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Cells across biological kingdoms release extracellular vesi-
cles (EVs) as a means of communication with other cells, be
their friends or foes. This is indeed true for the intracellular
malaria parasite Plasmodium falciparum (Pf), which utilizes
EVs to transport bioactive molecules to various human host
systems. Yet, the study of this mode of communication in
malaria research is currently constrained due to limitations in
high-resolution tools and the absence of commercial anti-
bodies. Here, we demonstrate the power of an advanced spec-
tral flow cytometry approach to robustly detect secreted EVs,
isolated from Pf-infected red blood cells. By labeling both EV
membrane lipids and the DNA cargo within (non-antibody
staining approach), we were able to detect a subpopulation of
parasitic-derived EVs enriched in DNA. Furthermore, we could
quantitatively measure the DNA-carrying EVs isolated from
two distinct blood stages of the parasite: rings and trophozo-
ites. Our findings showcase the potential of spectral flow
cytometry to monitor dynamic changes in nucleic acid cargo
within pathogenic EVs.

Extracellular vesicles (EVs) are membrane-bound organelles
(~50-500 nm) released by living cells across kingdoms (1, 2).
EVs serve as a powerful cell-cell communication mechanism
as they shuttle diverse cargo components between cells (3).
These secreted vesicles mediate interspecies host—pathogen
communication (4-6), including parasitic infections (7—15).

Human parasitic diseases, such as malaria (caused by Plas-
modium parasites), leishmaniasis (Leishmania), or Chagas
disease (Trypanosoma), affect millions of people yearly and
have enormous health and economic impact worldwide (14),
(https://www.who.int/teams/global-malaria-programme/
reports/world-malaria-report-2023, https://www.who.int/
health-topics/neglected-tropical-diseases#tab=tab_1). EV
concentration and content change in response to distinct
physiological and pathological conditions (16), closely reflecting
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the cell or disease states (14, 17, 18). EV-based screening for
disease diagnosis has been proposed as an exciting opportunity
to develop early, noninvasive prediction tools (19-21). One of
the major challenges in EV research, however, is the absence of
efficient, quantitative, high-throughput tools for studying vesicle
heterogeneity, primarily due to the nanoscale size of EVs and
the limitations of current technologies (22—24).

Malaria remains the most severe parasitic disease world-
wide, with nearly 200 million disease cases and ~600,000
deaths annually (https://www.who.int/teams/global-malaria-
programme/reports/world-malaria-report-2023), (25, 26).
The disease is transmitted by the intracellular parasite Plas-
modium, with the Plasmodium falciparum (Pf) species
responsible for the most severe malaria cases (27). Pf parasites
circle between Anopheles mosquitoes and humans, where they
reside and multiply inside the host red blood cells (RBCs) (25,
28). EVs secreted by malaria parasite are crucial mediators of
parasite invasion, growth, immunomodulation, and even host-
vector transmission (15, 29-35). PfEVs are efficient carriers of
coding and noncoding RNAs which activate monocytes
(36—38), NK cells (39), and modify host immune responses for
the benefit of the parasite survival (37). Fascinatingly, Pf EVs
also shuttle DNA cargo (35), activating host DNA cellular
sensors and gene expression (40). Severe cases of human Pf
infections are correlated with highly elevated plasma EVs levels
(41-43) and are declined in response to the malaria treatment
(44), pointing to the promising possibility of establishing PfEV
titers as a diagnostic tool.

Generally, EVs are composed of subpopulations which are
heterogeneous in their nano-sizes, cargo, biophysical proper-
ties, and cellular destinations (9, 22, 29, 45-47). Current EV
characterization is mainly size-driven and based on imaging
approaches to include nanoparticle tracking analysis (NTA
(48)), asymmetric field flow fractionation (AF-4) (29, 49),
atomic force microscopy (AFM) (29, 50), and cryo-
transmission electron microscopy (cryo-TEM (51)). However,
these analytical methods do not distinguish between EV sub-
classes defined by EV specific markers, including EV-cargo
components. Multiple efforts have been employed to develop
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nano-scaled techniques that can detect EV subpopulations (24,
52). Classifying EVs based on their cargo is particularly chal-
lenging in the case of malaria (53). This is due to the lack of
commercially available antibodies against malaria parasite,
imposing the use of generic dyes labeling EVs and/or EV cargo
components (36, 38, 53).

In this study, we utilized the advanced spectral flow
cytometry apparatus (54, 55) to demonstrate not only the
detection of EVs released from Pf-infected RBCs (Pf EVs) but
also the ability to specifically track their DNA cargo. We were
able to double-label the EVs based on their membrane lipid
components and DNA cargo and demonstrate that a sub-
population of the secreted EVs is enriched with DNA. More-
over, using this approach, we demonstrated that the DNA
cargo enrichment is specific to EVs secreted by the early ring-
stage of the parasite, in contrast to EVs secreted during the late
trophozoite stage of malaria infection. Together, these results
indicate that the spectral flow cytometry approach could be
applied for monitoring EV subpopulations, based on their
nucleic cargo.

Results
Detection of Pf-derived EVs using spectral flow cytometry

We aimed to determine whether EVs harvested from Pf-
infected RBCs (Pf EVs) and uninfected naive RBCs (Ui EVs)
could be detected using the advanced Cytek Aurora spectral
flow cytometry system. EV isolation (29) was initially validated
using three independent approaches, NTA measurement,
cryo-TEM, and AFM imaging (Fig. 1). NTA analysis showed
that the isolated Pf EVs were within the expected size range of
80 to 160 nm, with a peak of ~100 nm population (Fig. 1A).
We then employed OptiPrep density gradient (51) for the EV
samples and imaged them by cryo-TEM (51) to confirm the
bilayer membrane EV structure and size (Fig. 1B). Finally, Pf
EVs purified via sucrose cushion (50) were imaged using AFM
(Fig. 1C), which demonstrated round structures with sizes
consistent with the NTA and cryo-TEM analyses.

Having validated the PfEV characteristics, we proceeded to
examine whether the isolated EVs, despite their nano-sizes
could be detected using spectral flow cytometry. In the
initial approach, we applied the scatter light analysis of the
unstained samples in an effort to estimate the relative EV size
(diameters) as well as to differentiate the EVs from the control
PBS sample (background) (56, 57). However, we observed no
difference in the side scatter (SSC) and forward scatter (FSC)
features between the PBS, Ui EV, and PfEV samples (Fig. S1A4).
Increasing the gain of SSC detector to very high value,
although caused improvement in EVs detection above noise,
still did not succeed in detecting smallest EVs that remained in
the noise region (Fig. S4). Therefore, EV samples could not be
differentiated (gated out) based exclusively on their light
scatter characteristics.

Since the light scatter analysis did not allow clear separation
of the EV sample from PBS and the instrument background,
we proceeded to analyze the EV samples based on their fluo-
rescent emission parameters. To address this, we stained the
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membranes of the parasitic EVs using the lipophilic pan-EV
dye R18 (58). The advantage of the R18 dye is that it belongs
to the rhodamine family of dyes which were described to be
photostable and highly fluorescent, enabling staining at low
dye concentrations (58, 59). R18 exhibits self-quenching
properties when present at high, free dye concentrations,
while turning bright fluorescent upon dilution, that is, binding
with membranes via membrane lipid moieties (58, 59). We
first estimated the labeling efficiency based on the fluorescent
signal received from stained PfEV compared to unstained EVs,
serving as a control. We recorded and compared the spectral
signatures of Pf EV samples, which were either unstained or
labeled with R18 pan-EV lipid dye. We detected significant
fluorescent signal in the R18-stained Pf EVs, clearly distinct
from unstained Pf EVs (Fig. 2A4). The peak emission area
registered in R18 was within yellow green (YG) detection
channels and with YG1 as peak channel (wavelengths
567-587, Fig. 2A), corresponding to the known emission
fluorescence ranges of R18 (58). We wused the
unstained control samples to set the gating of the measure-
ment (Fig. 2B). Some background of R18+ signal was detected
in the samples derived from the control of cell-free media
(Fig. S1C). We assumed that the lipophilic R18 dye binds also
lipoproteins present in the lipid-rich albumin-supplemented Pf
media, contributing to the signal background as previously
reported (60, 61).

Upon confirming the ability to detect R18-labeled EVs using
the spectral flow cytometer, we proceeded to measure the R18
labeling efficiency of EVs derived from different samples,
including those from control uninfected (Ui) RBCs and Pf-
infected RBC cultures (Fig. 3A).

Equal concentrations of EVs (Fig. 3B) were loaded into the
spectral flow cytometer, and the efficiency of R18 labeling for
Ui and Pf EV samples was determined (Fig. 3C). We found a
similar level of R18+ signal for Ui and PfEV samples (Fig. 3C).
These data confirmed that indeed the labeling by the R18 lipid
dye is equally efficient for both types of EVs (Ui and Pf EVs).
The use of flow cytometry for EV analysis is known to hold the
risk of swarm detection, where multiple nanoparticles may be
detected as a single event due to the instrument’s detection
limits, potentially resulting in inaccurate particle concentra-
tion measurements (62). To exclude the probability of a swarm
effect during data acquisition (56), we screened serial dilutions
of R18-stained Pf EVs. The serial dilution approach showed
that the number of detected R18-labeled EVs decreased pro-
portionally to the sample dilution factor while the R18-specific
peak fluorescence intensity (YG1-H) did not change across
subsequently diluted R18+ EV samples, indicating that the
data acquisition is performed within the proper EV concen-
tration ranges (Fig. S1E) and the measurements can be per-
formed at a wide range of R18-EV concentrations (Fig. S3).
Labeling the EVs by the R18 resulted in a change in their
scatter light signal (SSC-H/FSC-H), with the SSC-H/FSC-H
profile of the R18-labeled EVs extended beyond the signal
observed in the unstained EVs sample (Fig. S1B vs Fig. S1A4).

As a complementary approach, to validate the data obtained
with R18-stained EVs, we stained the PfEVs with an additional
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Figure 1. Size, concentration, and morphology characterization for EVs derived from PfiRBCs. A, nanoparticle tracking analysis (NTA) measurement of
Pf EV concentration and size distribution. B, representative cryo-transmission electron microscopy (cryo-TEM) images of isolated Pf EVs, with visible lipid
bilayer and size in agreement with measured diameter distribution by NTA (scale bar represents 100 nm). C, atomic force microscopy (AFM) image of Pf EVs
adsorbed on Mg?*-modified mica, along with representative 3D AFM images of single Pf EVs.

membrane-labeling dye, ExoBrite CTB 560. ExoBrite CTB 560
is a fluorescent conjugate of cholera toxin subunit B (CTB),
which binds to GM1 gangliosides, commonly found on the
surface of cells, lipid rafts, and EVs (63, 64). ExoBrite CTB 560
possesses fluorescence spectra similar to R18 (excitation/
emission 560/585) (58).

First, we tested whether the PfEVs labeled with ExoBrite
560 lipid dye could be detected using the spectral flow
cytometer. Indeed, following staining of Pf EVs with Exo-
Brite 560, we recorded the spectral signature of ExoBrite
560-labeled Pf EVs which exposed selective fluorescent
emission within YG detectors and with peak YG1 channel
(Fig. 24), corresponding to the defined emission spectra of
this lipid dye. In search for total ExoBrite 560-labeled EVs
populations, we applied a gating strategy similar to the one
described for R18-labeled EVs where we compared lipid
dye—labeled EVs to the unstained samples. This way, we
defined total pools of ExoBrite 560-labeled EVs in Ui and Pf
EV samples (Fig. 2C) to be referred to in further analysis.
The comparison of unstained and ExoBrite 560-stained
EVs revealed populations of ExoBrite 560-positive Ui EVs
and Pf EVs (Figs. 2C and 4A). However, we detected
approximately 5 to 10% ExoBrite 560-labeled EVs (out of
all EVs loaded) (Fig. 4B), indicating a much lower labeling
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efficiency of this dye as compared to the R18 dye (Fig. 2B).
Negligible fluorescent signal was detected in the control,
lipid dye-only samples (non EVs). Notably, the control
R18-stained PBS sample (Fig. S1C) and the ExoBrite
560-stained PBS sample (Fig. S2A) exhibited very low
fluorescent signals, confirming that free lipid dyes are
efficiently cleared from the samples.

In summary, these results demonstrate that spectral flow
cytometry enables the detection of lipid-labeled EVs with
efficient labeling.

Detection of parasitic EV-DNA cargo using spectral flow
cytometry

Previously it was shown that Pf EVs contain Pf genomic
DNA (35, 40, 53, 65). In order to examine whether the DNA
cargo within Pf EVs could be detected by the spectral flow
cytometry, we used the DNA dye DRAQ5 (66), which was
shown to label EV-DNA (67). EVs harvested from uninfected
RBCs (Ui RBCs) were used as control, since they are lacking
DNA cargo (40).

First, we tested if it is possible to detect fluorescence signal
for Pf EV which were stained with the DRAQ5 dye. Indeed,
DRAQ5-stained Pf EV samples exhibited distinct fluorescent
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Figure 2. Detection of parasitic Pf EVs using spectral flow cytometry. A, representative spectral flow cytometry diagrams (signatures) for unstained Pf
EVs, Pf EVs labeled with membrane lipophilic dyes (R18, ExoBrite 560), and with DNA dye (DRAQ5), all single dye-stained samples. Dashed areas indicate
main fluorescent areas with peak yellow green 1 (YG1, green arrow) detection channel in R18- and ExoBrite 560-labeled samples (for EV membranes) and
peak red channel (R3, red arrow) for DRAQ5-labeled samples (EV DNA cargo). B and C, representative pseudo-color flow cytometry plots of (B) unstained EVs,
EVs labeled by R18 derived from control uninfected RBCs (Ui) and PfEVs (n = 3), and (C) unstained EVs and ExoBrite 560-labeled Ui and Pf EVs (n = 3); dashed
areas indicate R18+ or ExoBrite 560+ labeled EVs gated within peak YG1 detection channel (YG1-H). SSC-H, side scatter height.
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Figure 3. Spectral flow cytometry detection of Pf iRBC-derived EVs enriched with DNA cargo. A, Giemsa staining of uninfected RBCs (Ui) and ring-stage
PfiRBCs (white arrows). B, NTA-analysis of EVs isolated from uninfected RBCs (Ui EVs) and from ring-stage PfiRBCs (Pf EVs, (n = 3). C, average concentrations
of EVs derived from Ui and ring stage Pf RBCs labeled with R18 lipid dye (R18+) using spectral flow cytometry measurement (n = 5). D, representative flow
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detected as double stained R18+DRAQ5+; the data are presented as bar graphs obtained using raw data approach (n = 5). F and G, the results of unmixing
analysis, including (F) representative dot plots derived from spectral flow cytometry analysis of Ui EV and Pf EVs and (G) averaged concentrations + SEM of
Ui EVs and PfEVs detected as double positive R18+DRAQ5+ (n = 5). Symbols: *p < 0.05, **p < 0.01, ns — nonsignificant (unpaired t tests). YG1-H, yellow green
1 main detection channel for R18 labeling lipid membranes, R3-H, red channel 3 for DRAQ5 as of DNA labeling.
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Figure 4. Detection of DNA cargo in Pf EVs. A, representative dot plot diagrams of Ui and Pf EVs costained with the membrane lipid dye (ExoBrite 560) and
a DNA dye (DRAQ5). B, average + SEM percentages of EVs derived from Ui RBCs and Pf-iRBCs positive for ExoBrite 560 signal within total loaded EVs (equal
to 100% in each experiment) detected by spectral flow cytometry. C, average + SEM percentages of Pf EVs and control Ui EVs double positive for ExoBrite
560 (lipid membrane) and DRAQS5 (DNA; n = 3, p values of unpaired t test). D and E, the effects of detergent treatment (TRITON X-100) on double stained Pf

EVs (ExoBrite560+DRAQ5+), including (D) dot plot representatives and (E) the
DRAQ5, before and after the detergent treatment (n = 3, paired t test).

signature with clear emission intensity within red detection
channels (R) and R3 peak channel (688-707 nm; Fig. 2A4),
corresponding to the known emission fluorescence range of
DRAQS5 (66). These data indicated that DNA cargo can be
labeled using spectral flow cytometry.

Since the labeling efficiency of R18-labeled EVs is similar
for EVs derived from Pf-infected RBCs (Pf-iRBCs) and con-
trol Ui RBCs samples (Fig. 3C), we proceeded to compare the

6 . Biol. Chem. (2025) 301(5) 108481

average Pf EV concentrations + SEM, double labeled with ExoBrite 560 and

levels of DNA cargo signal associated with the membrane
labeled EVs. Isolated EVs from both samples were costained
with the DNA dye (DRAQ5) combined with the R18
membrane-lipid dye to ensure detecting membrane-bound
DNA. The spectral flow cytometry apparatus offers two
data analysis approaches, (a) raw analysis, which is based on
the comparison of raw fluorescence intensity from peak (or
other selected) detection channels, as well as (b) analysis via
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unmixing algorithm, with or without autofluorescence
deduction, which is software driven, unbiased comparison of
overlayed spectral signatures recorded from individual sam-
ples (54, 55). We thus initially analyzed the EV samples using
raw intensities from peak dye emission channels, that is, YG1
channel for R18 and R3 channel for DRAQS5 signal. This
analysis revealed that Ui EVs are devoid of costained
R18+DRAQ5+ EVs, indicating the lack of DNA cargo in the
EVs derived from uninfected RBCs (Fig. 3, D and E).
Remarkably, the Pf EVs sample showed significantly higher
signal intensity for the double-labeled R18+DRAQ5+,
demonstrating the presence of parasitic EVs encapsulating
DNA (Fig. 3, D and E). Applying the unmixing algorithm onto
these raw fluorescent intensity data further confirmed the
profound difference between the parasitic EVs and the con-
trol Ui EVs (Fig. 3, F and G).

We next confirmed that the combined R18- and DRAQS5-
labeling does not lead to cross-dye interference, that is, fluo-
rescent signal leakage of one dye into the detection peak
channels of the other dye(s). To address that, we performed a
series of control measurements using single stained EV samples.
The spectral flow cytometry analysis of unstained PfEVs showed
no fluorescent emission within the R3 channel, indicating the
absence of autofluorescence in the DNA dye-specific channels.
Subsequent analysis of the R18-only-stained Pf EV sample
showed no leakage of R18 emission into the DRAQS5-specific R3
detection channel. Moreover, we observed no leakage of
DRAQ5 emission into R18-specific YG1 channel (Fig. S1D). No
DRAQ5+ events were detected in control cell-free cRPMI
sample (Fig. S1D). These results confirmed a clear separation of
dye-specific fluorescent signals for the Ui and Pf EV samples,
with no nonspecific DNA-like signal detected in the control
samples, supporting the reliability of this dye combination for
detecting EV-encapsulated DNA. Moreover, additional valida-
tion of EV double labeling was supported by in silico compari-
son of the R18 and DRAQS5 spectras (Fig. S1F) as well as of the
ExoBrite 560 and DRAQ)5 spectras (Fig. S2B).

Unmixing analysis performed on the ExoBrite 560- and
DRAQS5-double labeled samples revealed an increase in the
DNA signal associated with Pf EVs in comparison to control
Ui EVs (Fig. 4C). Importantly, detergent treatment caused a
profound disruption of the fluorescent particles (Fig. 4, D and
E), indicating that the detected DNA is encapsulated within
lipid-labeled EV membranes. These data further support the
results obtained using R18- and DRAQ-labeled EVs.

Together, these data demonstrate that the spectral flow
cytometry apparatus can robustly detect both EVs and their
DNA cargo.

Profiling Pf EV subpopulations based on their DNA cargo
levels using spectral flow cytometry

Previously it was shown that Pf genomic DNA is present
within Pf EVs that were secreted from the early blood stage
(ring) of the parasite but absent (or cannot be detected) in EVs
produced at the later blood stage (trophozoite) (40, 53). We
thus examined whether the spectral flow cytometry approach

SASBMB

Spectral flow cytometry for EV and cargo detection

is a sensitive method that enables the detection of distinct EV
subpopulations differing in their DNA levels.

To assess this, we isolated EVs from Pf ring-stage—infected
RBCs (approximately 10 h post invasion of the parasite into the
host RBCs) and from the trophozoite Pf blood-stage (approxi-
mately 24 h post invasion of the parasite into the host RBCs)
(Fig. 5A). The isolated EVs were stained for their lipid-
membrane (R18) and the DNA cargo (DRAQ5), followed by
spectral flow cytometry analysis (Fig. 5). In line with previous
studies, we show a significantly higher DNA fluorescent signal
in EVs derived from ring-stage Pf-iRBCs compared to those
harvested from the trophozoite stage (Fig. 5, B—D). Importantly,
the concentrations of total R18-labeled EVs did not differ be-
tween the different types of EVs, excluding the possibility that
the observed difference in the DNA fluorescent signal stems
from differences in total counts of the vesicles (Fig. 5C).

To confirm that the fluorescent signal is from the double-
labeled EVs (R18+DRAQ5+), we treated the samples with a
Triton X-100 detergent (68). The detergent treatment led to a
significant decrease in R18+ and R18+DRAQ5+ EVs (Fig. 5,
E-G), confirming that the DNA signal results from the cargo
encapsulated within the EVs.

Collectively, these findings indicate that the spectral flow
cytometry not only facilitates the quantification of rare EV
subpopulations encapsulating parasitic DNA but also allows
tracking dynamic changes in EV-DNA content across various
parasite blood stages.

Discussion

In the present study, we demonstrate that the spectral flow
cytometry apparatus could be used as a reliable tool for the
detection of Pf EVs. Moreover, it allows identification of rare
subpopulations of PfEVs carrying DNA cargo. Our optimized
approach using the cytometer allowed (a) detecting and
quantifying concentrations of DNA-enriched EVs within total
EV pools, (b) tracking changes in DNA-EV levels along para-
site growth stages, and (c) differentiation of molecule com-
plexes from free molecules or dyes based on response to
detergent treatment (68).

For numerous systems, EV cargo detection has been limited
due to the significant methodological challenges associated with
its labeling. For example, permeabilizing EVs to allow antibody
access is challenging without compromising their integrity.
Omics profiling of bulk EV samples remains by far the main
approach for cargo characterization, but it demands sample
lysis and disregards EV subclasses (29, 52, 69). Consequently,
current EV cargo analysis relies on antibody-based surface la-
beling and includes techniques such as microscopy, nanoscopy,
and standard flow cytometry (24, 52, 69). Laborious bioengi-
neering techniques in in vitro and in vivo models have been
engaged to introduce optical reporters for EV cargo compo-
nents to visualize cargo loading, transfer, and effector function
in the recipient cells (70). Nanoscopies, including several super
resolution techniques, open an exciting possibility for a thor-
ough EV characterization; however, they lack high-throughput
and multiparametric analytical capabilities (24, 56, 57, 71-77).
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Figure 5. Spectral flow cytometry analysis for DNA cargo for Pf EVs derived from the ring-stage and trophozoite-stage Pf-iRBCs. A, Giemsa staining
of Pf-iRBCs from the ring and trophozoite blood stages (white arrows). B, representative flow cytometry dot plot graphs for Pf EVs derived from either ring
stage or trophozoite blood Pf stage labeled with R18 (membrane lipid) and DRAQ5 (DNA cargo). C, comparison of the concentrations of Pf EVs positive for
lipid labeling (R18+) derived from ring stage and trophozoite stage Pf-iRBCs with each dot-pairing line representing a separate experiment (n = 4); adjacent
green bar represents an averaged percentages of change in Pf EV concentrations labeled with lipid dye (R18+) between the two parasitic blood stages (delta
[%], when ring stage Pf EV-R18+ levels equals to 100% in each experiment). D, concentrations of Pf EVs double positive for lipid membrane and DNA signal
(R18+DRAQ5+) derived from ring or trophozoite Pf blood stages and the percentage change between the two Pf blood stages (n = 4, paired t test). E,
representative dot plot graphs Pf EVs double positive for lipid membrane and DNA signal (R18+DRAQ5+) derived from ring-stage Pf-iRBCs treated with
TRITON X-100. F, averaged concentrations of ring-stage Pf EVs detected as R18+ (lipid labeling) and (G) double positive for lipid and DNA labeling
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Characterization of EVs by flow cytometry is highly challenging
(72), with collaborating efforts to standardize and improve
reporting (MIFlowCyt-EV (56)). Most current flow cytometry
instruments (a) have insufficient sensitivity to detect nanoscale
EVs using light scatter signals, (b) lack the sensitivity to detect
weak EV-bound fluorophore levels, and (c) suffer from over-
lapping instrument (optics, electronics) and sample (biological
components, buffers, vehicles) noise, which complicates the
interpretation of the results (72, 78, 79). Moreover, the appli-
cation of the synthetic beads for EV size estimation has been
recently questioned. This is due to the significantly different
refractive indexes of the synthetic and cell-derived nano-
particles, consequently misrepresentation of cell-derived EVs by
beads while using scatter light characteristics for particle size
assessment (80-83).

The two lipophilic probes used in this study (R18 and Exo-
Brite 560) exhibit distinct labeling patterns and varied in the
fluorescent intensity, with robust R18 staining as compared to
the ExoBrite 560 signal. These differences may be due to the
following: (a) dyes bind different lipid moieties on EV mem-
branes, either abundant or low-moderately present, (b) fluo-
rophores have different strengths, stabilities, and resilience to
the processing required by the protocol (post staining EV pu-
rification, ultracentrifuging, light exposure), and (c) efficiency of
ExoBrite 560 may vary, depending on EV source cells.

Other applications of spectral flow cytometry for EV anal-
ysis include phenotyping clinical samples of EVs isolated from
serum, for instance, in the case of glioblastoma patients (84),
using surface markers. Our results show that this robust
method enables tracking of cargo components, present at very
low concentrations within rare EV subpopulations. The lack of
commercially available antibodies against malaria parasite
imposes the use of dyes (58, 59, 85) for labeling PfEVs and the
different cargo components (36, 38, 53).

It is important to note that one of the limitations of using
generic dyes is the need to define the limits of detection using
the described method. In order to define the limit of fluores-
cence detection, Molecules of Equivalent Soluble Fluorophore
(MESF) beads are often used (86). Calibration using MESF
beads relies on comparing the fluorescence intensity of the
sample to a set of beads with a known number of fluorophores.
This enables the estimation of the absolute number of dye
molecules on EVs (86). However, MESF beads are not available
for fluorescent dyes such as R18 or DRAQ5. Consequently, it is
challenging to determine the levels of R18 or DRAQS5 in ab-
solute units and define limit of detection in absolute units.

The development of high throughput assays based on these
dyes may fundamentally advance our understanding of malaria
EV biology, enabling identifying parasitic EV subpopulations
and their biological effects on diverse host cells, ultimately
paving the way to malaria treatment and/or prevention.

Experimental procedures
P. falciparum parasite line

P. falciparum (Pf) malaria parasite line NF54 was used in
this study. Pf NF54 was generously provided by the Malaria
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Research Reference Reagent Resource Center, MR4, obtained
through BEI Resources, NIAID, NIH: P. falciparum, strain
NF54 (Patient Line E), MRA-1000, contributed by Megan G.
Dowler.

Pf parasite culture

Pf parasites were cultured in human RBCs using an estab-
lished method (87). The parasites were grown in 4% hemato-
crit in pooled healthy Ui RBCs, provided by the Israeli blood
banks (blood donations from Magen David Adom, Israel or
from Sheba Medical Center Blood Bank Laboratories, Israel;
IRB - 1634-1). The studies reported in the manuscript abide by
the Declaration of Helsinki principles.

Pf-iRBCs were incubated at 37 °C in a gas mixture of 1% O,
and 5% CO, in N,. Parasites were maintained in RPMI me-
dium pH 7.4 (Diagnovum, Cat# D840-P10), supplemented
with 25 mg/ml 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Sigma Cat# H3375), 50 |lg/ml hypoxanthine (Sigma, Cat#
4010CBC), 2 mg/ml sodium bicarbonate (J.T. Baker, Cat#
0263.1000), 20 lg/ml gentamycin (Sigma, Cat# G9654), and
0.5% Albumax II (Gibco, Cat# 11021045). Parasite growth was
monitored using methanol-fixed Giemsa-stained blood
smears. Pf-infected RBC cultures were tested for Mycoplasma
once a month using a commercial kit, MycoAlert Plus (Lonza,
Cat# LT07-318).

Isolation of EVs

EVs were isolated from Ui RBCs or from Pf-iRBCs with high
parasitemia levels (5% - 10% parasitemia) by collecting cell-free
growth culture media (200 ml from Ui or Pf-iRBCs) and using
the differential centrifugation method as reported previously
(29). Briefly, cells were removed at subsequent centrifugations
at 413g, 1900g, and 15,180g. The obtained supernatants
(~200 ml) were filtered through a 0.45 um pore filter (Thermo
Fisher Scientific Cat# 166-0045) and then concentrated using
Vivacell units with molecular weight cut-off of 100 kDa
(Sartorius AG, Cat# VC1042), following manufacturer in-
structions. Then, the EVs were pelleted by ultracentrifugation
at 150,000¢ for 16 h at 4 °C. The pellet was carefully resus-
pended in sterile Ca%*- and Mg2+-free PBS (PBS -/-, Sartorius,
Cat# 02-023-1A) for further analysis.

Nanopatrticle tracking analysis

Vesicle size distribution and concentration were calculated
using NTA (48) with the NanoSight NS300 device (Malvern
Panalytical Ltd. Instruments) using a 405 nm or 488 nm filter.
Sample size distributions were calibrated in a liquid suspen-
sion by the analysis of Brownian motion via light scattering,
and the size of the particles was estimated based on their hy-
drodynamic radius (48).

EV purification using sucrose cushion

Resuspended EVs were loaded over a 20% sucrose solution
gradient (29). EVs were pelleted by ultracentrifugation using a
swinging bucket rotor (Beckman Coulter) at 100,000g for 4 h.
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The pelleted EVs were resuspended in sterile PBS -/- for
further analyses.

Atomic force microscopy

A freshly cleaved mica surface was incubated with 10 mM
MgCl, solution for 1 min and then rinsed with PBS-/-. PfEVs
were placed on the Mg-modified mica and prior to scanning,
PBS (Ca®* -/Mg®*) was added to the sample, followed by
washing procedure performed carefully to avoid passing the
interface. AFM imaging was performed on a JPK Nanowizard
III AFM microscope (Bruker Nano GmbH) in QI mode.
Measurements were conducted with a qp-BioAC-CI probe
(Nanosensors), spring constant 0.06 N/m. Detector sensitivity
and spring constant were determined using the JPK software.
Image analysis was performed using Gwyddion (88) (version
2.65) or JPK-SPM data processing software (version 6.2.172).

Density gradient ultracentrifugation

EVs were fractionated through a 5%, 10%, 20%, and 40%
OptiPrep (Axis-Shield, Cat# AXS-1114542) discontinuous
gradient and ultracentrifugation (100,000g, 18 h, 4 °C) using a
swinging rotor (Beckman Coulter). One milliliter fractions were
collected from the top of the gradient for further analysis. EV
fractions (fractions 6, 7, 8) were pooled, diluted with PBS-/-,
and concentrated by an additional 4 h ultracentrifugation. The
fractions were chosen based on the presence of EVs as verified
by NTA. The EV pellet was resuspended in PBS —/— and sub-
jected for cryo-TEM analysis.

Preparation of cryo-TEM samples

Cryo-TEM samples of EVs were prepared on either lacey
carbon or C—flat EM grids (Electron Microscopy Sciences), on
which 10 nm Protein A colloidal gold particles (Au — NP) were
pre-adsorbed (Aurion). Au-NP adsorbed grids were then
glow-discharged (30 s, 25 mA) in a Pelco EasiGlow system. An
aliquot of the aqueous solution of the sample was applied on to
the carbon side of EM grids, which was then incubated in the
humidity chamber of the instrument at 100% humidity and
room temperature and subsequently blotted for 4.0 s at blot
force -10 and plunge-frozen into the precooled liquid ethane
with a Vitrobot Mark IV (FEI).

Cryo-transmission electron microscopy

Cryo-electron micrographs of vitrified samples were
collected using a transmission electron microscope Talos
Arctica G3 TEM/STEM (Thermo Fisher Scientific), equipped
with a OneView camera (Gatan) at accelerating voltage of
200 kV. Grid mapping and image acquisition were performed
using SerialEM software (89) at a nominal magnification of
180x and 13500x, respectively. High magnification images
were recorded at 73000x nominal magnification (0.411 nm
pixel size) with a -3.5 um defocus value. To minimize radia-
tion damage during image acquisition, low-dose mode in
SerialEM software was used and electron dose was kept below
100 e~ A - 2. Size quantification of recorded EV micrographs
was performed with Fiji (Image]) (90, 91) by measuring the
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area covered by each vesicle and extrapolating the corre-
sponding diameter. For each fraction, three separate biological
replicates were plunge-frozen and visualized via cryo-TEM on
separate days.

EV membrane staining

EV pellets derived from Ui RBCs and Pf-iRBCs samples were
resuspended in PBS—/- and were labeled for DNA using
DRAQS5 nucleic dye (excitation/emission 633/695 nm; 1, 5-bis
{[2-(di-methylamino)ethyl]amino}-4, 8-dihydroxyanthracene-
9, 10-dione; Abcam, Cat# 108410) by incubation at the final
concentration of 1:500 vol/vol, 20 min at 37 °C. DNA labeling
was followed by staining with lipophilic membrane R18 dye
(Rhodamine B octadecyl ester perchlorate (Sigma, Cat#
83685), with excitation/emission 556/578 nm). The R18 stock
of 2 mg/ml in DMSO was stored at —20 °C. R18 was used at
the final concentration 1:500 vol/vol (58); with incubation at
37 °C for 20 min. Alternative lipid dye used to label EV
membrane lipid components was ExoBrite 560/585 CTB EV
Staining probe (562/584 nm; Cat# 30113-T; stored at 40C;
Biotium). Original ExoBrite 560 staining protocol provided by
the manufacturer was modified to diminish the presence of
free dye molecules. Briefly, the EV samples were stained at the
concentration of 1:100 and incubated in 37 °C for 30 min.
Unstained and stained EV samples were loaded on 20% su-
crose cushion and ultracentrifuged as described before (29).
The obtained pellets were resuspended in 150 pl of PBS—/-.
The nanoparticle concentration was measured using NTA
(NS300 NanoSight). At the end of experiments, EVs were
treated with a TRITON X-100 detergent (Sigma, Cat# X100-
500 ml) at the final concentration of 0.2 to 0.4% at RT for
30 min (68).

Spectral flow cytometry analysis

EV samples were subjected for spectral flow cytometry
analysis using a 5 laser Cytek Aurora spectral flow cytometer
(Cytek Biosciences). The gains of FSC and SSC (collected
from the violet laser) detectors were set to 509 and 161,
respectively. The detection threshold used for EV-R18 and
EV-ExoBrite 560 was set at yellow green 1 (YG1, wavelength
567-587 nm) detector channel at gain of 500, the peak
channel of both membrane dyes. DRAQ5-single stained
samples were collected while the threshold was set at red 3
(R3, 683-707 nm) detector gain of 500. The gains of all the
fluorescence detectors were enhanced equally by 225%
compared to default Cytek Assay Settings to increase their
sensitivity to weak signals but, at the same time, to maintain
detection of the unique spectral signature of fluorescent dyes.
Specifically, for YG1 and R3 detectors, the gains were set to
829 and 920, respectively.

Unstained and fluorescently labeled EV samples of equal
volumes of 40 [l were collected at low acquisition mode of
15 pl/min (to minimize/exclude swarm effect). The final EV
concentrations are presented as number of particles per ml
and refer to the working dilutions of the cushion-purified EV
samples (1:6 or 1:12 dilutions in PBS—/-). The data acquisition,
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autofluorescence deduction, and spectral unmixing have been
performed using SpectroFlo Software v3.3.0.

Statistical analysis

The bar plots and statistical analyses were carried out using
GraphPad Prism v10.2.0 software. The comparisons of inde-
pendent samples (i.e., Ui and Pf EVs) were performed using
two-tailed unpaired Student’s t tests. The comparisons of
dependent samples were performed using two-tailed paired
Student’s t tests. Specifically, paired Student’s ¢ test was applied
to compare Pf EVs concentrations of ring and trophozoite
stage Pf EVs, as well as for concentration of PfEVs before and
after detergent treatment. The data are presented as
means + SEM of EV concentrations/ml, referring to working
dilutions of EV samples (post labeling and Cushion purifica-
tion). The numbers of biological replicates (n) are provided in
the legends to the figures. p < 0.05 was considered significant.

Graphic schemes of unstained and stained EVs were pre-
pared using BioRender.com. The illustrations were prepared
using Adobe Illustrator v28.4.1.

Data availability

The datasets generated during the current study are avail-
able in the public repository Zenodo: https://doi.org/10.5281/
zenodo.15005218.
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