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ABSTRACT: Our knowledge in how extracellular vesicles (EVs)
are secreted from cells remains inadequate due to the limited
technologies available for visualizing them in situ. We report a pH-
reversible boron dipyrromethene (BODIPY) fluorescent probe for
confocal imaging of EVs secreted from living cells without inducing
severe cytotoxicity. This probe predominantly assumes a non-
fluorescent leuco-BODIPY form under basic conditions, but it
gradually switches to its fluorescent parent BODIPY form upon
acidification; such pH transition empowers the imaging of @Gidi¢
EVS (such as CD8l-enriched exosomes and extracellular multi-
vesicular bodies) in weakly basic culture medium and intracellular
acidic precursor EVs in weakly basic cytoplasm, with minimal false
positive signals frequently encountered for “always-on” dyes. Joint
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In situ imaging of the secretion of extracellular vesicles (EVs)

application of this probe with plasmid transfection reveals the secretion of some EVs from cellular pseudopodia via microtubule
trackways. This probe may provide mechanistic insights into the extracellular transport of EVs and support the development of EV-

based nanomedicines.

KEYWORDS: fluorescent probes, exosomes, extracellular vesicles, leuco dyes, microtubules

E xtracellular vesicles (EVs), secreted by different cell types
to the surrounding, mediate intercellular communica-
tion."” For example, cancer cells secrete “oncosomes” for
transferring oncogenic materials to other cells.” EVs are also
drug carriers for biomedical applications such as immunother-
apy and regenerative medicine’ due to their colloidal stability,
low immunogenicity, and effective cellular entry.” EVs fall
under two main categories, namely, ectosomes (~100—500 nm
in size) formed on the cell membrane and released via outward
budding and exosomes (~50—150 nm in size)® originating
from intraluminal vesicles in the endocytic cisternae that
become multivesicular bodies (MVBs) and fuse with the cell
membrane for secretion.”

Real-time live imaging of EVs in situ (i, in cell-seeded
medium without the need for harvesting the EVs in advance)
will offer insights into the mechanism for secretion of EVs,” yet
many existing imaging tools are not efficient or feasible.
Transmission electron microscopy enables nanoscale visual-
ization of EVs in general,2 and immunofluorescence enables
real-time imaging of specific types of EVs by staining markers
of intracellular precursor EVs. However, both methods do not
support live imaging of exocytosis because they require cell
fixation. Transfecting cells with plasmids encoding EV markers
fused with fluorescent reporters [e.g., green fluorescent protein
(GFP)-tagged CD81, a marker for exosomes'] empowers
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confocal imaging of EV secretion from living cells in situ, "0

but this method suffers from nonuniform transfection,
prolonged protein expression, and cytotoxicity that may affect
exocytosis. "> Fluorescent probes modified with functional
groups (e.g., aliphatic and carboxylate) for binding to the EV
membrane or rotor probes that fluoresce only near the EV
membrane'>'* allow for imaging of harvested EVs, but
whether they support in situ visualization of EV secretion is
unclear. Near-infrared semiconducting polyelectrolytes, when
complexed with aptamers that target different exosome
proteins, support the detection of different exosome types in
culture medium, but it remains to be shown if they empower
real-time imaging of the secretion of EVs."

We report a molecular fluorescent probe for in situ
visualization of secreted EVs in conditioned medium (i.e.,
medium harvested from cultured cells) and real-time secretion
of extracellular MVBs, within 30 min of adding the probe to
cell-seeded medium. This probe is color-shifting'® and pH-
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Figure 1. In situ detection of extracellular vesicles (EVs) in cell culture medium by the pH-reversible fluorescent probe. (A) Reversible
transformation between non-fluorescent leuco-BODIPY in near-neutral culture medium (pH ~ 7.4) and fluorescent BODIPY upon acidification to
pH 7. Nu: nucleophile. (B) Fluorescence emission spectrum as a function of pH in C,H;OH/PBS (1:1, v/v). (C) Fluorescence emission intensity
at 618 nm as a function of pH. (D) Schematic illustration of in situ detection of EVs in conditioned medium (i.e., medium previously cultured with
cells). This acid-responsive probe either directly stains EVs that are secreted by cells or enters cells to stain precursor EVs that are later secreted as
EVs. Some precursor EVs exit the cell via microtubule trackways. (E) Representative confocal image of a HeLa cell that expresses green fluorescent
protein (GFP)-tagged CD81 (marker of exosomes; green) 30 min after addition of the probe (red). Yellow color in the extracellular space indicates
EVs in the medium, as evidenced by the colocalization between CD81 and BODIPY. R values indicate the Pearson colocalization coeflicients

between BODIPY and CD81-GFP.

reversible; it can transform between its non-fluorescent leuco-
BODIPY form under alkaline conditions and its BODIPY form
with magenta fluorescence under acidic conditions (Figure
1A). Nucleophilic attack of the central meso-carbon of the
BODIPY form (say by water, hydroxide ions, thiols, or amino
acids in culture medium) causes the loss of 7-conjugation and
>200 nm blueshift of its absorption peak to its leuco-BODIPY
form; reacidification switches the leuco-BODIPY form back to
the BODIPY form (Figure 1B,C). Such pH reversibility affords
a “pro-fluorophore” approach'’~*' to selectively detect acidic
EVs in weakly basic culture medium and intracellular acidic
precursor EVs [e.g, late endosomes (pH ~ 5.5—6.0) and
recycling endosomes (pH ~ 6.4—6.5)]*" in weakly basic
cytoplasm with minimal background interference from free
dyes,” obviating the need for isolating the EVs for staining and
rinsing the cells to remove excess dyes before confocal imaging
(Figure 1D,E). Previously, Unaleroglu et al. reported the
reversible transformation between BODIPY and leuco-
BODIPY forms with an onset point of fluorescence at pH ~
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10.0, but the authors did not use the dye for imaging
intracellular organelles or EVs.”* Later, we reported a pH-
reversible BODIPY/leuco-BODIPY-based probe with @ipK;of
8:69 and onset point of fluorescence at pHIA§ for imaging the
formation of acidified organelles during autophagy,” but we
did not manage to detect extracellular fluorescence possibly
because its onset point of fluorescence is more acidic than the
EV lumen. Here, we adjust the onset point of fluorescence to
pH ~ 7.4 to take advantage of the acidic luminal pH of EVs for
detection; this strategy enables the imaging of EVs with
attenuated false positive signals that are often associated with
“always-on” fluorescent dyes in medium.”>*® We demonstrate
the in situ detection of CD81-enriched exosomes in medium
seeded with three different cell types (HeLa cervix cancer cells,
AS549 lung cancer cells, and HEK293 embryonic kidney cells)
and their respective intracellular precursor EVs without
inducing severe cytotoxicity. Then, we visualize the real-time
secretion of extracellular multivesicular bodies (EMVBs).
Finally, we combine plasmid transfection with this probe to
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Figure 2. In situ detection of EVs secreted by cells to the culture medium by this probe. (A) Confocal images of HeLa cells, A549 cells, and
HEK293 cells that express GFP-tagged CD81 were stained with this probe for 30 min. Note that the cells were not rinsed with PBS to retain the
secreted EVs in the conditioned medium for in situ imaging. Scale bar = 10 ym. R values indicate the Pearson colocalization coeflicients between
the fluorescence of BODIPY (red) and CD81-GFP (green) in the extracellular region. (B) Hydrodynamic diameter distribution of the EVs secreted
by the three cell types that were cultured for 24 h by nanoparticle tracking analysis (NTA).

prove the secretion of some EVs along cellular pseudopodia via
microtubule trackways.

We prepared BODIPY by a classical method (Figures S1 and
$2)*7** and verified its structure by high resolution mass
spectrometry (HRMS; Figure S3), 'H nuclear magnetic
resonance ('H NMR; Figure SS), and BC NMR (Figure
S6). Next, we added methanol as a representative nucleophile
to convert BODIPY to leuco-BODIPY; addition of one carbon
atom enables straightforward analysis of molecular structural
changes by NMR. The HRMS spectrum revealed an anion
signal of leuco-BODIPY with a mass-to-charge ratio (m/z) of
640.2280; this signal was ascribed to [BODIPY-OCH;]~
(Figure S4), indicating the formation of leuco-BODIPY. We
assigned the proton signals of both forms of the dye by
correlation spectroscopy (COSY) based on the '"H—'*C NMR
spectra. Based on the 'H NMR spectra, addition of methanol
to BODIPY in CDCI; caused the S-pyrrole proton closest to
the meso-carbon to shift significantly upfield from 6.82 to 6.00
ppm (Figures SS, S9, and S13). This result suggests that the z-
system of the indacene core became less extended upon
formation of a tetrahedral geometry at the sp® meso-carbon of
leuco-BODIPY. The 'H NMR spectrum of leuco-BODIPY
also reveals a similar upfield shift of the protons from the
meso-pyridine group and the emergence of a new —OCH;
peak at 3.79 ppm that proves the formation of leuco-
BODIPY.”> The “C NMR spectrum of leuco-BODIPY
shows a new peak at 76.14 ppm (assigned to the sp®> meso-
carbon) and disappearance of the peak at 141.77 ppm
(assigned to the sp”* meso-carbon), amounting to an upfield
shift of ~65.63 ppm. A new peak at 51.49 ppm can be assigned
to the —OCH,; group of leuco-BODIPY (Figures S6, S10, and
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S14). Lastly, we verified the recovery of BODIPY by adding
acetic acid to leuco-BODIPY. We observed the reversion of the
proton and carbon peaks of leuco-BODIPY to BODIPY and
disappearance of the —OCH, peak at 3.79 ppm in the 'H
NMR spectrum and at 51.49 and 76.14 ppm in the *C NMR
spectrum (Figures S11-S14), matching our previous results.”?

We investigated the spectroscopic properties of the
fluorescent probe as a function of pH in phosphate-buffered
saline (PBS) containing 50% ethanol by UV—vis spectropho-
tometry and fluorimetry (Figures S15—S17). Adding 50%
ethanol to PBS reflects the compromise between the need for
solubilizing BODIPY in an aqueous environment and the need
for proper reference to the conventional pH scale.””*” Under
acidic conditions (pH ~ 4), the longest wavelength absorption
band of BODIPY at 602Fnm¥cantberascribed torthenS0=S1
transition and the shoulder at 559 nm indicates the 0—1
yibrational band.”**’ When compared to classical tetramethyl
BODIPY dyes,”" the absorption band of BODIPY is red-shifted
from 500 to 602 nm, consistent with the extended z-system
originating from the electron-withdrawing diethyl malonate
groups coupling through their exocyclic double bonds at the
3,5-positions of the indacene core. The red emission peak of
BODIPY appears at 618 nm. Conversely, after adding NaOH
to adjust the medium to weakly basic conditions (pH ~ 7.4;
indicative of the typical pH of culture medium), we observed
that the main absorption band of BODIPY at 602 nm
disappears and a new band of leuco-BODIPY appears near 360
nm. These absorption spectral changes were accompanied by a
visible color change from magenta to light yellow and near-
complete quenching of the red fluorescence. Reacidification of
leuco-BODIPY by adding HCl led to the recovery of BODIPY,
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Figure 3. Detection of intracellular precursor EVs by this probe. HeLa cells, A549 cells, and HEK293 cells that express GFP-tagged CD81 (green)
were added with leuco-BODIPY for 30 min and then imaged by confocal microscopy. Yellow color inside the cell indicates overlap of fluorescence
between GFP-tagged CD81 (green) and BODIPY (red), with the strongest overlap located at the cell tips. R values indicate the Pearson
colocalization coefficients between BODIPY and CD81-GFP. Scale bar = 10 ym.

as evidenced by the reappearance of the absorption bands at
602 nm with a PRy 'of 5.28'£10:08 (corrected pK,”) and the
fluorescence bands at 618 nm. Closer inspection of the
emission spectrum as a function of pH reflects the onset of the
fluorescence peak at 618 nm at pH ~ 7.4. As the pH drops
from 7.4 to 7.0, 6.5, and further to 5.5, we observed a drastic
~3-fold, 8-fold, and ~15-fold increase in emission at 618 nm,
respectively. The fluorescence intensity no longer increases
with acidification when the pH falls below 5.25, dueltorthe
protonation of the nitrogen atom in the pyridine group of
BODIPY.”> We assessed the pH-reversible spectroscopic
properties of the probe by monitoring the changes in
absorbance at 602 nm (Figure SISE) upon switching the pH
of the 1:1 (v/v) PBS/ethanol solution between 4.0 and 7.4
over three cycles. With an efficiency of recovery at 100%
(within uncertainty), these reversible color changes between
magenta at pH 4.0 and light yellow at pH 7.4 were confirmed
by photography (Movie S1). Conversion from leuco-BODIPY
to BODIPY is rapid, with a response half-life of absorbance
recovery at 602 nm of 9 s (Figure S1SF). To demonstrate the
applicability of our probe under aqueous conditions, we further
repeated the pH titration studies in water containing 0.5% (v/
v) dimethyl sulfoxide (DMSO; for solubilizing the probe in
culture medium for our later cell-based studies) and observed
pH-responsive absorbance and fluorescence trends that are
similar to those in 50% ethanol and 50% PBS (Figures S18—
S21).

Before our cellular studies, we verified that incubation of
HeLa, A549, and HEK293 cells with medium containing 2 4M
leuco-BODIPY and 0.1% DMSO for 12 h did not severely
reduce cell viability (Figure S22). We studied the mechanism
for the cellular uptake of our probe by a pharmacological
approach. Pretreatment of the three cell lines with sodium
azide or preincubation of the cells at 4 °C** did not
significantly affect the cellular uptake of our probe (Figure
$23). These data indicate that energy-dependent endocytosis
does not play a major role in cellular uptake; rather, the probe
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primarily enters the cell by diffusion, a result consistent with
past reports on the cellular entry of other small molecular
fluorescent probes.”

Then, we seeded HeLa, A549, or HEK293 cells that express
GFP-tagged CD81 in a confocal dish and incubated the cells
with phenol red-free medium containing 2 uM leuco-BODIPY
and 0.1% DMSO for 30 min. Note that this probe is
predominantly in its leuco-BODIPY form when dissolved in
DMSO, as evidenced by its light-yellow color. We obtained
confocal images of the cell-seeded medium without harvesting
the EVs or rinsing the cells (Figure 2A and Figures S24 and
S25). Representative images of their extracellular space depict
granular or spherical pockets of fluorescence from BODIPY
(red) amidst a dark background. Notably, such pockets of
BODIPY fluorescence strongly colocalize with those of CD81-
enriched exosomes (green), as evidenced by Pearson’s
colocalization coefficients of 0.92, 0.85, and 0.94 for HelLa,
AS549, and HEK293 cells, respectively. These data suggest the
detection of exosomes with this probe. The fluorescent pockets
of BODIPY are submicron-sized or micron-sized, larger than
the reported sizes of exosomes (50—200 nm).*® As the
resolution limit of confocal microscopy may overestimate the
size of EVs, we isolated EVs from the cell-seeded medium for
nanoparticle tracking analysis (NTA; Figure 2B). The
hydrodynamic size distribution of the EVs lies between ~50
and ~400 nm, with peak EV diameters of 151, 104, and 156
nm for HeLa, AS49, and HEK293 cells, respectively. As these
peak EV sizes corroborate the typical sizes of exosomes, we
conclude that the EVs detected are mostly exosomes, with a
smaller portion of larger ectosomes, clustered exosomes, or
extracellular MVBs (to be discussed in Figure 4).

Moreover, we incubated the three cell types with our probe
for 30 min, isolated the EVs secreted to the culture medium,
centrifuged the collected medium to remove any dye-stained
cell fragments, and confirmed the detection of fluorescence in
the isolated EVs (Figure S26). By contrast, for the EVs isolated
from the same cell types under the same culture conditions but
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Figure 4. Visualizing extracellular multivesicular bodies (EMVBs) in the medium. (A) Confocal fluorescence images of HeLa cells were treated
with leuco-BODIPY for 30 min and imaged by confocal microscopy. The serial focal planes were 0.3 ym apart and were illuminated. Red indicates
the fluorescence of BODIPY. The 3D reconstruction images were generated by the Leica LAS-X software. Scale bar = 10 ym. (B) Enlarged images
of the boxed area in panel A indicate EMVB-like large EVs. This image was generated with depth coding, using different colors to indicate the
position of the z-axis. Scale bar = 1 ym. (C) Real-time formation of EMVBs as detected by this probe. HeLa cells were treated with leuco-BODIPY
and imaged by confocal microscopy to generate time-series images. A series of focal plane images of 0.3 um apart were recorded. Reconstructed 3D
images were generated by the Leica LAS-X software. The bottom row shows the enlarged image of the boxed area in the top row. Arrows indicate
real-time accumulation of EMVBs. Arrows in different colors (black and green) denote EMVBs at distinct extracellular locations. Scale bar = 10 ym.

without treatment by our probe, the fluorescence detected was
at the background level of blank culture medium. As our probe
does not fluoresce in the medium, the data suggest its
localization in the EVs. Furthermore, previous studies showed
that dyes used for labeling cells may affect cellular response.’”
Here, we isolated EVs from HeLa cells treated with our dye
and those from unstained cells. NTAWrevealsithat thersize
distributions of the EVs isolated from the dye-stained and
nstained cellsTare simila (Figure S27), implying a limited
effect of our probe on EV secretion.

To confirm that our observed BODIPY fluorescence does
not stem from false positive artifacts, we took confocal images
of a solution of leuco-BODIPY dissolved in medium at the
same concentration (2 uM) but without cells seeded in the
confocal dish. By using the same laser settings as our
experimental group with cells seeded, we captured no
detectable fluorescence 3 h post-incubation (Figure S28A)
and limited signals 15 h post-incubation (Figure S28B). As a
negative control, when we imaged phenol red-free medium
containing LysoTracker Red (a commercial dye with a similar
emission wavelength as BODIPY for staining acidic organelles)
without cells seeded in the confocal dish, we detected false
positive dot-like or speck-like signals when the dye
concentration was SO nM (as recommended by the
manufacturer; Figure S28C) and severe background emission
when the concentration was 2 M (on par with our probe;
Figure S28D) 3 h post-incubation. LysoTracker Red is a pH-
insensitive dye with near-constant absorbance (Figures S29
and $30) and “always-on” fluorescence (Figures S31 and S32)
across a pH range of 3—11. As LysoTracker Red may yield
false positive signals if aggregated in medium, we did not use
LysoTracker Red for further EV imaging studies. Collectively,
the results underscore the importance of imaging EVs in
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medium by using dyes with limited (ideally zero) background
to eliminate false positive signals that may bias image
interpretation.

Next, we attempted to use our probe for imaging
intracellular precursor EVs before their secretion to the
extracellular milieu. Again, we added leuco-BODIPY (dissolved
in DMSO) to culture medium seeded with HeLa, A549, or
HEK293 cells that express GFP-tagged CD81 for 30 min
(Figure 3). Representative confocal images of all cell types
capture more intense pockets of BODIPY fluorescence (red)
and GFP-CD81 fluorescence (green) on the pseudopodia (i.e.,
finger-like protrusions consisting of actin and micro-
tubules®*”) of cell membrane than the cytoplasm, consistent
with the role of CD81 in forming membrane protrusions,"’
regulating cell migration,41 and secretion.*” Notably, the
imaging data depict strong overlap between BODIPY and
GFP-CDS81 fluorescence (yellow) on the pseudopodia, with
Pearson’s colocalization coeficients of 0.94, 0.90, and 0.86 for
HeLa, A549, and HEK293 cells, respectively. Contrarily, the
overlap between BODIPY and GFP-CD81 fluorescence in the
cytoplasm is moderate, characterized by Pearson’s colocaliza-
tion coeficients of 0.72, 0.66, and 0.63 for HeLa, A549, and
HEK?293 cells, respectively. As a negative control, we captured
confocal images of the three cell lines but without adding
leuco-BODIPY to the medium. By using the same laser settings
as our experimental group with leuco-BODIPY added, we did
not detect appreciable levels of autofluorescence from the cells
(Figure S33), confirming that our captured fluorescence signals
originate from BODIPY. These data are consistent with the
literature precedent that documented the localization of
precursor EVs (e.g, MVBs) on the pseudopodia for secreting
exosomes.
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Figure S. Transport of EVs along microtubules inside pseudopodia. (A, B) HeLa cells and (C, D) AS49 cells were previously transfected with
plasmid encoding EGFP-tagged tubulin before they were treated with leuco-BODIPY for 30 min and imaged by confocal microscopy. Red and
green indicate BODIPY and EGFP fluorescence, respectively. Panels A and C show the thinner tubule fibers extended from the cell, and panels B
and D show the thicker pseudopodia. The zoom column panels show the enlargement of the boxed area in the merge column panels. Scale bar = 10

pm.

We applied our probe to visualize the secretion of larger
types of EVs than exosomes, because our NTA data indicate an
EV size range of S0=900 nm (Figure 2B). After adding leuco-
BODIPY to medium seeded with HeLa cells, we observed by
confocal imaging EMVBs that measure ~1 ym in diameter and
resemble MVBs rather than clusters of exosomes in the
medium (Figure 4A). Our three-dimensionally reconstructed
image of a representative EMVB portrays smaller exosomes
inside or near an MVB-like microvesicle (Figure 4B). To gain
insights into EV secretion, we added leuco-BODIPY to HelLa
cells and captured a representative extracellular area adjacent
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to the pseudopodium of a cell (Figure 4C and Movie S2).
Time-course confocal imaging for ~100 min reveals the
formation of donut-shaped microvesicles near the pseudopo-
dium (green and black arrows), matching our observation of
the overlapping fluorescence between CD81 and BODIPY
(Figure 3). These data led us to hypothesize the involvement
of pseudopodia in EV secretion because previous reports
documented a linkage between exocytic events and pseudo-
podia formation.*”

Passive diffusion is an established mode of transport for EVs
to reach an extracellular region distant from the originating
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cell,**** yet our mechanistic understanding in the active
transport of precursor EVs to the extracellular milieu remains
limited. Classically, Eytoskeleton elements such as actin'’ and
microtubule’’” regulate the formation and movement of
pseadopodia; whereas the formation of lamellipodia occurs
via actin polymerization independently of microtubules,
microtubules are required for cell migration, tail retraction,
and modulation of cell adhesion.*® A recent study reveals that,
in migrating cells, intraluminal vesicle (ILV)-containing
microvesicles grow on degenerative, branched thin pseudopo-
dia (i.e, retraction fibers) that eventually degenerate and
release the ILVs in the extracellular space as EVs.*” As
retraction fibers are rich in actin,’® this study suggests the
involvement of actin filaments in EV secretion. Here, we
questioned if microtubules participate in the extracellular
transport of EVs because, like actin filaments, microtubules
also serve as intracellular trackways for transporting vesicles.
To this end, we applied our probe in combination with plasmid
transfection to visualize the transport of EVs along micro-
tubules inside pseudopodia. After transfecting HeLa and AS49
cells with plasmids that encode tubulin-6 (a major constituent
of microtubules) tagged with enhanced green fluorescent
protein (EGFP) for 1—3 d, we incubated the cells with leuco-
BODIPY for 30 min (Figure S). Confocal imaging depicts the
distribution of tubulin-6 in thinner strands that resemble
retraction fibers* (Figure 5A,C) and thicker pseudopodia that
are branched and shaped like leaf veins (Figure SB,D). For
both cell types tested, we detected the alignment of precursor
EVs to the thinner strands and along the thicker pseudopodia.
Time-lapse imaging confirms the movement of EVs along the
microtubules away from the cell (Movies S3 and S4) These
data demonstrate the utility of our probe for visualizing the
transport of precursor EVs before their release as EVs.

In conclusion, our pH-reversible molecular fluorescent
probe supports in situ visualization of EVs (say CD81-enriched
exosomes) in three cell types and the secretion of EVs from
living cells without inducing severe cytotoxicity. Careful design
of the BODIPY core-reactive molecular structure enables the
adjustment of its pK,, onset point of fluorescence, and pH-
dependent photophysical properties for visualizing cellular
processes. Upon attack by nucleophiles, the probe switches
from its parent BODIPY form that emits bright magenta
fluorescence to its non-fluorescent leuco-BODIPY form.
Conversely, after engaging secreted EVs in the medium or
intracellular precursor EVs containing acidic lumen, leuco-
BODIPY reverts to BODIPY with an onset point of
fluorescence at pH ~ 7.4. This probe not only obviates the
need for EV isolation prior to imaging but also supports
imaging of EVs in medium with pronouncedly attenuated false
positive signals when compared to “always-on” fluorescent
dyes. Finally, our probe may offer insights into the mechanism
for EV secretion. By applying our probe jointly with plasmid
transfection, we have proven that some precursor EVs traverse
along microtubules in the pseudopodia before their secretion
as EVs. This result enhances our knowledge in the interplay
between the cytoskeleton network and EV secretion.
Currently, this probe alone does not enable specific delineation
between different types of intracellular organelles (MVBs
versus lysosomes) or different types of EVs (exosomes versus
EMVBs), because our detection mechanism is primarily based
on pH. Still, one may derive insights into the origin of EVs by
combining this probe with transfection of plasmids encoding
different markers of precursor EVs (e.g, Rab9 for late
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endosomes and LAMP-1 for lysosomes”'). Keeping in mind
the simple staining procedure of our probe and the flexibility of
transfecting plasmids encoding different genes of interest, we
anticipate that our probe will empower researchers to
interrogate other biological pathways of EV secretion, spurring
the development of EV-based nanomedicines. Lastly, because
fluorescent probes that can reveal physiological processes®”
and disease states®” in preclinical models are on the horizon,
we envision the future development of probes for imaging EVs
in vivo.
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