system

included four modular platforms in standard microtiter-plate formats, which ensured full compatibility

with lab automation tools. In an exemplary drug screening study, we analyzed the activity of 57 compounds,

which were selected in an end-point phenotypic drug sensitivity assay from the MMV Pandemic Response

Box (PRB) (Biendl et al., 2021), over 3 days by means of continuous impedance monitoring. We then iden-

tified the fivemost active antischistosomal drugs and assessed temporal characteristics of dose-dependent
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responses of the NTS. The obtained results prove that our highly-parallelized modular plastic platform rep-

resents a powerful tool for continuous long-term measurements of the activity of compound libraries on

schistosomula, thereby significantly advancing drug-screening for schistosomiasis.

RESULTS

Highly parallelized platform for antischistosomal drug screening

We developed an integrated microwell plastic chip to establish reliable and automated impedance-based

monitoring of schistosomula motility after exposure to compounds from large drug libraries (Figure 1A).

The chip was fabricated using polystyrene (PS), a standard and well-characterized laboratory plastic mate-

rial, to avoid absorption and/or adsorption of small hydrophobic drug molecules (van Meer et al., 2017;

Ravaynia et al., 2020). The PS chips were produced using injection molding, which allowed for high-volume

and low-cost fabrication (Figure S1). Each chip included a top PS layer (133 38 mm2) featuring eight micro-

well units, which were sealed via double-sided adhesive tape to a polyethylene terephthalate (PET) foil

(20 3 61.5 mm2), equipped with eight pairs of coplanar platinum electrodes for electrical monitoring of

parasite movements. The top-open reservoir microwells were arranged at a 9-mm pitch to allow for loading

of the parasite larvae and compound solutions with standard multichannel pipettes, which facilitated sys-

tem operation. The small microwell volume and dimensions (65 mL, 5 mm in height) resulted in fast and reli-

able sedimentation of the NTS onto the electrodes (within�3min, Figure 1B). Moreover, the geometry and

physical dimensions of the electrodes and microwells were optimized to achieve high sensitivity in the vol-

ume extending to a 100-mm height above the electrodes, which is in the same range as the size of the NTS

(�50 3 100 mm2), as previously described (Ravaynia et al., 2020). To provide enough throughput for drug

screening applications, the platform could accommodate 4 PS chips, and up to four platforms could be

stacked in an incubator to simultaneously record from 16 chips, so that 128 conditions could be assessed

in a single run (Figure 1C). Each platform included a printed circuit board for signal multiplexing and an

aluminum holder frame to place the chips. In addition, a PS lid was inserted into each chip-holder frame

to cover the open microwell structures and limit evaporation during multiday assays (Figure S2A) so as

to minimize operator interference.

The developed highly parallelized impedance-based (HPI) system enabled parallel operation of multiple

8-microwell plastic chips and featured a high level of modularity to ensure flexibility and straightforward

assembly and sample loading. An electrical-equivalent circuit model of a well with the integrated elec-

trodes, selected among four platforms, is illustrated in Figure 1D. A microwell unit can be modeled as a

variable impedance Zw, which represents the NTS suspension between the electrodes, in series with the

resistance of the metal traces on the PET foil and a double-layer capacitance Cdl, which is formed at the

interface between the platinum electrodes and the medium. To estimate parasite motility, we applied a

500-kHz potential (100 mV) to the selected electrode pair and measured the relative fluctuations of Zw
over time, which were caused by the movement of the parasites in between the electrodes, while the

average absolute value of the impedance only contained information on solution resistivity and parasite

number (Figure S3). The multiplexing of the 128 units was performed by an intermediate controller moth-

erboard, which interfaced the lock-in amplifier and the multiplexers and demultiplexers (mux/demux) of

each platform for transferring the AC signal to the selected measurement units. Each microwell of the

four platforms was sampled at 32 Hz during a 1-min window to detect signal fluctuations caused by the

NTSmovements and was measured every 16 min during the experiments to achieve quasi-continuous anal-

ysis of drug-induced motility variations.

The preparation and execution of the impedance-based drug assay with the HPI system were performed

on two consecutive days to ensure easy and robust parasite handling (Figure 2). On day �1, the chips

were loaded with 30 mL of culture medium for pre-wetting the microwells using a multichannel pipette.

The overnight incubation of the chips with plain medium solution, preceded by a 10-min solution de-

gassing, was implemented to remove small air bubbles that could form at the bottom of the microwell

compartments and could interfere with the sedimentation and detection of the parasites. On day 0, we

first removed the pre-wetting medium and then loaded 30-mL larvae solution with �0.7 NTS mL�1 so that

20–25 NTS were loaded into each well. This procedure ensured simple and bubble-free NTS dispensing

to all 128 units. We then performed impedance measurements of all the microwells for 1 h to evaluate

the initial signal fluctuations of untreated parasites and to confirm correct sample loading. This operation

also helped to establish a motility index value for each unit to be able to monitor how the motility of the

parasites changed during the assay and to compare measurements of microwells with different numbers
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of parasites (for normalization details, see also Figure S4) (Chawla et al., 2018). After the acquisition of

larval baseline activity, 30 mL of drug solution were added to the units, each condition in quadruplicates,

and the motility of the NTS exposed to the compounds was recorded continuously for 3 days in the four

platforms without any intervention by the operator. The controls were also included in each assay in qua-

druplicates, and the NTS for controls were cultured in a standard medium and a medium containing the

drug vehicle (0.5% DMSO). Therefore, a single assay could accommodate up to 30 different compound

exposures and two controls in quadruplicates. At the end of each drug assay, we confirmed that the

long-term impedance-based measurements showed Z0-factor scores above 0.5 and signal-windows

higher than 2, as recommended by the NIH guidelines for drug screening (Table S1) (Sittampalam

et al., 2004; Macarró and Hertzberg, 2011).

Figure 1. Layout of the modular plastic highly parallelized impedance-based (HPI) system

(A) The chips were fabricated using two transparent plastic components: an injection-molded polystyrene (PS) microwell layer and a polyethylene

terephthalate (PET) slide patterned with platinum (Pt) electrodes. The two parts were then sealed together with a double-sided adhesive tape featuring eight

laser-cut holes, which provided access to the electrode pairs for impedance detection.

(B) A single plastic chip featured eight individual testing microwells with top-open reservoir cavities, shaped as an inverted pyramid to promote

sedimentation of the parasites to the sensing volume above the coplanar electrodes.

(C) Each platform (PLT) could accommodate up to four chips, which were placed in between a custom-made printed circuit board (PCB) and an aluminum (Al)

holder. Up to four platforms could be measured in parallel for a single experiment.

(D) The electrical equivalent circuit of the modular impedance-based system included a lock-in amplifier for generating the AC voltage signal (Vin), a

motherboard for routing the signal to the selected unit of an 8-microwell chip, and a trans-impedance amplifier (TIA) for current-to-voltage conversion. The

voltage signal was finally routed to the input of the lock-in amplifier, where it was multiplied with Vin, low-pass filtered (LPF) and sampled, and subsequently

stored on a control PC. Amicrocontroller unit (MCU) soldered on themotherboard was used for routing andmultiplexing of the four individual platforms and

for synchronizing the switching between the 128 microwells and the lock-in amplifier (see also Figures S1–S3 and S10).
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Sensitivity assays for antischistosomal drug discovery

The overall screening workflow executed through standard visual inspection and automated impedance-

based detection is presented in Figure 3A. For a first assessment of the antischistosomal activity of the

PRB drugs with an established end-point and time-limited assay, the library (400 compounds) was initially

screened against S. mansoni larvae using operator-based visual phenotypic evaluation. In this preliminary

screening, �100 NTS in 200 mL solution were loaded into each well of a 96-well plate, and were subse-

quently exposed to a 10 mMconcentration of the PRB drugs (Figure 3B). After 72 h of compound incubation,

the phenotypic parasite behavior was visually evaluated for each condition according to the standard

scoring method (Lombardo et al., 2019; Biendl et al., 2021). To deeply investigate the heterogeneity in dy-

namic drug responses of NTS that would be missed by standard end-point evaluations in our analysis, we

selected a sub-library of 57 compounds from the PRB, which included all highly active drugs and additional

inactive compounds. With this approach, we included a large range of in vitro compound activity, from 0 to

100% (completely inactive to very active compounds against NTS) in our investigation. The selection also

matched the composition of the entire MMV drug collection including similar fractions of antibacterial,

antiviral, or antifungal compounds (see Figure S5).

The 57 selected drugs were subsequently analyzed with our HPI device to characterize in a continuous and

automated manner, based on their broad spectrum of activity profiles on NTS (Figure 3A). The impedance

screening was implemented by dispensing �25 NTS in 65 mL of medium containing a 10-mM concentration

of the PRB compounds into each unit of the 8-microwell chip (Figure 3C). By continuously recording the

Figure 2. Operation of the automated highly parallelized impedance-based (HPI) device

The experimental timeline is shown at the left side, whereas the corresponding steps for performing the impedance-

based assay are displayed at the right. On day �1, all 16 chips were first loaded with 30 mL of standard medium using a

multichannel pipette. On day 0, after an overnight degassing of the plain medium in the chips, 25 mL of culture medium in

each microwell were replaced by 30 mL of NTS solution. Impedance-based motility detection of untreated parasites was

then performed for 1 h before adding 30 mL of drug solution into each PS microwell. During the 3 days of drug exposure,

the impedance detection of schistosomula status was continuously running without operator interference and by

switching every 4 min between the four stacked platforms (PLT). The drug-induced NTS motility variations from all 128

wells were continuously recorded until the end of the assay (see also Figure S4 and Table S1).
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drug-induced NTS motility variations as proxy for viability in all 128 microwells in parallel, we assessed the

in vitro activity profile of each compound to identify the best-performing antischistosomal drugs, which

showed an activity inhibition of more than 70% after 3 days of exposure. Although variations in NTS

morphology caused by the drug treatment may have an effect on the impedance signal, the power of

the signal fluctuations is mainly proportional to NTSmotility and is therefore largely unaffected bymorpho-

logical changes (Chawla et al., 2018). To further investigate the temporal evolution and dose-dependent

characteristics of the most active drugs, we finally analyzed the potency of the hits compounds in a

dose-response assay with six different concentrations (1.5, 3, 6, 12, 25, and 50 mM) during 72 h of continuous

measurement by using our automated device again.

Multi-day monitoring of the Pandemic Response Box subset efficacy

The impedance-based results of the continuous 3-day motility monitoring of NTS, incubated with the 57

selected drugs at 10 mM, are shown in Figure 4A. The HPI system allowed for differentiating inhibitory

(motilitydrug < motilitycontrol) and excitatory (motilitydrug > motilitycontrol) compound effects — both tran-

sient and permanent — on the parasite larvae behaviors (for the characterization of reference antischisto-

somal drugs see also Figure S6). Seven drugs (A-G6, A-H2, C-C5, E-A6, E-B8, E-D5, and E-G4) caused a sub-

stantial fast transient or permanent decrease in motility (>40%) during the first 10 h of continuous

measurements in comparison to vehicle control conditions. In contrast, four compounds (C-F5, D-A3,

D-A4, and E-B3) caused a significant transient or sustained increase (>30%) in NTS motility during the first

20 h of evaluation. Moreover, we compared the rapid transient maximum inhibition of the two most effec-

tive compounds, C-C5 and A-H2, to the minimum motility value of the vehicle control condition within the

same time window (first 5 h) using the Kruskal-Wallis test, followed by Dunn-Sidák test (Figure S7A). In

this comparison, the motility indices of the replicates treated with 10 mM A-H2 were significantly smaller

(0.27 G 0.09, p < 0.01) than that of the controls in DMSO (0.81 G 0.06). The same analysis was performed

for the fast-acting compounds causing strong excitation: D-A3 and E-B3. We found a significant difference

(p < 0.01) between themotility indices of parasites treated with 10 mMof E-B3 (1.63G 0.17) and those of the

vehicle control (1.09 G 0.05) during the first 10 h (Figure S7B).

Figure 3. Visual and impedance-based evaluation for in vitro screening of the Pandemic Response Box (PRB) library against S. mansoni larvae

(A) The screening sequence started by scoring the activity of the entire PRB on NTS using standard visual inspection after 72 h of drug incubation. Then, 57

compounds were selected, which represented the entire range of visually observed activity effects, and analyzed by using the automated impedance-based

system (see also Figure S5). After 3 days of continuous impedance-based monitoring of drug efficacy, the five most active antischistosomal compounds were

identified and ranked. The key criterion included a reduction of NTS viability index by more than 70%. Finally, the selected hits were further characterized by

continuous dose-response analysis on the chip.

(B) The visual phenotypic screen was carried out by loading 50–100 NTS in each well of a 96-well plate, which contained culture medium and test compounds

at 10 mM (single dose). After 3 days of drug exposure, the operator scored the morphology and the motility of the NTS in each well under the microscope.

(C) For the automated impedance-based screening, each well of an 8-microwell chip was loaded with 20–25 parasites in culture medium with 10 mM (single

dose) of the test compound. Every microwell was equipped with a pair of coplanar electrodes for detecting NTS motility by measuring AC impedance

variations between the electrodes. By recording the signal fluctuations caused by larvae movements in each well of the 16 chips, which were used in parallel

(total of 128 wells), the real-time pharmacodynamic activity of each drug was acquired during 72 h.
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By applying a threshold of 70% relative inhibition of parasite viability (motility index upon drug exposure

normalized to that of vehicle controls) (Ravaynia et al., 2020) after 72 h of constant drug exposure, five

hit compounds (E-D5/MMV688991, C-C5/MMV1578555, A-H2/MMV1634491, A-D8/MMV1582497, and

D-A4/MMV394033) were selected for further evaluation and ranked according to their dynamics using

Figure 4. Monitoring of larval motility during in vitro testing of the selected Pandemic Response Box (PRB) drugs

through impedance-based continuous measurements

(A) The heat map shows the variations in the motility index of NTS upon exposure to the 57 test compounds during 72 h of

real-time acquisition with the HPI device. Colors of the top scale bar indicate the NTS motility levels upon exposure to the

drugs, which were normalized to the 1-h pretreatment phase. All PRB drugs were applied at 10 mM in quadruplicates, and

each color box represents the average parasite motility response (average of four wells) to each compound every hour.

The codes of the five best-performing drugs are highlighted in red.

(B) The motility graphs show the NTS responses to the five hit compounds, identified during the screening, which were

compared to the vehicle-control sample (parasites in 0.5% v/v DMSO, in gray color). The vertical dashed lines indicate the

times at which the drugs were dosed. Each circle represents themean value of themotility index, measured in parallel and

averaged over four microwells every 16 min. Error bars indicate the SE of the mean (see also Figures S6–S8 and Table S2).
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the impedance-based screen (Figure 4B; for viability and phenotypic details see also Figure S8 and

Table S2 and). E-D5 exhibited the fastest in vitro lethal effect on schistosomula, which occurred 3 h after

drug dosage. The second fast-killing compound was C-C5, which led to complete inhibition of parasite

motility at 25–30 h. We selected two more drugs (A-H2 and A-D8), which displayed a similar response

Figure 5. Continuous dose-response characterization of the five hit compounds by long-term impedance-based

assessment of NTS viability

(A) The graphs show the impedance-based estimations of schistosomula viability at seven selected time points as a

function of the drug concentration for all hits. The NTS were incubated with six different concentrations (1.5, 3, 6, 12, 25,

and 50 mM) of each compound and monitored during 72 h. Each circle represents the mean viability value of four

replicates, normalized to the vehicle control condition (NTS in 0.5% v/v DMSO). Error bars indicate the SE of the mean.

The sigmoidal fits were used to calculate the IC50 value at each time point for the five drugs.

(B) The plots display the temporal evolution of the IC50 values for the five selected compounds. The IC50 estimations were

calculated from the impedance-based measurement data of NTS viability. Error bars show the 95% CIs. In the figure

legends, the area-under-the-curve (AUC) values are also reported (see also Figure S9, Tables S3 and S4).
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and a high killing efficacy after around 40 h of incubation. Finally, a last compound was selected (D-A4),

which showed a peculiar biphasic NTS response profile over 3 days of measurements, with a transient exci-

tation in the first 10 h, followed by a delayedmonotonic motility decrease during the last 30 h of continuous

monitoring, reaching a final motility index value of �0.2.

Continuous dose-response characterization of the five hit compounds

We then added six serially-diluted concentrations (1.5, 3, 6, 12, 25, and 50 mM) of A-D8, D-A4, C-C5, A-H2,

and E-D5 to the HPI system to characterize, in real time, the dose-dependent responses of the NTS during

72 h. The long-term dose-response curves of the five hit compounds are shown in Figure 5A (the real-time

motility indexes are reported in Figure S9). The viability of the larvae exposed to the highest drug concen-

trations (50 and 25 mM) of A-D8 dropped to zero within the first 20 h, indicating that the NTS were killed by

the compound at these doses. In the case of NTS exposure to 12 and 6 mMof A-D8, parasite viability ceased

after 36 and 60 h, respectively. For the two lower concentrations (3 and 1.5 mM), the larvae remained viable

and displayed good motility levels during the entire assay. 50 and 25 mM dosages of D-A4 showed high

activity after 9 and 30 h, whereas 12 mM caused full inhibition at 72 h, displaying again the biphasic NTS

response that had been observed for 10 mM in the screening phase (Figures 4B and S9). For lower concen-

trations (6 and 3 mM) of D-A4, we noticed a considerable reduction in viability (0.58G 0.09 and 0.38G 0.06)

after 3 days. The third hit compound (C-C5) exhibited a slight time delay (10–20 h) for killing the parasite at

the highest doses due to an initial inhibition-and-recovery pattern that had been observed in the preceding

10-mM test (Figures 4B and S9). Nonetheless, all concentrations larger than 3 mM efficiently caused NTS

death within the 72 h exposure. The lethal effect of A-H2 against schistosomula for the two highest concen-

trations appeared already after 10 h; however, longer exposure times were required for 12 and 6 mM, which

showed complete inhibition of parasite viability after 48 and 72 h, respectively. With E-D5, we obtained

dose-response curves indicating higher lethality in comparison to the other tested compounds. The larvae

exposed to 50, 25, and 12 mM were dead already after 6 h, whereas those exposed to 6 and 3 mM reached

viability indices of 0.03 G 0.01 and 0.19 G 0.02 at 72 h.

The antischistosomal potencies of all hit compounds were further examined and ranked by computing the

IC50 over time, which corresponds to the concentration at which a 50% inhibition of parasite viability occurs,

and by assessing the total effective drug exposure (area under the curve or AUC, Figure 5B). The temporal

evolution of the IC50 of the less potent compound A-D8 (AUC: 895 mM h) featured a 24-h monotonic

decrease to 8.0 G 1.6 mM with values of 5.2 G 0.4 mM at 48 h and 3.9 G 0.4 mM at 72 h. For D-A4 (AUC:

863 mM h), the IC50 rapidly dropped to 8.3 G 1.5 mM after 20 h; however, the values then slightly increased

between 24 and 48 h because of the biphasic NTS response behavior at lower doses (<12 mM). After 72 h, the

potency value of D-A4 was 3.8 G 0.7 mM. The IC50 progression of C-C5 (AUC: 826 mM h) displayed a signif-

icant decrease over the first two days, reaching 7.4G 1.0 mMand 3.3G 0.3 mMat 24 and 48 h. The IC50 value

did not change considerably over the last 24 h of the evaluation and settled at 2.1G0.2 mM. In the case of the

second-potent compoundA-H2 (AUC: 578 mMh), the IC50 decreasedduring the first day of drug exposure to

9.7G1.3mM, reaching a final valueof 2.3G0.3mMafter twomoredays of continuousmeasurements. Finally,

E-D5 (AUC: 314 mMh) was themost-potent and fastest-acting drug in the dose-response assay, featuring an

IC50 of 7.3 G 1.6 mM after 3 h and reaching a final value of 1.9 G 0.2 mM after 72 h.

DISCUSSION

In this study, we screened 57 repurposable drugs with the aim of finding novel and promising compounds

with high potency, fast action, and low potential developing costs against the larval stage of S. mansoni

using an impedance-based method (Panic et al., 2014). We selected compounds from the MMV Pandemic

Response Box, which contains a collection of structurally diverse molecules with affirmed activity against

bacteria, viruses, or fungi. For the in vitro screening, we implemented a highly parallelized, impedance-

based (HPI) system to measure, continuously and in an automatedmanner, the viability of S. mansoni schis-

tosomula during multiday drug-exposure tests with minimal efforts. The HPI system was able to recognize

both excitatory and inhibitory effects of tested PRB compounds on NTS during 72 h of drug exposure (Fig-

ure 4A). Interestingly, most of the drugs that rapidly induced hypermotility at 10 mMdid not show high anti-

schistosomal activity after the complete assay duration. In contrast, transiently or permanently inhibitory

compounds were more successful in killing the NTS within the course of the 10-mM exposure. In addition,

few drugs displayed a peculiar biphasic response that could not have been identified without continuous

monitoring.
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Our single-dose impedance-based screening yielded five antischistosomal hit compounds, which included

two antibacterials (A-D8/MMV1582497 and C-C5/MMV1578555), two antivirals (D-A4/MMV394033 and

E-D5/MMV688991), and one antifungal (A-H2/MMV1634491). Among these compounds, E-D5, i.e., nitazox-

anide, had been previously identified as antischistosomal, which confirms the suitability of our system for

drug screening (Abdulla et al., 2009; Maccesi et al., 2019).

For further characterization, we examined the selected five drugs with a continuous dose-response

screening using our chips. All compounds showed IC50 values below 4 mM after 72 h of exposure, which

renders them suitable for in vitro follow-up tests on adult-stage parasites. Moreover, the differences in

the characteristics of dose-dependent and time-dependent responses of the NTS to each drug highlight

the importance of continuous monitoring of parasite activity for testing of promising compounds (Fig-

ure S9). Using our impedance-based real-time detection, we revealed the fast action and high efficacy

of E-D5, which displayed an IC50 of less than 5 mM already after 8 h of incubation, compared to the slower

activity decrease upon dosage of A-H2, C-C5, D-A4, and A-D8. By assessing the drug efficacy every 16 min,

we could rank the potency of the selected compounds based on the area under the curve (AUC) of the com-

plete IC50 temporal transition (Figure 5B). With such an analysis, scientists will have the possibility to prior-

itize drugs to be promoted to additional preclinical studies not only based on final IC50 values but also

considering fast action and low effective dose. For example, both compounds, A-H2 and C-C5, featured

similar IC50 values as E-D5 at 72 h; however, their slower kinetics resulted in a much higher AUC during

the whole assay. In addition, although a lower sampling frequency, e.g. every 2 h, might be sufficient to

identify fast-acting in vitro compounds, the acquisition of multiple data points per hour increases the

robustness of the detection and enables to record rapid transitory motility variations that could otherwise

be missed.

Recording the temporal evolution of dose-response relationships is also beneficial for comparing drug po-

tency results to other in vitro tests that are used for preclinical selection of active compounds. Four of the

selected hits (E-D5, A-H2, C-C5, and A-D8) were reported to feature cytotoxicity (CC50) values above 20 mM

at 48 h (cytotoxicity is commonly measured with Chinese hamster ovarian (CHO) cells), which yields an

average CC50/IC50 ratio of more than four for these compounds (Table S3) (Reader et al., 2021). Conversely,

the CC50 value of D-A4 was reported to be 1.4 mM, resulting in a comparably low CC50/IC50 ratio (Reader

et al., 2021). Therefore, the remaining four drugs should be prioritized for testing against adult schisto-

somes owing to their sufficiently high in vitro efficacy/cytotoxicity ratio. Furthermore, all these four com-

pounds feature favorable physicochemical properties indicated by the compliance with the Lipinski’s

rules-of-five, a rule of thumb to determine if a chemical compound is a likely orally active drug in humans,

as oral administration would be the preferred mode for schistosomiasis treatment (Table S4) (Ferrari et al.,

2003; Lipinski et al., 2012). Fast action, low cytotoxicity and compliance with Lipinski’s rule render these

compounds potentially attractive for antischistosomal drug development.

The developed HPI system addresses some major limitations of the standard visual-screening approach,

namely the relatively large number of required parasites (50–100) per well for observation, the need of high-

ly-trained staff for the evaluation of parasite viability, and the labor-intensive phenotypic evaluation, all of

which ultimately limit the number of analyses per assay. The HPI system enables to continuously measure

NTS viability during multiday drug screening and to record dose-response curves with minimal operator

intervention. By making use of miniaturized culturing compartments, the HPI device provides a 5-fold

reduction of the number of NTS per condition and a 3-fold reduction of compound-solution volumes in

comparison to standard visual evaluation methods. Unlike our previously developed platform (Ravaynia

et al., 2020), we avoided materials like PDMS that feature unspecific absorption of small molecules and

are not suitable for drug screening applications (Figure S10) (van Meer et al., 2017; Torino et al., 2018).

In addition, we developed a parallelized, user-friendly, and pump-free system, which was fabricated by us-

ing injection molding of polystyrene to reduce costs (�2 CHF per chip) and to increase measurement

throughput for large screening applications. By using only standard laboratory plastic materials (PS-PET

substrates) for the chips, we could increase the drug assay duration to more than 3 days (Figure S4D),

with 72 h being the standard assay time for visual screening. The modular and flexible nature of the HPI

device also renders the presented approach widely applicable to other relevant schistosome stages,

such as cercariae, juvenile, and small adult parasites (�0.5 mm), or to different parasite species, namely

H. polygyrus, A. ceylanicum, and N. americanus, which would help to improve anthelmintic drug

screenings.
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Moreover, our work demonstrates that impedance-based detection of NTS viability can be applied in me-

dium-to-high throughput assays in accordancewithNIH assay guidelines for high-throughput screening ap-

plications (Table S1) (Sittampalam et al., 2004). In comparison, a parallelized impedance-based instrument

for in vitro antischistosomal testing (xWORM), developed by another group, requires a comparably large

number of parasites (�500 per well) to assess motility and could not be used to efficiently to monitor schis-

tosomula movements, while larval parasites are the most convenient sample to use for large in vitro drug

studies (Rinaldi et al., 2015; Tekwu et al., 2016). Alternative detection techniques for parallelized in vitro

assessment of antischistosomal compounds were also presented in literature. Fluorescence-based and

colorimetric-based detection using plate-reader instruments provide a high level of automation. However,

to achieve detectable and reliable signals, these methods require 200–400 NTS per well and are limited to

end-point analyses that do not provide any information on temporal evolution, which can be captured in

impedance-based measurements (Peak et al., 2010; Panic et al., 2015b; Aguiar et al., 2017). Finally, auto-

mated image-acquisition systems have been proposed for enabling high-throughput and quantitative anal-

ysis of schistosomula phenotypes during drug exposure assays (Lee et al., 2012; Chen et al., 2020). By

tracking the temporal evolution of multiple phenotypic aspects, such as parasite morphology, size, and

movements, these methods have the potential to produce high-dimensional data with additional informa-

tion on drug action to support compound optimization, which is most likely missed by monitoring motility

alone. For example, a system compatible with high-throughput image acquisition and automated plate

handling (SchistoView) was used to evaluate schistosomula at a few discrete time points in a 96-well-plate

format and yielded more than 15 parameters for describing parasite phenotypes (Chen et al., 2020). How-

ever, SchistoView requires large volume data storage (�15 MB per unit per time point as opposed to

�0.8 MB per unit per time point for impedance) and significant computational resources for analyzing com-

plex phenotypic data. Despite effective strategies for data compression and for reducing the complexity of

multiple time-varying parameters, such as the use of time-series analysis and rapid segmentation of NTS in

video frames (Lee et al., 2012; Asarnow and Singh, 2013; Singh et al., 2018), image-based approaches

require comparably long acquisition time (�1 h per time point for a 96-well plate) and dedicated equipment

for well-plate handling when performing large screening assays, whichmay impact temporal resolution and

system scalability in comparison to using impedance-based readouts.

Conclusion

In conclusion, we developed an automated highly parallel, impedance-based system, which can be used to

continuously assess the efficacy of drugs on NTS during more than 72 h in vitro testing. The current layout

enables to operate up to 16 chips and 128 analysis units in parallel using a single instrument, while the

modularity of the design allows for further upscaling. The device performance was demonstrated in sin-

gle-dose screenings and dose-response analyses and requires minimal operator interference. The system

modularity and throughput, the use of standard plastic materials for component fabrication, and in partic-

ular, the large amount of information that is available through continuous monitoring of NTS responses to

compounds will help to significantly advance preclinical antischistosomal studies. Finally, the identification

of hit compounds during the screening reported here demonstrates the potential of our device for discov-

ering new drugs to treat schistosomiasis.

Limitations of the study

This drug screening study is based on the continuous monitoring of S. mansoni larvae responses against a

collection of drugs from the MMV Pandemic Response Box using our developed impedance-based plat-

form. From our larval assays, we were able to identify four antischistosomal hit drugs with high in vitro po-

tency, fast action, and low cytotoxicity. However, to confirm the suitability of the four drugs for schistoso-

miasis drug development, future studies should include and demonstrate the efficacy of those compounds

against adult-stage schistosomes in in vitro and in vivo tests. In addition, in contrast to the large-scale pro-

duction of schistosomula samples, the acquisition of adult schistosomes from infected animals is very labo-

rious and is not suitable for the implementation of medium-throughput or high-throughput approaches for

drug screening at present. Therefore, in our antischistosomal study, we discussed exclusively works and

systems that have been applied to larval-stage schistosomes.
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Chemicals, peptides, and recombinant proteins

Pandemic Response Box Medicines for Malaria Venture https://www.mmv.org/mmv-open/

pandemic-response-box

Methylene blue Sigma-Aldrich M9140-25G

Mefloquine Sigma-Aldrich M2319-100MG

Praziquantel Sigma-Aldrich P4668-5G

Dimethyl sulfoxide Sigma-Aldrich D2650-5X5ML

Rhodamine-B Sigma-Aldrich 83689

Biolipidure NOF America Corporation 206

Medium 199 Gibco 22340-020

Inactivated fetal calf serum Bioconcept AG 2-01F30-I

Penicillin and streptomycin Bioconcept AG P4333-100ML

Experimental models: Organisms/strains

S. mansoni newly transformed schistosomula Laboratory of Prof. Jennifer Keiser, TPH https://www.niaid.nih.gov/research/

schistosomiasis-resource-center

Software and algorithms

Matlab The MathWorks Inc. R2018b
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RDKit Open-Source Cheminformatics 2020.09.2

Other
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injection-moulding/plastic-injection-

moulding/

Impedance spectroscope Zurich Instruments AG HF2-LI

Optical microscope Nikon Ti-E

Microplate reader Tecan Infinite M200 Pro
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d Any additional information required to reanalyze the data reported in this paper is available from the

Lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Parasite preparation

Cercariae of S. mansoni were obtained from infected intermediate host snails (Biomphalaria glabrata) and

mechanically transformed to newly transformed schistosomula (NTS) as described previously (Milligan and

Jolly, 2011; Lombardo et al., 2019). In brief, S. mansoni-infected B. glabrata snails were placed singularly in

24-well plates and exposed to a neon lamp (36 W, 4000 K, 3350 lumens) for 3-4 h to induce the shedding of

cercariae. The supernatant was collected and filtered to remove impurities in the suspension. The mechan-

ical transformation of the cercariae into NTS was performed by physically removing the tail by constricted

passage through a Luer-Lok tip in between two 12 mL syringes. After washing in Hanksʼ balanced salt so-

lution (HBSS, cat. no. 14175, Gibco, Waltham, USA), supplemented with 1% penicillin (10000 U/ml) and

streptomycin (10 mg/ml) solution, NTS were re-suspended in M199 culture medium and kept overnight

at 37�C and 5% CO2.

METHOD DETAILS

Compounds and culture media

The 400 compounds contained in the drug library, termed ‘‘Pandemic Response Box’’ (PRB), were provided

by Medicines for Malaria Venture (MMV, Geneva, Switzerland) in five 96-well plates, dissolved in 10 mL of

pure dimethyl sulfoxide (DMSO) at a concentration of 10 mM. These stock solutions were further diluted

(1:10) in DMSO (cat. no. D2650-5X5ML, Sigma-Aldrich, Buchs, Switzerland), aliquoted and stored at

-20�C until further use. Reference compounds, methylene blue (cat. no. M9140-25G, Sigma-Aldrich, Buchs,

Switzerland), mefloquine (cat. no. M2319-100MG, Sigma-Aldrich, Buchs, Switzerland), and praziquantel

(cat. no. P4668-5G, Sigma-Aldrich, Buchs, Switzerland) were purchased as racemic powders, and solutions

were freshly prepared on the day of the experiment with a concentration of 10 mM in DMSO (Silva-Moraes

et al., 2013; Ravaynia et al., 2020; Koehne et al., 2021).

M199 culture medium, which was used for incubation and in vitro drug assays of S. mansoni newly

transformed schistosomula (NTS), was prepared by supplementingMedium 199 (cat. no. 22340-020, Gibco,

Waltham, USA) with 1% penicillin (10000 U/ml) and streptomycin (10 mg/ml) solution (pen/strep, cat. no.

P4333-100ML, Bioconcept AG, Allschwil, Switzerland) and 5% v/v inactivated fetal calf serum (iFCS, cat.

no. 2-01F30-I, Bioconcept AG, Allschwil, Switzerland).

All media were sterilized by filtration using a 0.22-mm-filter bottle (cat. no. 431097-COR, Vitaris AG, Baar,

Switzerland).

In vitro visual drug-sensitivity assay

The 400 compounds contained in the PRB compound library were initially screened for their activity against

NTS following the standard screening procedure based on visual scoring (Lombardo et al., 2019). In brief,

approximately 50-100 NTS were incubated in culture medium with the test compounds at 10 mM (in a final

volume of 200 mL) at 37�C, 5% CO2 for 3 days in 96-well plates (cat. no. 83.3924, Sarstedt, Nümbrecht, Ger-

many). After 72 h of incubation, a trained operator evaluated the NTS phenotype by microscopic readout

(magnification 10-403, Carl Zeiss, Jena, Germany) using a viability scale from 0 (dead) to 3 (healthy and

motile parasites) estimating death, changes in motility, and morphological alterations.

For all experiments, the highest concentration of DMSO (0.5% v/v) in culture medium served as control. For

in vitro phenotypic drug sensitivity assays, each experimental condition was tested in triplicates and

repeated at least once.

Larval impedance-based drug assay

The drug assay in the plastic chips was carried out in three main steps: (i) medium pre-wetting procedure at

day -1, (ii) parasite loading at day 0 and (iii) drug addition after 1 h of NTS culturing in themicrowells. On the

day before the assay, the pre-wetting procedure was performed by dispensing 30 mL of plain M199medium

in all 128 microwells. The assembled platforms were subsequently inserted in a vacuum desiccator (Nal-

gene 5310-0250, Sigma-Aldrich, Buchs, Switzerland) for 10 min to degas the medium. After the degassing
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step, the chips were kept in the incubator at 37�C and 5% CO2 overnight. On the day of the assay, the plain

pre-wetting medium was used to record 30-min signal traces to establish the baseline noise background in

each microwell before the insertion of the larvae. After that, 25 mL of pre-wetting medium were removed

from each microwell, and 30 mL of larvae solution with 0.7 NTS mL�1 were dispensed to each unit. The signal

fluctuations caused by untreated NTS were acquired for 1 h to establish baseline parasite activity and for

calculating the respective motility index of each microwell. Finally, 30 mL of drug solution were loaded in

each microwell, resulting a final volume of 65 mL per analysis unit.

In the drug-screening phase, all compounds were tested at a fixed concentration of 10 mM, whereas in the

dose-response assay the overall drug concentrations ranged between 1.5 and 50 mM (1.5, 3, 6, 12, 25 and

50 mM). In each drug experiment, 0.5% v/v DMSO (vehicle control) and plain M199 medium controls were

included, and all conditions were evaluated in quadruplicates. For the drug-screening assay, two HPI sys-

tems (four stacked platforms per system) were used, whereas for the dose-response characterization we

adopted a single HPI system (including four platforms). Only new, unused chips were employed for each

experiment. Impedance-based larval motility and viability indices for each test condition were measured

every 16 min during 72 h in each platform. The viability index ranged from 0 to 1 (0 = no fluctuations,

dead parasites; 1= motile and alive parasites) and was computed by normalizing the NTS motility under

each drug exposure with respect to motility in the vehicle control (see Quantification and statistical analysis

section for more information).

Plastic chip fabrication

The 8-microwell chip design was developed based on a previously used poly(dimethylsiloxane) (PDMS) de-

vice (Ravaynia et al., 2020). The chip was realized entirely in standard laboratory plastic materials to avoid

drug ad/absorption by PDMS during long-term compound testing (Van Midwoud et al., 2012; van Meer

et al., 2017). The plastic device consisted of two main parts: a top polystyrene (PS) layer containing 8 micro-

wells and a bottom poly(ethylene terephthalate) (PET) foil, patterned with 8 pairs of co-planar platinum

electrodes. The PS layer was fabricated using injection molding, the optimized mold scheme is shown in

Figure S1A, all chips were provided by Protolabs (Protolabs, Feldkirchen, Germany) at costs of �2 CHF

per unit. The injection and ejection mark points of the PS parts were chosen so as to not interfere with

the bonding of the bottom to the PET slide (Figure S1B). The 200-nm-thick platinum electrodes were

deposited on a 6-inch laser-cut PET wafer (ES301400 PET Film, Goodfellow Cambridge Ltd, Huntingdon,

England) via a shadow-mask process. Briefly, a metal mask (1.4310 +C1300 20mm, Lasercut AG, Bäretswil,

Switzerland) was mounted on the PET wafer with a magnetic holder located underneath. After 40 min of

platinum sputtering, the PET wafer was diced into 10 individual slides by laser-cutting (Figures S1C and

S1D). Finally, each PS chip and patterned PET slide were aligned using a custom-made alignment tool

and bonded with double-sided adhesive tape (468MP, 3M Company, Saint Paul, USA).

Chip preparation

Before the sealing procedure, both PS and PET substrates were cleaned two times by immersion and ultra-

sonication in isopropanol and dried using an air gun. The PS chips and PET slides were then rendered hy-

drophilic to facilitate liquid loading during the drug assay by oxygen plasma surface treatment for 40 sec

(Harrick Plasma PDC-002, Harrick Plasma, Ithaca, USA) (Van Midwoud et al., 2012). After PS-PET bonding,

each microwell was coated with 10 mL of Biolipidure (NOF America Corporation, WhitePlains, NY, USA) and

incubated at room temperature for 5 min. Biolipidure solution was withdrawn completely from the micro-

wells using a vacuum pump, and the devices underwent a second coating step to increase long-term sur-

face hydrophilicity. After incubating for another 5 min with Biolipidure, the coating solution was removed

again, and all chips were dried overnight and UV-sterilized in a laminar-flow hood.

Platform assembly

Up to four PS chips were assembled into a platform. Every chip was covered with a laser-cut PS lid to avoid

medium evaporation and was placed between a custom-made printed circuit board (PCB) and an

aluminum (Al) holder plate (Figure S2A). The PCB design was described in detail elsewhere (Ravaynia

et al., 2020). Briefly, the board featured 2 analog SMA connectors as input/output ports for the impedance

spectroscope and 64 spring-contact connectors for interfacing with the electrode pads of the four chips.

The Al holder was realized by water-jet cutting (EN AW-5083/ 3.3547/ Al-Mg4.5Mn, Xometry Europe

GmbH, Ottobrunn, Germany). The holder frame featured four openings to enable microscopy inspection

of the parasites in each chip and eight screw holes for adjusting the contact force.
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Up to four assembled platforms were then stacked and operated in a single incubator compartment (Fig-

ure S2B), allowing for operating 128 microwell units in parallel under identical testing conditions. During

3-day drug assays, the platforms were kept in the incubator at 37�C and 5% CO2.

Impedance-based measurement and setup

The impedance measurements were performed using a HF2-LI impedance spectroscope (Zurich Instru-

ments AG, Zurich, Switzerland). A 500-kHz voltage signal with an amplitude of 100 mV was applied to

the electrode pairs of each microwell unit. The frequency of the sinusoidal carrier signal (500 kHz) was cho-

sen to enable fast multiplexing (1.5 ms) between all the units and to minimize the signal attenuation in the

platforms (��29 dBV in magnitude, Figure S3). The AC current was then converted to a voltage signal

through a trans-impedance amplifier (HF2TA, Zurich Instruments AG, Zurich, Switzerland) with a 1-kU feed-

back resistor, digitalized at a sampling frequency of 14 kHz and filtered with a 2.2-kHz low pass. A custom-

made Python software, installed on a control PC station, was implemented to define the selection scheme

of the microwells over the four parallel platforms and the switching-time protocol of the signal recordings.

In each platform, the signal of each electrode pair was recorded for 1 ms before switching to the following

unit. This procedure enabled continuous and quasi-parallel acquisition from all wells within a platform at a

sampling frequency of �32 Hz. The AC signal from all wells in a platform was acquired for 1 minute and

every 16 minutes throughout the assay. The voltage signal magnitude was then used for further analysis

(see section Quantification and statistical analysis for more information).

Absorption evaluation on chip

PS is a validated material for cell-culture applications and offers substantial advantages over PDMS for use

with microfluidic systems for in vitro drug testing (Toepke and Beebe, 2006; Sasaki et al., 2010; Van Mid-

woud et al., 2012; Lohasz et al., 2019; Ravaynia et al., 2020). To confirm that PS did not feature substantial

molecule absorption, 50 mL of 100 mM rhodamine-B (83689, Sigma-Aldrich, Buchs, Switzerland) solution

were loaded into the microwells and incubated for 24 hours (Lohasz et al., 2019). Fluorescence images

of the microwells were captured before the loading of the dye, at 1 and 24 h after sample loading, and after

wash-out of the dye by means of an inverted microscope (Nikon Ti-E, Nikon, Egg, Switzerland), as shown in

Figure S10A. The single chip was incubated at 37�C and 5% CO2. After 1 day of dye incubation, 50 mL of

supernatant solution of each microwell unit were collected and compared to 50 mL of rhodamine B refer-

ence solutions (1.5, 3.3, 6.2, 12.5, 25, 50, and 100 mM), which were incubated in a 96-well microplate (675090,

Greiner Bio-One GmbH, St. Gallen, Switzerland). The relative fluorescence intensity of all samples was

measured using a microplate reader (Infinite M200 Pro, TECAN, Männedorf, Switzerland) at 550 nm exci-

tation - 580 nm emission (Figure S10B). All conditions were analyzed in quadruplicates.

Imaging

For additional NTS phenotypic evaluation, bright-field images of the parasites, incubated with the PRB

compounds in the microwells, were acquired after 72 h using an inverted microscope (Nikon Ti-E, Nikon,

Egg, Switzerland) with a Nikon Plan Fluor 10X objective (NA 0.3, WD 16 mm).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data analysis was performed using custom scripts in MATLAB R2018b (The MathWorks Inc., Natick,

USA). The recorded signal magnitude was filtered using a high-pass filter at 0.2 Hz to remove slow baseline

drift due to medium evaporation during multi-day assays. To reduce baseline differences between micro-

well measurements, related to diverse drug solution compositions or drug concentrations, the high-pass-

filtered signals were normalized with respect to the mean baseline signal of the respective microwell

compartment. To quantify the signal fluctuations induced by NTS movements, the power of the filtered

and normalized signal was computed in a 1-3 Hz bandwidth. Only the signals exhibiting an average power

above -20 dBm, which corresponded to a signal-to-noise ratio of > 10, in the first hour of measurements

before drug loading were considered for analysis. To compare measurements with different numbers of

larvae across the 128 microwells and to extract the motility index parameter, the power of the signal fluc-

tuations arising from treated NTS (Powertreated) in each unit (i) was normalized with respect to fluctuation

power, which was calculated from the measurements of the untreated NTS during the first hour after

loading and prior to drug exposure (Poweruntreated (t-1h)). To remove the effect of noise of the readout elec-

tronics in the system, the noise power (Powernoise) was acquired 30min before the loading of the larvae and

was subtracted from all computed signal powers. Thus, the motility index was defined as
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Motility index ði; tÞ = Powertreated ði; tÞ � PowernoiseðiÞ
Poweruntreatedði; t�1hÞ � Powernoise ðiÞ

Subsequently, the NTS viability ratio was calculated by normalizing the motility index of every condition

with respect to the motility index of the vehicle control (DMSO). Every condition was analyzed in

quadruplicates.

The half-maximum inhibitory concentration (IC50) values of the selected drugs were calculated from the

impedance-based viability estimations by applying a nonlinear least-squares analysis. A two-parameter

sigmoid function with a constant hill slope was fitted to the viability data of each hit. An average hill slope,

computed across 72 h of continuous impedance-based characterization of each compound, was applied to

the fit for assessment of the IC50 values over time. In the dose-response analysis, a maximum viability value

of 1 was assigned to all units in which the NTS exhibited a motility equal to or higher than that of the vehicle

control (DMSO).

The visual viability scores of the compounds of the PRB library were obtained by averaging across tripli-

cates and normalizing to the vehicle-control (DMSO) viability.

Z0-factor and signal window scores, which provide information on the suitability of a system for high-

throughput screening applications, were computed following the NIH assay guidance manual (Sittampa-

lam et al., 2004). Two types of motility indices and their respective variations were analyzed to assess system

suitability to detect active compounds during a screen: (i) positive-control motility representing the

maximum output obtained with parasites exposed to only the drug vehicle (DMSO) and (ii) negative-con-

trol motility originating from the noise background upon M199 medium incubation of the chip. In our ex-

periments, only the assays showing Z-factor scores higher than 0.5 and signal windows above 2 were

considered for drug efficacy evaluation (Z-factor: 0.61 G 0.05, Signal-window: 5.50 G 1.54, Table S1).

Physicochemical properties of the hit compounds were calculated using the RDKit (version 2020.09.2) from

Open-Source Cheminformatics (available online, https://www.rdkit.org/). The in silico analysis was per-

formed to assess conformity with Lipinski’s rules considering the molecular weight, the lipophilicity (AlogP,

atom-based method by Ghose and Crippen), the number of H-bond acceptors and the number of H-bond

donors (Ghose and Crippen, 1987; Lipinski et al., 2012).

All results are displayed as mean values with error bars representing the standard error of the mean (SE),

unless specified otherwise. To compare samples frommore than two populations, the Kruskal-Wallis H test

was adopted. In case the null hypothesis of the test that the distribution of the dependent variables is the

same in the studied populations was rejected, a post-hoc Dunn test with Sidák correction was performed

for multiple comparisons (Dunn-Sidák multiple-comparison test). Sample sizes and data presentation are

specified in each figure caption.
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