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1 Introduction

Microfluidic platform for automatic quantification
of malaria parasite invasion under physiological
flow conditions

*abS Morten Kals,? Viola Introini,?*® Boyko Vodenicharski,”
*3 and Pietro Cicuta @*°

Emma Kals,
Jurij Kotar,? Julian C. Rayner

Understanding the impact of forces generated by blood flow on biological processes in the circulatory
system, such as the invasion of human red blood cells by malaria parasites, is currently limited by the lack
of experimental systems that integrate them. Recent systematic quantification of the growth of
Plasmodium falciparum, the species that causes the majority of malaria mortality, under a range of shaking
conditions has shown that parasite invasion of erythrocytes is affected by the shear stress to which the
interacting P. falciparum merozoites and their target red blood cells are exposed. Blood flow could similarly
impact shear stress and therefore invasion in vivo, but there is currently no method to test the impact of
flow-induced forces on parasite invasion. We have developed a microfluidic device with four channels,
each with dimensions similar to those of a post-capillary venule, but with different flow velocities. Highly
synchronised P. falciparum parasites are injected into the device, and parasite egress and invasion rates are
quantified using newly developed custom video analysis, which fully automates cell type identification and
trajectory tracking. The device was tested with both wild-type P. falciparum lines and lines in which genes
encoding proteins involved in parasite invasion had been deleted. Deletion of erythrocyte binding antigen
175 (PfEBA175) has a significant impact on invasion under flow, but not in static culture. These findings
establish for the first time that flow conditions can critically affect parasite invasion in a genotype-
dependent manner. The method can be applied to other biological processes affected by fluid motion,
such as cell adhesion, migration, and mechanotransduction.

capillaries and post-capillary venules in the organs of
patients with severe malaria.> This points to egress

Malaria is a devastating disease responsible for over 600 000
deaths annually, with the majority of deaths caused by
Plasmodium falciparum infections." The blood stage of the
parasite's life cycle, which causes all the clinical symptoms of
the disease, involves parasites invading erythrocytes to form
ring stage parasites. The rings develop into schizonts over the
subsequent 48 hours, as the parasites develop and multiply
inside the erythrocytes. The schizonts then egress, releasing
individual parasites known as merozoites that go on to invade
new erythrocytes and form new rings.>* The whole process of
egress and invasion typically occurs in less than a minute.*
There is no direct evidence of where P. falciparum invasion
occurs in the vasculature. However, postmortem analysis has
shown a high level of attachment of infected erythrocytes to
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predominantly occurring in the microvasculature, and the
subsequent invasion occurring both there and in the post-
capillary vessels. However, a merozoite could travel from the
narrowest capillary to a large vein within the one-minute
invasion window. More recent investigations have also
provided evidence that other key sites of invasion are the
bone marrow® and the spleen.””

Fluid flow is present in all these environments. Post-
capillary vessels have dimensions of roughly 10-40 pm and
flow velocities of 0.2-2 mm s ™%, and the venules that follow have
dimensions of 0.1-20 mm and flow velocities of 2-8 mm s,
based on human measurements in the conjunctival pre-
capillary arterioles of the eye'® and in human fingers."
This fluid flow generates shear forces that could impact the
interaction between merozoites and red blood cells and,
therefore, affect invasion.

Despite invasion occurring under dynamic flow conditions
in vivo, most parasite growth and invasion assays are
conducted in static in vitro conditions, with blood sedimented
to the bottom of tissue culture flasks or plates. It has been

This journal is © The Royal Society of Chemistry 2026
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shown that fluid flow generated by culture on an orbital shaker
can both enhance growth rates'>™"” or reduce growth rates.®
In our recent study, we found that at shear forces comparable
to those measured previously in the microvasculature, growth
was reduced across wild-type lines, with the magnitude of the
effect greater in lines missing key proteins known to be
involved in the early steps of erythrocyte attachment.'® Growth
plates on orbital shakers are, however, not good mimics of
in vitro flow conditions, as they generate bulk swirling rather
than vessel-like wall shear stress.>’

Many microfluidic devices have been developed to mimic
the conditions of the circulatory system, as reviewed by.*!
Microfluidic devices have also been built to explore other
aspects of malaria biology, such as infected erythrocyte
deformability,**>* sorting of infected erythrocytes from non-
infected®?® and investigating the cytoadhesion of infected
erythrocytes to endothelial proteins or cells.”’>° However, no
microfluidic device has been developed to follow malaria
invasion under flow conditions.

We have developed a microfluidic setup that allows the
invasion of P. falciparum into human erythrocytes to be
tracked under controlled flow conditions. We tightly
synchronise our P. falciparum parasites before loading the
device so that most schizonts egress within a few minutes,
resulting in egress and invasion occurring as the sample
flows through parallel microfluidic channels under controlled
flow. We also developed an image analysis pipeline that
enables the automated identification and tracking of
different cell types, allowing us to quantify the invasion rate.

Using this platform, we explored how physiologically
relevant flow influences parasite invasion. Our experiments

Imaging region
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revealed that while the invasion phenotype of wild-type
parasites is not impacted by the range of flow rates
investigated, disruption of one invasion ligand, PfEBA175,
but not another, PfRH4, can reduce invasion under higher
flow rates. The uncovering of a novel flow-based phenotype
highlights the value of this microfluidics-based assay for
investigating parasite-host interactions under controlled flow
conditions.

2 Results

2.1 Design of parallel-flow microfluidic device for erythrocyte
invasion assay

The PDMS microfluidic device we developed comprises four
parallel channels, which can each be set to have a different
flow rate; the design is illustrated in Fig. 1. The chip has two
inlets, one for loading and one for driving the flow from a
piezoelectric disc pump. The pump maintains a constant
inlet pressure using a feedback controller, set to a 190-240
m. The inlet then branches into four parallel channels with
identical dimensions. Each channel is 6.7 um high and 27.7
m long. To allow us to observe egress and invasion in the
channel, at least a 10 min time window is required, which
limits the maximum flow velocity to 460 um s, The channel
depth of 6.7 um ensures that there is a single layer of
erythrocytes, which is necessary to allow automated detection
of erythrocytes in brightfield. Channels deeper than 6.7 um
were tested but resulted in out-of-focus erythrocytes and
multiple layers of erythrocytes, which hindered automated
cell tracking, Fig. S1. Each channel has an outlet connected
to a vertical water column of varying height, which generates

Outlets

Different height
water columns

a Channel design
Inlets
f Channel dimensions:
Alignment “Depth 6.7 ym
markers - Width 100 pm
- Length 27.7 cm
b
Clamp
Loading inlet =65
Pump inlet =

PDMS device bound to glass slide

Fig. 1 A PDMS chip has been designed to enable parallel measurements of cells flowing in four different wall shear profiles. (a) Shows the 2D
channel design, which is printed onto photoresist on a silicon wafer with a height of 6.7 um. This is then cast in PDMS to create the chip. (b)
Shows how the tubing is attached to the PDMS devices. One inlet allows loading, and the other is connected to a pressure pump that drives the
flow. There are clamps on the inlet tubing to control which is connected to the device. The inlet channel branches into four channels that snake
back and forth, each with its own outlet. Each outlet is connected to a water column of different heights that generates backpressure, with the
result that each channel has a different flow velocity. There are valves on the water columns that can block the channels and allow rapid

homogeneous loading of all the channels.

This journal is © The Royal Society of Chemistry 2026
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different backpressures and results in a distinct flow velocity,
different
simultaneously in the same chip run. There are valves on the
water column which are set to block the water column when
loading, ensuring rapid loading for all channels. The valves

allowing four velocities to be compared

are then switched after loading to connect the water
columns. The channels are 100 um wide, meaning that all
four channels fit into a single field of view with the 20x
objective. Observations are made at a single point near the
outlet (imaging region), and the same imaging region is
continuously monitored throughout the experiment, Fig. 1a.
In this platform, the experimentally controlled variable is
the velocity of cells in each channel, quantified directly by
particle tracking in the imaging region, Fig. S8. Quantities
such as wall shear stress and hydrodynamic force are not
measured directly but are inferred from the measured
velocity using a
geometry, as outlined in Section S1. Because shear forces vary
spatially across the cross-section of the channel, we report

laminar-flow model for the channel

[V

Channel loaded with blood mixed with
compound 2 treated schizonts

Schizonts start egressing after
about 5 minutes

View Article Online

Lab on a Chip

inferred values as maximum shear stress rather than as
precise shear stresses experienced by every cell.

2.2 Tight synchronisation of P. falciparum parasites ensures
a high invasion rate in flow

To facilitate a high invasion rate within a short window of
time, the parasites were highly synchronised through multiple
developmental cycles (see section 5 Materials and methods),
then treated with compound 2 for 3-5.5 hours. Compound 2
is a P. falciparum protein kinase G inhibitor which blocks
schizont egress, resulting in the accumulation of highly
mature schizonts pre-egress.’® Once compound 2 is removed,
the parasites will egress approximately 15 minutes later. As
washing, transfer to the microscope, and loading take around
10 minutes, the schizonts typically start egressing within 5
minutes of the channels being loaded. This protocol ensures
that the majority of parasites are at the same very late
schizont stage when loaded into the device and will start

Released merozoites go on to invade
erythrocytes to give rings
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Fig. 2 Experiment design. (a) Cartoon to show how the different cell types are identified throughout the experiment in our imaging region, which
is close to the outlet. The experiment starts when the sample is injected into the channel. To begin with, throughout the channel, only
erythrocytes (green circles) and schizonts (blue squares) are present. Then, after ~5 minutes, the schizonts start to egress throughout the channel,
releasing the merozoites (red circles). By the end of the video, some of the released merozoites have invaded erythrocytes and formed rings
(yellow squares). (b) Trends of the predicted changes in the four different cell types, and cell debris. Invasion rates are determined by looking at
the change in cell count between time window 1 (W1), highlighted in pink shading, and time window 2 (W2) in blue shading. A vertical line
represents the time point at which cells that started at the inlet port at time zero pass through the imaging field of view, the position of which is
determined by integrating the flow velocity of the cells in each channel. No data is used after this time point, as any invasion that occurs after this
line could have occurred before the cells entered the microfluidic channel.

2252 | Lab Chip, 2026, 26, 2250-2265 This journal is © The Royal Society of Chemistry 2026
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egressing quickly once loaded. This maximises the number
of invasion events observed during each experimental run,
and allows a well-defined timeline in the analysis.

2.3 Automated cell identification and tracking

The channels are imaged at a single imaging field of view
close to the outlet, referred to as the imaging region,
Fig. 1a. The sample is initially homogeneous throughout
the device; therefore, the cell counts in the first few
minutes, before egress, will be the same in all channels.
The parasites then begin to egress and invade, as they flow
through the device, Fig. 2a. The flow rate determines how
long it takes for cells that would have been in the inlet at
the start of the experiment to reach the imaging region.
That time interval is the longest that we include in our
analysis, thus ensuring that all the invasions measured will
have occurred in the channel under the measured steady
flow rate.

Brightfield

Sybr Green Brightfield

Combined

Merozoite Merozoite

Sybr Green DNA dye

Schizont
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In order to quantify invasion, we have automated the
process of cell type identification and velocity tracking.
Videos of the channels are recorded in both brightfield and
fluorescence. Automated detection was set up to identify
erythrocytes, schizonts, merozoites, rings, and cell debris.
Cells are tracked as they pass through the 224 um of the
imaging region. Erythrocytes were detected using brightfield
images based on cell size and shape, while parasite stages
were stained with the DNA dye SYBR Green, which labels
parasite nuclei but not erythrocytes, as they are anucleate.
Schizonts were distinguished from rings and merozoites by
their large, bright fluorescent signal, reflecting the multiple
parasites and therefore multiple copies of genomic DNA
(gDNA) they contain. In contrast, rings and merozoites each
contain a single copy of gDNA and therefore exhibit weaker,
dimmer fluorescence. Examples of the different cell types are
shown in Fig. 3. To distinguish rings (parasites that have
invaded a new erythrocyte) from free merozoites that happen
to visually overlap with an erythrocyte as they are both

Combined

Merozoite stuck Merozoite

on outside (debris)

Fig. 3 Examples of brightfield and fluorescent images with annotated cell classification. Infected erythrocytes stained with SYBR Green at a
concentration of 1 in 5000 for 45 minutes. Brightfield and fluorescent images are captured sequentially, making the moving cells appear slightly
offset. Callouts a, b, e, and f show one ring each, meaning that when the erythrocytes are followed across the channel, the fluorescent signal stays
with them. b Shows a merozoite above an erythrocyte, but the fluorescent signal does not follow the erythrocyte over time, indicating this is not a
ring and underlining the importance of tracking the species over time for correct classification. ¢ Shows an example of a schizont, with a much
stronger fluorescent signal. d Shows an example of a merozoite stuck on the outside of an erythrocyte, which is classified as debris.

This journal is © The Royal Society of Chemistry 2026
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carried along by flow, we scored rings only where an
erythrocyte had a weak fluorescent signal that travelled with
it across the entire imaging window. Sometimes, when
schizonts rupture, in addition to free merozoites, a clump of
merozoites or other membrane debris is released. We
therefore quantified an additional category, called ‘cell
debris’ (fluorescent material of intermediate intensity), to
ensure that we did not count these clumped parasites, which
are unlikely to successfully invade, as either schizonts or
merozoites.

With this experimental design, we expect to see: (1) an
almost constant population of erythrocytes, since the
number of infected erythrocytes in any parasite culture is
low relative to the overall number of erythrocytes (usually
<5%). However, given the tight synchrony of the starting
parasites, we should expect a (2) drop in the population of
schizonts 5-10 minutes after injection into the devices, as
they mature and rupture after compound 2 has been
removed, and then (3) a subsequent increase in the number
of free merozoites (from a near zero starting population) as
they are released from the egressing schizonts. Finally, (4)
as the released merozoites invade erythrocytes, the
population of rings should increase slightly later than when
merozoites first appear, Fig. 2b.

2.4 Automated tracking was able to identify different cell
types with a high accuracy rate

We carried out at least four biological replicates (each
performed with parasite samples prepared on different days
and with blood from different donors) for each of two wild-
type P. falciparum lines (NF54 and 3D7). We first visually
confirmed that egress had occurred and that released
merozoites invade erythrocytes to produce rings, Fig. S6. We
then assessed tracking accuracy by manually annotating cell
types in selected frames and comparing them to the
automated analysis, which demonstrated a high level of
accuracy (Table 1). Fig. 1 shows the overall accuracy based on
manually labelled images from four experiments and three
time points (1, 5 and 8 minutes after invasion). For each
sample frame, the number of erythrocytes, merozoites, rings,
schizonts and cell debris present in each channel was
manually counted. This was then compared to the mean cell
counts per channel reported by the automated analysis at the
timestamp of that frame. The error rate is calculated as the
difference between the manual and automated cell counts
divided by the manual cell count. If both counts are zero, the
error is set to zero. If the manual count for a cell type was
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zero, the error for that repeat was excluded from the average.
See Table S1 for the full list of error rates.

Next, we explored how the population of each cell type
changed over time for each channel. An example is shown in
Fig. 4, with similar plots for the remaining experiments in
Fig. S7. Broadly, the populations changed as expected
(Fig. 2b), with an initial reduction in schizonts followed by
an increase in merozoites and rings, confirming that the
automated cell tracking method was detecting the sequential
biological steps of schizont rupture, merozoite egress and
invasion. Tracking the average speed of all erythrocytes
across channels confirmed that the backpressure approach
resulted in different flow velocities, Fig. S8. Repeat 2 of NF54
for example has flow velocities ranging from 35 um s™' in
channel 1 to 320 um s™* in channel 4. Fig. S8 confirms that
the flow velocities of the different cell types are also highly
consistent, indicating that the size or other properties of the
cells do not generally affect their speed. There are some
notable exceptions, where cells, most often merozoites,
become adhered to the glass coverslip for either very short or
longer durations, resulting in a temporary drop in the
recorded speed for that cell category.

2.5 Invasion efficiency was quantified by calculating the
proportion of rings

The invasion rate can be calculated by measuring the relative
change in the proportion of rings in the imaging region
between two time windows: an early window 1 (W1), which
provides the cell count just after loading and before schizonts
begin to egress, and a later window 2 (W2), which provides
the cell count after the bulk of successful invasion events
have occurred. The default settings for W1 were between 0.5
and 3 minutes after the start of the experiment, and W2 was
between 8 and 15 minutes. Window 1 is started after at least
30 seconds to allow the system to stabilise, and the flow
velocities to settle after the experiment is started. The end of
W1 and the beginning of W2 were chosen based on
observations of the video files and cell count traces over time,
and the selection of points where the transition from pre-
egress to post-invasion occurred. The timing of egress is
fairly consistent, as it is determined by the time since
compound 2 was removed. The end of W2 was set to 15 min
as default, but was adjusted on a channel by channel basis to
a) consider the flow velocity to ensure only parasites that
were in the device at the beginning of the experiment are
included, b) not include any significant changes in
haematocrit and c) last for longer if the flow velocity is very

Table 1 Average error rates comparing manual and automated counts at a given time point. Time points after 1, 5 and 8 minutes of invasion. The error
rates were calculated by comparing frames in which the different cell types were manually counted to the counts for the same frames that were

determined using the automated analysis code

Parameter Erythrocytes Schizonts Merozoites Rings Cell debris
Error rate 16% 34% 4% 14% 51%
Total counted 2322 57 247 150 15

2254 | [ab Chip, 2026, 26, 2250-2265

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00748h

Open Access Article. Published on 11 March 2026. Downloaded on 4/17/2026 12:32:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Lab on a Chip Paper
Erythrocytes O Merozoites Schizonts ? Debris
34
80 |
§ 60 4 § 2 |
Channel1 o | W1 w2 i ©
100 um/s @ i @1
© 20 /. o
200 { 4
= 150 E 34
Channel2 3 / ;i 3,
© 100 4 i 024
204 ym/s = =
[0] / 0]
O 50 /| O 14
0 ) = = - 3 - . : 0 ‘/\I‘./\.
200 | i S
£ 150+ E 34
Channel3 3 100 82l
256 um/s 3 =
O 50 /| O 14
150 4 31
€ €
b 3 g 2]
Channel4 3 100+ 3
36Tum/s >
) o

T T T

0 5 10 15 20 25 30
Time (min)

. ‘/\ /' b
0 . : : . . . 0
10 15 20 25 30

Time (min)

Fig. 4 Example from a single experiment of tracking the populations of cells in each of the four channels. The data shown is for a single
experiment run with the wild-type line NF54. Cell count refers to the number of cells we count in our field of view for a given channel at a given
point in time, averaged over a 30 s interval. This averages all the cells that are tracked as they flow through the imaging window in the 30 s
window. The graphs on the right show the same data as on the left but for a smaller cell count range, to visualise what happens with the schizont
and cell debris populations where there are many fewer individual cells. The different colours show the different cell types: green is erythrocytes,
red is merozoites, yellow is rings, blue is schizonts, and pink is debris. The time windows are highlighted with window 1 (W1) highlighted in pink
shading and window 2 (W2) in blue shading. The windows are used to quantify the change in cell populations. A vertical dashed line is added at
the time point where cells that were at the inlet port at time zero pass through the imaging field of view, the position of which is determined by
the flow velocity of cells in the channel. No data after the dashed line is analysed. Blood settles in the inlet after loading, causing a wave of higher
erythrocyte density to reach the imaging window. However, as this blood is in the inlet at the start of the experiment, it is always after the cut-off
point (dashed line) at which we stop using the data for a channel, and so it does not affect the results. The velocities shown for each channel
represent the mean velocity of all the cells tracked within that channel.

low and the cell counts are stable to improve statistical
accuracy. By adjusting the time window based on the flow
velocity and channel length, we ensure that only egress and
invasion that occur under flow in the channel are considered,
and not events that occurred in the inlet before they are
exposed to flow conditions.

The change in cell count for each cell type can then be
calculated by subtracting the mean count in window 2 Cy,
from the mean count in window 1 Cy; namely AC = Cyy, — Cy;.
For example, we compute the proportion of rings as:

ARings

Proportion rings = — ;
P g ARIngs + AMerozoites

(1)
Proportion of rings was the main metric we used to

measure the invasion rate; it effectively captures the number
of egressed merozoites that have successfully invaded

This journal is © The Royal Society of Chemistry 2026

erythrocytes. For all experiments we also calculated invasion
per schizont as invasions per schizont = —~ARings/ASchizonts,
but we found this metric had a low signal to noise ratio due to
the small number of schizonts present in each experiment
(often less than one visible in the field of view at any point in
time, as opposed to tens of rings and merozoites in window 2).

2.6 Invasion efficiency for 3D7 and NF54 shows no
significant difference under flow

We assessed the invasion of wild-type lines NF54 and 3D7
under different flow velocities. The NF54 strain is most likely
of West African origin,*" and 3D7 is a clone of NF54 (ref. 31)
that has been cultured independently for 30 years and, while
being genetically very similar,®®> has multiple diverged
phenotypes.*™> As each run resulted in slightly different

Lab Chip, 2026, 26, 2250-2265 | 2255


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00748h

Open Access Article. Published on 11 March 2026. Downloaded on 4/17/2026 12:32:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

flow velocities, we grouped the data into low (27-150 um s '),
medium (150-300 um s ') and high (300-410 pm s™') flow
rates. Scatter plots are also shown in Fig. S9. Across the flow
velocities tested, there was no significant difference between
the lines for any of the flow ranges. There was also no
significant difference in the proportion rings at any flow
range between the two strains, Fig. 5a.

2.7 Invasion rate is dependent on haematocrit

Next, we assessed whether invasion was impacted by other
factors such as haematocrit, initial parasitaemia, average flow
velocity, invasion per schizont, proportion rings and the
egress rate, see Fig. S9. We found the most noteworthy
relationship to be a positive correlation between haematocrit
(erythrocyte density) and invasion rate, Fig. 5b. Experiments
were run with the sample loaded at 10% or 15% haematocrit,
but the resultant haematocrit was measured to be between 1-
6%, and even between channels of the same device, the
measured haematocrit varied. We are not sure of the cause of
this variation, but it may be due to variability in the efficiency
of blood entering the narrow channels. The haematocrit
within a given channel was consistent from the start of time
window 1 to the end of time window 2, varying by 11 + 6%
(min of 3.9% and max of 32%) across all experiments.
Haematocrit in the imaging region increases just before cells
that were at the inlet port at time zero pass through the
imaging field of view, as erythrocytes that had sedimented in
the inlet reach the imaging field. This, however, was never
included in the analysis as time window 2 was always set

View Article Online
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before this increase. For the wild-type lines, the correlation
between haematocrit and proportion rings was weaker for
NF54 (slope = 3.3 and R* = 0.17) and stronger for 3D7 (slope
= 7.2 and R® = 0.82). This correlation is not unexpected
because the higher the haematocrit, the greater the
probability of a merozoite colliding with an erythrocyte while
it is still invasion-competent. No correlation was seen
between haematocrit and flow velocity, Fig. 5c, suggesting
that density of erythrocytes does not impact flow. This scatter
also indicates that the relationships presented in Fig. 5a are
not just a side effect of systematic variations in haematocrit.

2.8 A P. falciparum strain lacking the PfEBA175 invasion
ligand invades less efficiently under higher flow rates

We had previously observed that conditions of high wall
shear stress, created by orbital shaking, cause a greater
reduction in growth in several genetically modified P.
falciparum lines in which members of the PfEBA and PfRH
invasion ligand family had been individually deleted.”
Critically, as reported by both us and others, under static
conditions these lines grow at the same rate as the wild-type
line they are derived from ref. 36-42; the invasion defect is
only revealed when shear stress is added,'® presumably
increasing the forces that oppose merozoites and erythrocytes
making productive cell-cell contacts. To explore whether flow
conditions could have the same effect, we tested two of these
lines using our microfluidic flow approach: APfRH4, in which
we had previously seen a weaker effect of shaking on
invasion, and APfEBA175, which had the largest reduction in

a m 3D7 I NF54 b # 3D7 # NF54 [+ # 3D7 # NF54
»
60 60 [] I $
4001 4 § . .l
g 50 A g E - -
5 . ¢ 5
c 401 2 =0 = * x .
£ £ =
c c k3] . *
o 4 o o *
= 30 b= = * s .
5 5 £ 2001 _— *
] s 2 .
2 20 . 2 o
o o i 8
100 A *e
10 1 10 A * -
: ; : 01— - : . ; ; 01— ; ; , . -
27 -150 150 - 300 300 - 410 1 2 3 4 5 6 1 2 3 4 5 6
0.03-0.2 02-04 04-0.5 Haematocrit (%) Haematocrit (%)

Flow velocity (um/s)
Estimated max shear stress (Pa)

Fig. 5 There is no significant difference in invasion with flow velocity but a positive correlation between invasion rate and haematocrit for
wild-type lines NF54 and 3D7. The data shown is for wild-type lines of NF54 and 3D7. (a) Boxplot showing how invasion rate, measured as the
proportion of erythrocytes that have invaded to form rings (proportion rings), is affected by flow velocity. Flow velocity was binned to low (27-
150 pm s73), medium (150-300 um s™) and high (300-410 um s™). Each data point represents one channel in one experiment run, with three to
eight points per condition. None of the groups showed statistically significant differences as determined by t-tests performed at the 5%
significance level (p < 0.05). The estimated maximum shear stress present in the microfluidic channels at each flow velocity (calculated in
Section S1) is provided for reference. (b) A scatterplot of proportion rings vs. blood haematocrit is shown. Haematocrit is measured based on
the number of erythrocytes observed and the volume of the observed channel. Each data point represents data from one channel and one
experiment, with error bars in x and y representing standard deviation. Least squares linear regression is shown with slope m and coefficient of
determination R? shown for each strain. (c) The scatterplot of flow velocity vs. haematocrit shows how these are independent variables in our
experimental setup with no apparent correlation.
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growth under shaking.' The invasion efficiency of APfRH4
was not significantly different between low, medium and
high flow velocities, just like the wild-type strain from which
it was generated, NF54. By contrast, while APfEBA175
invasion was not significantly different to the other lines at a
low flow velocity, it was significantly reduced at both medium
and high flow velocities, with the proportion of ring-stage
parasites reduced more than 2-fold relative to wild-type at the
highest flow rate. APfEBA175 also showed a significantly
lower invasion rate relative to itself at low flow velocities
compared to medium and high flow velocities, Fig. 6. This
indicates that the invasion of lines lacking PfEBA175 is more
impacted by flow conditions in the 150-410 um s™* range
than PfRH4, suggesting that PfEBA175 plays a particularly
critical role in merozoite-erythrocyte adhesion under
physiological flow conditions. As for the wild-type lines, there
is a positive correlation between haematocrit and invasion
rate, Fig. S10a. Again, there was no correlation between
haematocrit and flow velocity, Fig. S10b.

2.9 Flow rate does not impact contact probability between
merozoites and erythrocytes

Finally, we explored whether the changes in invasion rates
observed under different flow conditions for APfEBA175
could be explained by changes in the contact probability
between merozoites and erythrocytes. Across all experiments,
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Flow velocity (um/s)
Estimated max shear stress (Pa)

Fig. 6 Increasing flow velocity significantly reduces the invasion rate
of APfEBA175. APfEBA175 and APfRH4 lines are constructed in the
NF54 background. Boxplot showing how invasion rate, measured as
the proportion of erythrocytes that have invaded to form rings
(proportion rings), is affected by flow velocity. Flow velocity was
binned to low (27-150 pm s%), medium (150-300 pm s™) and high
(300-410 um s™) with estimated max shear forces generated by this
flow included. The significance lines indicate statistically significant
differences between groups, as determined by t-tests performed at the
5% significance level (p < 0.05). Each data point represents one
channel in one experiment run, with three to eight points per
condition. The estimated maximum shear stress present in the
microfluidic channels at each flow velocity is calculated in Section S1.
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there was generally little difference between the mean
velocities of red blood cells (RBCs; here defined as
erythrocytes, schizonts, and rings) and merozoites in a given
channel, Fig. 7a. We next quantified, for each channel, the
proportion of merozoites that contacted an RBC within the
imaging region. Merozoites that contacted RBCs tended to
have a slightly lower mean velocity than the overall merozoite
population, Fig. 7b. This is consistent with the idea that
merozoites moving more slowly, for example, near channel
walls, have more opportunity to encounter RBCs. However,
when we compared the proportion of merozoites that
contacted RBCs to the mean merozoite velocity across the full
range of flow conditions tested (27-410 um s '), we did not
observe any correlation, Fig. 7c. These findings show that
flow rate does not modulate the likelihood of merozoite-
erythrocyte encounters, implying that the flow-dependent
reduction in APfEBA175 arises from the
hydrodynamic forces experienced during attachment rather
than from any reduction in contact opportunities.

invasion

2.10 The hydrodynamic forces experienced by merozoites
during invasion are around 10 pN

We estimated the forces acting on merozoites in Section S1,
where we show that the flow in our device operates at
Reynolds number <1. This places the dynamics firmly in the
creeping-flow (Stokes flow) regime, in which inertial forces
are negligible and viscous forces dominate. We then
estimated the hydrodynamic load on a merozoite by
calculating both the shear stress acting on its surface and the
Stokes drag experienced in a linear shear field. These
independent approaches yield consistent force estimates of
approximately 10 pN. This value represents the characteristic
load on a merozoite that is attached to an erythrocyte near
the channel wall under the flow conditions used. The forces
experienced by freely moving merozoites will generally be
lower, and transient interactions (for example collisions with
passing RBCs) may generate larger instantaneous forces.

3 Discussion

Our study demonstrates a novel microfluidic assay that
enables direct quantification of P. falciparum invasion under
defined laminar flow conditions that overlap with the lower
end of reported microvascular conditions. The invasion
phenotype of the NF54 and 3D7 wild-type lines and APfRH4
are not affected by these flow conditions, but APfEBA175 has
a clear reduction in invasion efficiency as flow rates increase,
Fig. 5a and 6. This shows how flow and shear can reveal
invasion defects that are missed by static assays. Further
experiments, including greater flow ranges, more replicates
and less variation in haematocrit, would be required to
precisely elucidate the relationship between flow and
invasion without the need for binning.

Our calculations show that, in the 27-410 um s~ range
tested here, the reduction in APfEBA175 invasion efficiency is
likely driven by hydrodynamic forces opposing attachment
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Fig. 7 Flow velocity does not meaningfully impact contact probability in this flow range. (a) Scatterplot showing how merozoites and RBCs
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merozoites contacting RBCs

merozoites contacting RBCs + merozoites not contacting RBCs

rather than changes in contact probability between
erythrocytes and merozoites. We estimate that merozoites are
experiencing up to 10 pN of hydrodynamic load at our
maximum flow velocity of 410 pm s . Previous
measurements using optical tweezers showed that detaching
APfEBA175 merozoites from erythrocytes requires forces in
the range 12-47 pN.*® Because these measurements were
performed after giving the merozoites several seconds to
attach, the force needed to prevent attachment is expected to
be lower. Therefore, a hydrodynamic load on the order of 10
pN opposing attachment provides a consistent explanation
for the reduced invasion efficiency of APfEBA175 at higher
flow rates. Notably, the highest flow rate tested here produces
a shear stress of 0.5 Pa, which is lower than the wall shear
stress (WSS) measured in the human conjunctival capillaries
of 1.5 Pa.'' Therefore, the hydrodynamic force opposing
invasion in vivo could be even stronger than that tested here,
which we speculate could mean that PfEBA175 may be even
more important in maintaining attachment under flow
in vivo. It is also important to note of course that the in vivo
environment will be much more complex than this model,
where the presence of endothelial cells will make flow rates
and shear stress much more heterogeneous, and where flow
will be pulsatile rather than constant. While we believe that
this design is a step towards understanding invasion in vivo,
there is a clear need for caution in interpretation.

This raises the question of why high flow rates only reduced
invasion efficiency in the APfEBA175 line. This outcome is
especially striking, considering that our previous optical-
tweezer measurements showed a significantly lower
detachment force for APfRH4, whereas APfEBA175 did not
differ from the NF54 wild-type background. PfEBA175 binds to
glycophorin A (GYPA),”*** which is the most abundant
glycophorin protein on the surface of erythrocytes with one
million copies per cell.”> PfRH4 binds to complement C3b/C4b

2258 | Lab Chip, 2026, 26, 2250-2265

(c) The proportion of merozoites contacting RBCs (calculated as

) does not depend on flow rate.

receptor 1 (CR1), a type 1 membrane glycoprotein which is
expressed at far lower levels of approximately 50-1200
molecules per erythrocyte.*® This leads us to speculate that
PfEBA175 may play a particularly important role in the
earliest stages of attachment. In its absence, initial contacts
may be weaker and so less able to withstand flow-generated
hydrodynamic forces, leading to reduced invasion despite
normal detachment forces measured after several seconds of
binding. In contrast, PfRH4 may alter binding strength at a
later stage of invasion, thereby affecting measured
detachment force without substantially altering early
attachment under flow.

APfEBA175 being the most affected by flow conditions is
consistent with our previous measurements under high WSS
generated by culturing parasites on an orbital shaking platform.
In those experiments, APfEBA175 had the largest reduction in
growth rate relative to static conditions among all PfEBA and
PfRH knock-out lines tested.'® Fig. 2 and Table 2 summarise the
invasion phenotypes observed in this shaking assay and
compares them with the results presented in this paper. It is
important to emphasise that these assays are very different, so
direct comparisons must be made with caution.

This microfluidic assay has been developed to assess
invasion under physiological flow conditions and is not
intended to replace traditional invasion assays, as it is more
technically challenging and has throughput.
Traditional growth and invasion assays require no specialised
consumables and can be quantified by flow cytometry,
enabling measurements in a 96-well plate format. If a panel
of genes were to be tested for their impact on invasion under
high-shear stress conditions, we envisage screening them
first using a high-throughput growth assay under static and
orbital shaking conditions. Then the lines of interest could
be tested in the microfluidic assay to validate their impact
under more physiological conditions.

lower
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Table 2 Comparing results from this microfluidics assay with our previous growth assay performed on orbital shakers.® All values are reported as mean
+ standard deviation, with flow conditions, estimated max wall shear stress (WSS), and estimated max force experienced by a merozoite during invasion
reported for comparison. Creeping flow is a type of laminar flow where inertial forces are negligible. Invasion rate is defined as the increase in rings
divided by the reduction in schizonts over a 3.5-hour window. See Section S1 for force estimates. Microfluidic flow ranges are low (27-150 3 um s,
medium (150-300 um s™) and high (300-410 pm s™), with estimated WSS and forces based on the average velocity in the range. The shaking and
microfluidics assays were performed concurrently, using samples from the same synchronisation cycles

Proportion rings (%) from microfluidics assay

Invasion rate (ratio) from shaking assay

Strain Low flow Medium flow High flow Static 45 rpm 90 rpm 180 rpm
3D7 40 + 20 33+4 30+10 9+3 12 £ 2 11+£2 17.7 £ 0.2
NF54 50 +10 36+9 34+9 11+4 9+4 6.9+ 0.3 15+2
APfEBA175 3010 16 £ 4 157 8.2 £0.8 10+3 4.0+09 131
APfRH4 40+ 9 30+10 40 + 10 10+ 4 10+ 3 6.5+0.9 19+5
Flow conditions Creeping Creeping Creeping None Laminar Laminar Turbulent
Estimated WSS (Pa) 0.1 0.4 0.5 0 0.63 2.5 Unknown
Estimated force (pN) 1.6 3.4 5.7 0 7.9 31 Unknown

Further development of this assay could address many
other aspects of how flow impacts invasion. Currently, the
maximum possible flow rate of 460 um s™" is limited by the
channel length and the time required for egress and invasion
to occur, which is at the lower end of flow rates in the
microvasculature. In the future, improved bonding between
the glass and PDMS or a change in channel fabrication
methodology could enable longer channels, thereby
facilitating higher flow velocities and shear forces. The use of
differential fluorescent labelling to distinguish multiple blood
types or genetic variants could allow parallel testing, similar
to the concept of grouping different blood types together in
flow cytometry-based invasion assays.”” This would enable
systematic exploration of how different flow velocities affect
the invasion of different red blood cell types, such as
reticulocytes, compared with the mature erythrocytes used
here or erythrocytes from specific blood groups or genetic
backgrounds associated with protection against severe
malaria. There is also considerable scope to modify the
channel design to investigate the impact of a wide range of
vessel geometries on invasion. This could include the
introduction of junctions or constrictions, and channel
diameter could be varied to mimic different vessel
dimensions, especially given that this impacts the movement
of the blood.*”® Sequestration of schizonts could also be
mimicked by introducing pillar-cages into the channel. Late-
stage infected erythrocytes are more rigid than uninfected
erythrocytes,*®° which means that channel restrictions could
be set such that erythrocytes, rings and merozoites could pass
through, but schizonts could not. Finally, the automated
invasion quantification presented here could be combined
with microfluidic devices that more closely recapitulate the
cellular environment, such as those containing epithelial cells
that are currently being used to investigate sequestration.”>*

4 Conclusion

In summary, we establish a microfluidic approach that enables
the direct observation of malaria parasite invasion under flow,
providing insight into how shear influences parasite-host

This journal is © The Royal Society of Chemistry 2026

interactions. Using this system, we show that loss of the
invasion ligand PfEBA175 increases sensitivity to flow, likely
due to changes in hydrodynamic forces opposing attachment
rather than changes in contact frequency. In contrast, wild-
type and APfRH4 strains remain largely unaffected across the
same flow regime. This shows that specific ligands may be
particularly important for invasion under -certain flow
conditions in the bloodstream, a significance that cannot be
captured by observing invasion in static assays alone.

5 Materials and methods

5.1 Parasite culture

P. falciparum strains (either the wild-type NF54, 3D7 or
genetically modified lines APfRH4 or APfEBA175 (ref. 36)) were
cultured in human erythrocytes purchased from NHS Blood
and Transplant, Cambridge, UK under the University of
Cambridge Human Biology Research Ethics Committee,
HBREC.2019.40 and ethical approval from NHS Cambridge
South Research Ethics Committee, 20/EE/0100; the NHS
obtained formal written consent for sample collection. The
culture was kept at 37 °C in a gassed incubator or gassed and
sealed culture container under a low oxygen atmosphere of 1%
0,, 3% CO,, and 96% N, (BOC, Guildford, UK). Cultures were
routinely maintained at a 4% haematocrit in RPMI 1640 media
(Gibco, UK) (routine culture was done using RPMI with phenol
red and imaging was done without phenol red which can cause
fluorescent background) supplemented with 5 g L™ Albumax
I, DEXTROSE ANHYDROUS EP 2 g L', HEPES 5.96 g L™,
sodium bicarbonate EP 0.3 g L' and 0.05 g L™ hypoxanthine
dissolved in 2 M NaOH.

5.2 Sorbitol synchronisation

Sorbitol synchronisation, described by ref. 54, was performed
by pelleting a culture with a large number of ring stage
parasites, removing the supernatant and resuspending the
pellet in ten times the pellet volume of 5% p-sorbitol (Sigma-
Aldrich). This was incubated at 37 °C for 5 minutes, during
which time later-stage parasites (trophozoites and schizonts)
will rupture. The cells are then pelleted by centrifugation and
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then resuspended in RPMI at twenty times the pelleted
volume. The cells were pelleted again and then resuspended
in complete media to give 4% haematocrit.

5.3 Tight synchronisation of parasitised erythrocytes

After the lines were defrosted, they were sorbitol
synchronised in the first cycle when the culture was greater
than 0.5% rings and then delayed at room temperature to
push the egress window into the intended synchronisation
cycle. The parasites were tightly synchronised to a 3-hour
window; before beginning, smears were checked to confirm
the culture was predominantly schizonts with few rings. The
media was removed from the culture, leaving 5 mL into
which the infected blood was resuspended. This is then
layered over 5 mL of 70% Percoll in a 15 mL tube (Percoll
Merck P4937, 10% 10x PBS, 20% RPMI) and centrifuged at
1450 rcf for 11 minutes with brake set to 1 and acceleration
to 3. This results in a band of late-stage parasites at the
Percoll-media interface, which is removed and added to a
flask with media and blood at a 4% haematocrit and
incubated in a gassed incubator at 37 °C for 3 hours. The
Percoll separation was then repeated as above, but this time,
the bottom pellet containing the newly invaded ring stage
parasites was kept. Then, sorbitol synchronisation was
carried out to remove any remaining late-stage parasites that
had not been removed by Percoll separation. This results in
parasites that are all within a 3-hour developmental window,
as they must have invaded new erythrocytes within the 3
hours post Percoll-purification. The parasites were then
resuspended in 80 mL culture at 2.5% haematocrit. Once the
parasitemia was higher than 2% half of the parasites were
kept from each cycle to reinvade, and half were used for
microfluidics. The parasites for microfluidics were delayed
for 28 hours at room temperature so that the imaging could
be done on a different day from the synchronisation.

5.4 Printing of photoresist on silicon wafer

The mould used to cast the channels was created using soft
lithography.”® The positive of the design was first printed on
photoresist film on a silicon wafer. A 11 mm silicon wafer
(P(100) 0-100 cm 500 um SSP, University wafer Inc) was first
washed with acetone and isopropanol and then blow-dried
with a nitrogen gun. The wafer was then placed on a hot
plate for 10 minutes at 200 °C before being left to cool on a
lint-free wipe for 90 s at room temperature. The wafer was
placed on the chuck of the spin coater (Laurell Technologies
Corporation, model WS-650MZ-23NPP8) and 3 mL of SUS8
6005 (A-Gas) was placed into the centre of the wafer and then
spun for 10 s, at 500 rpm acceleration to 100 rpm s ', then
for 30 s at 1900 rpm acceleration to 500 rpm s . The coating
was inspected to ensure an even application, and the process
was repeated if any defects were observed. It was then soft-
baked on a hot plate at 65 °C for 1 min; then the hot plate
was turned up to 110 °C for a further 6 min.
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The pattern of the channel was created using a Durham
Magneto Optics Microwriter ML 3 to cross-link the
photoresist in the area of the channels. A 50 um resolution
was used. Following printing, the wafer was post-exposure
baked on a hot plate at 65 °C for 1 min, 95 °C for 6 min, then
65 °C for 1 min. Next, the unexposed photoresist was washed
away. It was placed in the SU8 developer (PGMEA (propylene
glycol methyl ether acetate)) for 210 s or until the residue was
completely removed and then washed in isopropanol. The
wafer was hard-baked on a hot plate at 200 °C for 5 minutes.
The depth of the channel was then measured using a
profilometer (DektaXT, Bruker), resulting in a channel
thickness of 6-7 pm. The shallow channels ensure a flat layer
of erythrocytes, which facilitates their automated tracking.

5.5 Casting polydimethylsiloxane (PDMS) and assembling
devices

The silicon wafer was placed in a square plastic Petri dish
and visually inspected to check that it was completely free of
dust. Polydimethylsiloxane (PDMS) (Sylgard 184 silicone
elastomer kit) was made up by vigorously mixing the base
with the curing agent (10% of the volume of base). It was
degassed in a vacuum chamber and poured over the wafer.
The PDMS was then cured at 60 °C for 2 hours. As multiple
devices are on a single wafer, the individual devices are next
cut out with a scalpel with roughly 0.5 cm of PDMS around
the channels. The inlet and outlet holes were then punched
using a 0.75 mm hole (Syneo CR0350255N20R4) and a Syneo
punch machine. Debris blocking the narrow channels was a
major issue, Fig. S3, a large source of this was punching the
holes; we found the debris was reduced by cutting holes over
a clean piece of PDMS and washing the devices thoroughly
after holes were punched. The PDMS devices and glass slides
(Academy glass coverslips, 24 x 32 mm, 0.13-0.16 mm thick,
400-03-19) were washed with acetone, isopropanol and then
deionised water, then dried using a nitrogen gun and
placed channel side up in a Petri dish in a 60 °C oven for
10 minutes. The PDMS device is then bonded to the glass
slide using plasma treatment. The clean glass slide and the
PDMS device with the channel side up are placed on the tray
of the plasma cleaner (Harrick Plasma, Plasma Cleaner PDC-
32G and Vacuum Gauge PDC-VCG-2). The chamber was
depressurised to 0.1 with the valve down, and then the
pressure was set to 0.5 with a valve to the right. The plasma
was then activated on high for 30 s. After bonding, the device
was placed for 10 min on a hotplate set to 90 °C and then left
overnight in an oven at 60 °C. This step of heating the device
after bonding was the factor that most significantly improved
our bonding.

5.6 Setup of microfluidics device

Inlet and outlet tubes are connected to the holes in the PDMS
devices using PDMS couplers (20G stainless steel 90 °C bent,
Darwin Microfluidics PN-BEN-20G-100) and Tygon-tubing (ID
0.020 in OD 0.060 in, Cole-Palmer ND-100-80). Clamps were
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added to the two inlet tubes. Loading was done with a Luer
lock syringe needle (23G blunt-end, Darwin Microfluidics AE-
23G-100x). With the pump inlet closed, the channel is
blocked by loading 7.5% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) (Merck A8412) into the
loading inlet, and the device was placed at 37 °C for 30 min.
Complete phenol-red free media was then passed through
the channel.

5.7 Microscopy

A field of view close to the end of the channels was imaged at
37 °C using a custom-built, open-frame inverted microscope
for 40 minutes. The objective used was a 20x air objective
(Plan Apo VC 20x/0.75 DIC N2 OFN25 WD 1.0). Videos were
recorded with alternate frames in brightfield (528 nm) and
fluorescence (470 nm) illumination at 100 frames per second,
using an LED bandpass fluorescent filter cube. The camera
used was a Teledyne FLIR BFS-U3-70S7M-C with a 7.1 MP
Sony IMX428 monochrome image sensor, resulting in an
effective resolution of 0.224 pum pixel. All images were
captured at 3208 x 1000 px, utilising only a portion of the
sensor's rows to achieve higher frame rates.

The flow in the channel is driven by a pressure pump (Disc
pump evaluation kit P1329 020 XPSZ8 TTP Ventus/The Lee
Company). The pressure pump was set to generate 19.2 kPa at
the inlet. The outlet tubes were connected to columns of
water of different heights to generate the backpressure that
leads to different flow velocities in the channels. The column
heights used were 0, 50, 100 and 150 m, with the highest
water column corresponding to 14.7 kPa added backpressure
and thus the slowest flow velocity. The columns were placed
on three-way valves, allowing the removal of the weight of the
water columns when loading the microfluidic device with its
malaria sample, so that all the channels could be loaded at
the same rate.

5.8 Preparation of sample for imaging

The steps for setting up the sample for imaging are
summarised in Fig. S4. The tightly synchronised schizonts
were arrested prior to egress by first isolating late-stage
parasites from the culture using Percoll isolation as described
above and then resuspending them in 20 mL of complete
media with 1 pmol compound 2.>° The samples were kept at
37 °C for a minimum of 3 hours and a maximum of 5.5
hours. This incubation window ensures that the majority of
the parasites are paused in development just before egress.
For each round of imaging, 10 mL of culture was removed
from the flask, pelleted by centrifugation, and 9 mL of media
was removed. The pellet was then resuspended in the
remaining 1 mL of the media, ensuring that compound 2
remained present. Next, SYBR Green (Invitrogen, Paisley, UK)
was added to give a 1-in-5000 dilution and then incubation
was carried out at 37 °C for 30 min. Two DNA dyes were
tested, SYBR Green and Hoechst 33342 and it was shown that
the SYBR Green gave a much brighter signal, Fig. S2. Blood
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was added to give a 10% or 15% haematocrit, and the
parasites were washed twice in 1 mL of complete phenol-red
free media to remove compound 2. Once compound 2 is
removed, merozoites start egressing after roughly 15 min.
The culture was loaded into the channel as quickly as
possible, with washing and loading usually taking about
10 min. The clamp on the input tubing was then closed, and
the clip connected to the pressure pump was opened, with
the pump already started. The valves for the outlet tubing
were then set so that the water columns were connected to
the outlet tubes. The pressure pump was then started, and
once it was confirmed that the cells were flowing as expected,
the camera recording was started and continued for at least
30 min to allow for invasion to occur.

5.9 Image analysis

The videos of the cells passing through the microfluidic
channels were analysed using automated image analysis to
identify the different cell types, and their trajectory across
frames was tracked.

Finding erythrocytes. The first step is to analyse the
brightfield images to detect all erythrocytes. The frames are
pre-processed with a Gaussian blur. Then, we find the
erythrocytes using the Hough circles implementation in
OpenCV,>® which uses gradient information from edges in
the image. The parameters used are: minimum separation =
12 px, parameter 1 = 300, parameter 2 = 12, min radius = 8
px, and max radius = 30 px. This approach is effective, as we
know the erythrocytes have a round shape, and looking for
the contour enables the segmentation of cells that overlap.

Finding schizonts, merozoites, and rings. The fluorescent
frames are next used to detect the parasites (schizonts,
merozoites, and rings) as they are all stained with the SYBR
Green DNA dye. This segmentation was performed using
edge detection. First, the frames are pre-processed with a
Gaussian blur and normalised so each pixel gets values
between 0 and 255. A binary threshold determines all pixels
with intensity above 28 as foreground, and a second Gaussian
blur is applied to filter out spurious pixels and smooth the
outline of true fluorescent signals. In order to filter out any
background fluorescence, the contours are then detected and
filtered to keep only elements with an area greater than 4 px.

Distinguishing schizonts and cell debris from merozoites
and rings. Schizonts contain 26-32 merozoites within a single
erythrocyte,>” resulting in a significantly higher DNA content
compared to a single merozoite or ring. Consequently,
schizonts produce a much brighter fluorescent signal than
merozoites or rings, both in terms of intensity and size.

Cells were classified as merozoites if their intensity per
area fell below all defined linear boundaries for the
merozoite population. Conversely, cells were categorised as
schizonts if their intensity per area exceeded all defined
linear boundaries for the schizont population. Any cells that
did not satisfy the criteria for either category were classified
as debris. The boundaries were manually selected to optimise
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the separation of rings and schizonts from debris, based on
human-labelled datasets, Fig. S5.

Distinguishing merozoites from rings. Distinguishing free
merozoites from rings is challenging due to their similar
fluorescent profiles, making classification based solely on
fluorescent images unreliable. To address this, we leveraged
the fact that the fluorescent signal of a ring is located within
an erythrocyte. However, this approach is complicated by the
frequent movement of merozoites near, above, or below
erythrocytes within the channels, which can lead to
misclassification. To overcome this, we wused Trackpy's
NearestVelocityPredict®” feature to link segmented masks
into cell trajectories. For classification, any erythrocyte and
merozoite that remained within their combined radius for
the entire duration of their tracked trajectories (and for at
least 40 ms) were considered “matched” and reclassified as
rings.
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