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Abstract

Schistosomiasis is a neglected tropical disease, caused by parasitic worms, which affects almost 

200 millions people worldwide. For over 40 years, chemotherapeutic treatment has relied on the 

administration of praziquantel, an efficacious drug against schistosomiasis. However, concerns 

about developing drug resistance require the discovery of novel drug compounds. Currently, the 

drug-screening process is mostly based on the visual evaluation of drug effects on worm larvae in 
vitro by a trained operator. This manual process is extremely labor-intensive, has limited 

throughput and may be affected by subjectivity of the operator evaluation. In this paper, we 

introduce a microfluidic platform with integrated electrodes for the automated detection of worm 

larvae viability using an impedance-based approach. The microfluidic analysis unit consists of two 

sets of electrodes and a channel of variable geometry to enable counting and size detection of 

single parasite larvae, and the collective evaluation of the motility of the larvae as an unbiased 

estimator for their viability. The current platform also allows for multiplexing of the analysis units 

resulting in increased throughput. We used our platform to record size and motility variations of 

Schistosoma mansoni larvae exposed to different concentrations of mefloquine, a drug with 

established in vitro antischistosomal properties. The developed platform demonstrates the potential 

of integrated microfluidic platforms for high-throughput antischistosomal drug screening.
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Schistosomiasis is one of the major neglected tropical diseases and affects just under 190 

million people worldwide, predominantly children living in rural areas with poor sanitary 

conditions1,2. This disease is caused by parasitic worms (helminths) of the genus 

Schistosoma. If left untreated, the infection slowly becomes chronic, resulting in fibrosis of 

the liver, intestines and/or bladder, anemia, growth and cognitive stunting, malnutrition, 

urogenital cancers and, eventually, death3,4. Preventative chemotherapy is recommended by 

the World Health Organization as the most cost effective control strategy for 

schistosomiasis5. For over 40 years, therapeutic treatment has relied on the administration of 

praziquantel due to its high safety and efficacy against the adult worm infection. However, 

the use of a single compound to treat millions of people annually raises concerns with 

respect to the emergence of drug-resistant worms6.

The use of abundantly available larval-stage worms or Newly Transformed Schistosomula 

(NTS) of Schistosoma mansoni for pre-screening of drug candidates has been established a 

decade ago. The ability to acquire large sample numbers of these larvae in a cost-effective 

way and the concurrent reduction in the use of live animals to obtain relatively low 

quantities of adult worms have further promoted the development of automated and high-

throughput approaches for antischistosomial drug screening7–9. Fluorescence- and 

luminescence-based assays have been developed for automated detection of larvae 

viability10–12. In addition, automatic image acquisition and image analysis using bright-

field microscopy have been used for evaluating worm viability, based on morphology and 

motility, for hit/non-hit screening of drug compounds9,13,14. However, the need for massive 

computational power and high-cost equipment ultimately limits the application of 

microscopy-based systems for dose-response assays and continuous viability monitoring. 

Moreover, both fluorescence/luminescence-based approaches and image-based detection 

require a relatively large number of larvae to provide reliable viability detection, which 

reduces the actual throughput that can be attained with these methods. As an alternative 

method, microcalorimetry was shown to be a suitable method for the real-time monitoring of 

adult-stage schistosomes; however, this approach was not sensitive enough to measure NTS 

heat production15. As a consequence, the current gold standard for antischistosomal drug 

screening still consists of a phenotypic evaluation of the worm larvae by a trained operator 

using manual microscopy. This procedure is extremely labor intensive, and the operator 

assessment may be affected by a high level of subjectivity and, therefore, feature low 

reproducibility16,17. Consequently, there is an urgent need for identifying novel methods 

for replacing the manual microscopic evaluation of NTS larvae viability to advance the 

current drug screening pipeline.

Electrical impedance spectroscopy (EIS) is a non-invasive and label-free method for the 

investigation of the dielectric properties of samples. Integration of electrodes in microfluidic 

devices has enabled highly sensitive low-volume impedance measurements for a wide 
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variety of biological samples in solution, ranging from single cells18 to multicellular 

aggregates19, and to multicellular organisms20. Impedance cytometers, realized by 

integrating a set of electrodes within a microfluidic channel, were used for multi-parametric 

assessments across different frequencies for differentiation of single cells, based on cell size, 

membrane integrity, and internal properties of cells21–25. The use of microfluidic cell traps 

or immobilization of cells enabled long-term, real-time EIS measurements of cells26–28. 

Integrated microfluidic devices have been used for parallelized measurements of microtissue 

spheroid size29. Microfluidic methods also have been used to study multicellular organisms. 

Microstructures enabled the detection, trapping and on-chip fluorescence characterization of 

S. haematobium eggs in urine30. Microfluidic devices for real-time drug screening of 

Caenorhabditis elegans nematodes based on worm locomotion31 and with 

electrophysiological and impedance readouts have also been developed32–34. Platforms, 

based on electrical cell-substrate impedance sensing (ECIS) methodology, have been used to 

monitor cell growth, spreading and cell attachment to the surface of electrodes35. The 

xCelligence system (ACEA Biosciences), a commercially available platform, based on the 

ECIS principle and featuring interdigitated microelectrodes at a bottom of a 96-well 

microtiter plate, was used to measure the motility of helminths36. This system was also 

adopted to study different aspects of the schistosomal life cycle (eggs, cercariae, adults). 

However, the large sensing volume requires a relatively large number of samples as 

compared to the standard method and is not sensitive enough to detect the small movements 

of NTS larvae of S. mansoni37.

In this paper, we present a parallelized and integrated microfluidic platform for the 

automated assessment of the viability of NTS by means of EIS. The platform was used to 

detect variations in size and motility of the larvae after being exposed to different 

concentrations of a test compound at two time points. The use of a small detection volume 

(6 nL) for measuring larvae motility enabled viability detection of NTS with only a low 

number of worm larvae (~10 NTS). The platform was operated via gravity flow to reduce 

the complexity of the experimental setup and to avoid the use of external pumping systems. 

The chip comprises four analysis units to allow for simultaneous execution of measurement 

replicates and to enable increased throughput. We recorded size and motility variations of 

NTS after 24-hour and 72-hour exposures to mefloquine, a rapidly-acting antimalarial 

compound, known for its antischistosomal efficacy in vitro. The obtained results indicate 

that impedance-based size and motility analysis can provide dose-dependent viability and 

activity patterns of the larvae and can be used for drug screening applications.

In this paper, we present a parallelized and integrated microfluidic platform for the 

automated assessment of the viability of NTS by means of EIS. The platform was used to 

detect variations in size and motility of the larvae after being exposed to different 

concentrations of a test compound at two time points. The use of a small detection volume 

(6 nL) for measuring larvae motility enabled viability detection of NTS with only a low 

number of worm larvae (~10 NTS). The platform was operated via gravity flow to reduce 

the complexity of the experimental setup and to avoid the use of external pumping systems. 

The chip comprises four analysis units to allow for simultaneous execution of measurement 

replicates and to enable increased throughput. We recorded size and motility variations of 

NTS after 24-hour and 72-hour exposures to mefloquine, a rapidly-acting antimalarial 
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compound, known for its antischistosomal efficacy in vitro. The obtained results indicate 

that impedance-based size and motility analysis can provide dose-dependent viability and 

activity patterns of the larvae and can be used for drug screening applications.

Experimental section

Device design and loading

The platform consists of two parts: a top poly(dimethylsiloxane) (PDMS) layer, containing 

the microfluidic structures that define the four analysis units, and a bottom glass slide with 

patterned platinum electrodes (Figure 1a). The two parts are bonded together using plasma 

bonding. The fabrication process of the chip is shown in Figure S1.

A schematic of one analysis unit is shown in Figure 1b. An analysis unit consists of an inlet 

port for loading the NTS solution and two medium reservoirs on either side. The sensing 

part of the analysis unit is formed by a channel with a funnel-like constriction (50 µm) to 

allow the passage of single NTS larvae, and by two pillar structures to retain the NTS within 

the channel but to enable a flow of the solution between the medium reservoirs and the inlet 

region. An electrode pair around the funnel constriction (electrode pair 1) is used to count 

the number of loaded NTS larvae and to measure the relative size of single NTS, while a 

second electrode pair (electrode pair 2) is used to measure the combined motility of NTS 

that have been loaded into the sensing region of the analysis unit as a proxy for their 

viability.

Figure 1c shows the experimental procedure. Each analysis unit of the device is loaded with 

20 µL of NTS suspension (~10 NTS per 20 μl) through the inlet port. After loading the NTS 

in the chip, 5 µL of the medium is removed from medium reservoir 2 to generate a flow 

towards the reservoir and to keep the NTS away from the sensing region of the analysis unit. 

The platform is then tilted to generate a hydrostatic pressure difference between the medium 

reservoirs. This movement enables single NTS to pass through the funnel constriction and 

over electrode pair 1. The NTS are then stopped by the pillar structure between the sensing 

region and reservoir 1 and are then kept between the electrodes pair 2 for measuring their 

motility. The sensing region between electrode pair 2 can accommodate up to 15 NTS. Size 

and motility measurements were performed at three tilting angles (10°, 15°, 20°) with the 

same NTS sample (Figure S2). No significant changes in both, size and motility recordings 

were observed. An angle of ~15° was used for the majority of experiments. The developed 

loading methodology is simple, requires a small volume of NTS solution, and can be 

performed without additional fluidic systems.

Sample preparation

S. mansoni cercariae were harvested from infected intermediate host snails (Biomphalaria 
glabrata) and transformed into NTS using a transformation method described previously7. 

The resulting NTS suspension was adjusted to a concentration of 500 NTS/mL, and 20 μL of 

NTS suspension were added to each analysis unit to perform the measurements. We used 

standard samples as they also are used for visual inspection. Culture medium components 

for NTS were obtained as follows: Medium 199 RPMI 1640, supplemented with 1% 
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penicillin /streptomycin, purchased from Lubioscience (Lucerne, Switzerland), and 5% fetal 

calf serum (iFCS), which was purchased from Connectorate AG (Dietikon, Switzerland). No 

additional purification or modification of the samples was performed.

For the experiment with exposure of the NTS to DMSO, the larvae were incubated with 30% 

DMSO at 37°C and 5% CO2 and measured after 30 minutes of exposure. For the drug dose-

response experiments, the NTS were incubated in culture medium with serially diluted 

concentrations (0.78, 1.56, 3.3, 6.25, 12.5, 25 µM) of mefloquine (Sigma-Aldrich, Buchs, 

Switzerland) in a 96-well plate in triplicates for 72 hours. The viability of the NTS was 

assessed microscopically and with EIS after 24 and 72 hours after addition of mefloquine. 

The visual scores were given based on a previously described viability scale (3 = motile, no 

changes to morphology; 2 = reduced motility and/or some damage to tegument noted; 1 = 

severe reduction to motility and/or damage to tegument observed; 0 = dead)7,38.

Data acquisition and analysis

Detailed information on the experimental setup is reported in Figure S3. Briefly, the 

microfluidic platform was placed on a custom-made PCB, which was used to switch 

between the electrode pairs of different analysis units in an automated way. A custom-made 

software was used to select the analysis units and to program the switching protocol and 

recording duration for the electrode pairs for each unit. The sensing electrodes of the 

selected analysis units were connected to an impedance spectroscope (HF2, Zurich 

Instruments AG, Zurich, Switzerland) for user-defined recording durations. The system 

allowed for short recording durations at each electrode pair (2ms) and fast switching 

between three analysis units in a round-robin fashion. All the recordings were then 

combined to reconstruct the total signal for each analysis unit for both, counting and motility 

data. The total time required for parallelized size and motility measurements for a given 

condition in all three analysis units amounts to 5 min on average.

A multi-frequency AC signal with an amplitude of 300 mV at 48 kHz and 333 kHz carrier 

frequencies was applied to the center electrode (Figure 1a). The circuit was then closed by 

connecting either the right or the left electrode (electrode pair 1 or 2, respectively) to a trans-

impedance amplifier (HF2TA, Zurich Instruments AG, Zurich Switzerland) for signal 

acquisition through current-to-voltage conversion. The magnitude signal of the output 

voltage, recorded at electrode pairs 1 and 2, was then used for further analysis.

The recorded data was filtered in MATLAB (The MathWorks Inc., Natick, USA) using a 

band-pass filter with 0.2 - 4 Hz cut-off frequencies for the signal trace, acquired with 

electrode pair 1, and a 0.5 Hz high-pass filter for the traces acquired with electrode pair 2. 

As different samples might exhibit varying baseline values, due to differences in the 

conductivity of the solution or variations in the electrode alignment with the fluidic 

structure, the acquired traces were normalized with the signal mean to reduce the influence 

of any of these effects. The location and count of the transient negative peaks in the signal, 

which were evoked by the passage of NTS and recorded with the electrode pair 1, were 

extracted from the filtered data by applying a threshold greater than -0.1 mV. The absolute 

peak-amplitude was then calculated from the raw data to minimize signal distortion caused 

by the filter. To quantify the fluctuations induced by motion of the larvae between electrode 
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pair 2, we calculated the power of the filtered and normalized signal in a 1-3 Hz bandwidth. 

This approach minimizes the effect of readout noise, which is present at higher frequencies, 

while it preserves the signal power that is related to the contraction and expansion of the 

NTS between the electrodes. The calculated power of the measured fluctuations was 

normalized by the number of loaded larvae to be able to compare measurements with a 

different number of NTS in the analysis units.

Results & Discussion

Count and motility measurement

A representative output signal, recorded from a single analysis unit, is shown in Figure 2a. 

The passage of a NTS over the electrode pair 1 induced a transient reduction of the voltage-

converted current between the electrode pair resulting in a peak. Figure 2a-1 shows the 

peaks generated by the passage of five individual NTS through the funnel structure. 

Electrode pair 2 was then selected to record the motility of the NTS. The movement of the 

NTS between the electrodes caused fluctuations in the signal around the mean value (Figure 

2a-2). DMSO was added to the device to detect the difference in the motility signal recorded 

from alive and dead NTS. As the NTS stopped moving, the signal stabilized around the 

mean value, and no further signal variation was detected (Figure 2a-3).

The multiplexing capability of the platform allowed us to record from three analysis units 

simultaneously. Therefore, it was crucial to test that the signal of each analysis unit could be 

reconstructed without cross talk. Figure 2b shows the counting and motility recordings of 

three different analysis units. Analysis unit 1 and 3 were loaded with NTS, whereas analysis 

unit 2 contained only medium. Peaks and motility signals were only detected in analysis 

units 1 and 3 hosting NTS, which indicates that there was no cross talk between the 

chambers as there were no signals detected in unit 2, which did not contain any larvae.

To compare motility recordings from measurements with different numbers of loaded NTS, 

the calculated signal power was normalized by the number of NTS in the respective analysis 

unit. The number of NTS in the sensing region was obtained in an automated way by 

counting the number of peaks recorded with electrode pair 1 prior to the motility 

measurement by using a peak detection algorithm. The normalized signal power of live and 

dead NTS as a function of the number of NTS in the chip is shown in Figure 2c. Signal 

power values of the live (-16.5 ± 3.4 dBµ) and dead NTS (35.8 ± 1.1 dBµ) fall in two narrow 

ranges for different number of worms. The two mean values were significantly different 

from each other (at least 4 times standard deviation), which evidences that a robust and 

accurate estimation of viability can be obtained even by using a small number of NTS. A 

lower limit of 3 NTS in the chip was chosen to reduce the dependence of the motility 

estimation on the behavior of individual larvae.

Impedance-based motility detection

To validate the ability of the platform to detect the status of the NTS in the chip, we 

measured the viability of DMSO-treated and untreated NTS. As described above, DMSO 

affects the viability of the NTS if used at high concentrations. We analyzed two conditions: 

Chawla et al. Page 6

ACS Sens. Author manuscript; available in PMC 2019 May 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(i) NTS incubated for 30 minutes in standard medium with 30 % DMSO; (ii) NTS incubated 

in standard conditions (untreated). Replicate measurements of the NTS for the two test 

conditions were acquired simultaneously in the platform. The impedance signal at lower 

frequencies (< 1 MHz) can be used to extract information on the size of the particles passing 

over the electrodes39. Here, we used the peak height recorded at 48 kHz to estimate the size 

of the NTS under different conditions (Figure 3a). No significant size difference was 

observed for treated and untreated NTS, which was confirmed visually. However, the NTS 

exhibited a large difference in motility under the two conditions (Figure 3b). The movement 

of the larvae between electrode pair 2 in the analysis unit results in fluctuations of the 

impedance signal, which were used to measure the larvae motility. DMSO treatment killed 

the NTS, which therefore did not move anymore so that no signal fluctuations were 

observed. The DMSO treatment resulted in a significant decrease in signal power in 

comparison to the untreated NTS, which confirms the validity of signal power as indicator of 

NTS motility and, consequently, viability.

Impedance – based readouts for drug dose-response assay

We measured the variations in the viability of NTS that were exposed to different 

concentrations of a test compound using our impedance-based readout of size and motility, 

and compared the results to the standard visual-evaluation method. Although praziquantel is 

the most widely administered drug, it is known for moderate efficacy against NTS in 
vitro40. Therefore, mefloquine was selected as a test compound, as this drug has shown 

potent antischistosomal properties, and is a good benchmark to test new screening methods 

owing to its fast activity and good dose-response effect in vitro41. As a control, we 

measured also the viability of untreated NTS and NTS incubated with the highest 

concentration of the drug vehicle, 0.5% DMSO (Figure S4).

Figure 4 shows the relative size of the NTS, as extracted from the impedance measurements, 

and representative microscopic images for comparison after 24 hours and 72 hours of 

incubation with mefloquine. After 24 hours incubation in the presence of mefloquine, NTS 

size, as well as the spread of the NTS size distribution increased, with increasing compound 

concentrations. However, after 72 hours, the NTS showed a similar size for both the lowest 

and the highest drug concentration tested, which indicates a subsequent shrinking of the 

NTS at high drug concentrations. A significant swelling of the NTS was detected for 3.3 and 

6.25 µM mefloquine concentrations after 72 hours as compared to that of a 24 hour 

incubation. The impedance-based size readout correlated well with visual observation, 

shown by the micrographs recorded at 24 and 72 hours (Figure 4c and 4d, respectively), 

which proves that impedance measurements can be used to provide a qualitative 

phenotypical evaluation.

We measured the motility of NTS after incubation with mefloquine to detect NTS viability 

at different time points and as a function of drug concentration (Figure 5a). After 24 hours, 

no signal fluctuations could be detected for the NTS incubated with the highest drug 

concentration (25 µM), indicating that the NTS were no more motile. A high variability in 

signal power was observed between different replicates for 12.5 µM, which indicated that 

NTS viability was reduced and that not all NTS were still alive. The large variability is an 
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effect of the low number of NTS in the analysis unit, so that the signal is highly dependent 

on the individual condition of the loaded NTS. After 72 hours of incubation, a drop in 

motility was observed for all drug concentrations. NTS incubated with 12.5 µM and 25 µM 

showed a very low signal power, which indicates loss of viability. A large reduction (~60%) 

in motility was also detected for the 6.25 µM mefloquine concentration, while, for lower 

concentrations, the signal power indicated still relatively motile NTS.

The current gold standard for assessing drug efficacy is based on visual evaluation of NTS’s 

morphology and motility. The visual scores at 24 and 72 hours are plotted in Figure 5b. The 

visual score was recorded with a higher number of NTS cultured under the same conditions. 

The trends of impedance–based motility scores and visual scores show good correlation for 

both time points.

We used the motility detection values to extract an IC50 value of mefloquine for the two time 

points. IC50 corresponds to the drug concentration at which 50% of the larvae were no more 

viable. A sigmoid fit (shown in black in Figure 5) was used to calculate the IC50 both by 

using the impedance-based evaluations and the visual scores. The IC50 value obtained from 

impedance motility recordings after 24 hours of incubation with the drug was 12.5 ± 0.01 

µM, and decreased to 5.75 ± 0.07 µM after 72 hours. The IC50 values obtained from the 

visual evaluation were 3.46 ± 0.07 µM after 24 hours and 1.94 ± 0.05 µM after 72 hours, 

respectively. Differences in IC50 values obtained by the two methods were expected, as the 

differences in the readout methods are considerable38. Visual scoring also includes 

phenotypical evaluation of the larvae, such as morphology, tegument appearance, and 

opacity of the larvae, as key parameters for the evaluation, so that lower visual viability 

scores can be expected for sub-lethal drug concentrations in comparison to an impedance-

based evaluation, which is solely based on motility. Moreover, the morphology of the NTSs 

changes at higher drug concentration, and it is difficult to detect subtle movements of the 

larvae by eye, which, however, are detectable through an impedance. Upon comparing the 

motility values, obtained from the impedance chip to those obtained through visual scoring 

(Figure S5), we observed that for a number of drug concentrations (12.5 µM, 6.25 µM at 24h 

and 6.25 µM and 3.3 µM at 72 h post drug exposure), we were able to detect fluctuations and 

motility of the NTS, which were missed by the classical visual evaluation method. In all 

these cases, the evaluators gave an unjustified low viability score. Nevertheless, the IC50 

values obtained with the two different methods fall within the same order of magnitude, and 

only a slight increase in IC50 values was obtained by using the motility information alone.

Conclusion

Objective and quantitative methods for monitoring of NTS–stage schistosomes are needed to 

move towards high-throughput approaches for antischistosomal drug screening. In this 

paper, we have shown an integrated microfluidic platform that can be used to assess the 

viability of NTS using an impedance-based analysis method. The use of a microfluidic 

approach reduces the amount of NTS needed for the analysis, as compared to viability 

detection based on fluorescence/luminescence image detection or the standard visual 

evaluation method. The device features simple operation for loading the NTS and to detect 

their viability. Operation of the device is based on a pump-free microfluidic approach, so 
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that the platform can be used with standard laboratory equipment. The impedance-based 

readout enables both an automated counting of loaded parasites, for comparing 

measurements between different analysis units, and subsequent NTS size and motility 

detection. Drug-dose responses of the larvae to different concentrations of mefloquine 

obtained via impedance detection showed good agreement with those obtained by standard 

visual evaluation of NTS, demonstrating that NTS motility could be used as a reliable 

estimator of viability.

Finally, we showed that impedance-based detection can be easily parallelized to increase 

throughput. The multiplexing capability of EIS recordings and the simplicity of the 

experimental setup enable further up-scaling. A higher throughput can be achieved either by 

increasing the number of analysis units on the platform or by stacking multiple platforms, 

which is possible due to the fact that optical access is not required for viability evaluation. 

Moreover, the use of EIS measurements can be extended to continuous monitoring of NTS 

viability, which could provide more insights into the dynamics of action of the drugs under 

evaluation, to allow the selection of fast-acting compounds. The presented platform paves 

the way towards the use of impedance-based detection for objective and automated 

screening of antischistosomal drug candidates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Photograph of the microfluidic platform, which consists of a top PDMS part, aligned and 

bonded to a platinum-patterned glass slide; (b) schematic of the analysis unit marked in (a). 

The unit is composed of two medium reservoirs, separated from the sensing region by pillar 

structures. The sensing region is composed of: a funnel constriction, aligned with an 

electrode pair (electrode pair 1), which allows for the passage of single NTS and is used for 

counting the number of loaded larvae; a larger sensing area, aligned with a second electrode 

pair (electrode pair 2), which is used to measure the collective motility of the NTS. (c) 

Loading and operation of the chip (c1- c4). First, 20 µL of NTS suspension are loaded 

through the inlet with a pipette; 5 µL of medium are removed from medium reservoir 1 to 

generate a hydrostatic pressure and ensure that no NTS are in the sensing area before 

starting the measurement. The platform is then tilted to drive the NTS through the funnel 

constriction for counting and EIS size estimation, and to subsequently measure their motility

Chawla et al. Page 13

ACS Sens. Author manuscript; available in PMC 2019 May 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. 
(a) Magnitude of the output signal after high-pass filtering. First, electrode pair 1 was 

selected and NTS flowing through the channel constriction (denoted by the arrow in a-1) 

induced a transient peak in the trace. Once all the NTS have passed, electrode pair 2 was 

switched on, and the movement of the NTS between the electrodes (a-2) caused fluctuations 

in the recorded signal. After addition of DMSO, the NTS died and stopped moving (a-3), 

and a flat line was recorded. (b) Signal recordings from three different analysis units in 

parallel. Analysis units 1 and 3 were loaded with NTS, while only medium was present in 

analysis unit 2. No crosstalk was observed between the analysis units. (c) Signal power in a 

1-3 Hz bandwidth as a function of the number of NTS between the electrodes. The x-axis 

displays number of larvae used in each measurement. To compare the measurements, the 

signal power was normalized to the respective number of NTS in the analysis unit. The 

dotted line indicates the mean value of the signal power for alive (green) and dead (red) 

NTS. The shaded areas show the standard deviation. The signal power for live and dead NTS 

falls within narrow ranges and were significantly different (at least 4 times SD) from each 

other.
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Figure 3. 
(a) Normalized absolute amplitude of the peaks, generated by the passage of the NTS 

through the funnel constriction, of untreated and DMSO-treated NTS. The number of NTS 

was nuntreated = 35 in the untreated and ntreated = 13 in the DMSO-treated case. The peaks 

were measured with a 48 kHz carrier signal. No significant increase in size was detected by 

the EIS measurements, as has been confirmed by the micrographs displayed in (c). Scale bar 

50 µm. (b) Normalized signal power, measured at 333 kHz for untreated and DMSO-treated 

NTS. Three replicates were acquired for each condition. Each circle represents a 

measurement of an analysis unit, and the mean is represented by the black line. (c) 

Micrographs of untreated and DMSO-treated NTSs.
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Figure 4. 
(a) EIS-size measurements of NTS, incubated with six different concentrations of 

mefloquine (nuntreated = 26, nDMSO control = 37, n0.78 =22, n1.56 = 32, n3.3 = 47, n6.25 = 23, 

n12.5= 15, n25 = 21) after 24 h. The size increased with increasing drug concentration. (b) 

Impedance-based size detection of NTS (nuntreated = 42, nDMSO control = 29, n0.78 =25, n1.56 

= 23, n3.3 = 22, n6.25 = 20, n12.5= 11, n25 = 8) after 72 h of incubation. A drastic increase in 

NTS size for 6.25 µM of mefloquine was detected. As controls, also NTS incubated in pure 

medium and 0.5% DMSO were measured. (c),(d) – Micrographs of NTS after 24 h and 72 h 

of incubation with different concentrations of mefloquine and the DMSO control. Scale bar 

50 µm.
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Figure 5. 
(a) Signal power recorded from NTS incubated with different concentrations of mefloquine 

(0.78, 1.56, 3.3, 6.25, 12.5, 25 µM), for 24 h and 72 hours. Each circle represents a 

measurement of an analysis unit. The total numbers of samples that have been used for each 

concentration are given in the caption of figure 4. (b). Visual score evaluation of NTS (n = 

200), incubated with mefloquine for 24 hours and 72 hours. A sigmoidal fit (in black) was 

used to calculate the IC50 values for the impedance-based evaluation and for the standard 

evaluation of NTS viability.
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