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ABSTRACT: Extracellular vesicles (EVs) are intercellular communicators that are heavily implicated in diverse pathological
processes. However, it is poorly understood how EVs interact with recipient cells due to the lack of appropriate tracking techniques.
Here, we report a robust chemoenzymatic labeling technique for visualizing the internalization process of EVs into target cells in real
time. This method uses phospholipase D (PLD) to catalyze the in-situ exchange of choline by alkyne in the native EV
phosphatidylcholine. Subsequent alkyne—azide click chemistry allows conjugation of Cy5 dyes for visualizing EVs internalization
by confocal fluorescence microscopy. The fluorescent labeling of EVs was accomplished in an efficient and biocompatible way,
without affecting both the morphology and biological activity of EVs. We applied this chemoenzymatic labeling strategy to monitor
the cellular uptake of cancer cell-derived EVs in real time and to further reveal multiple internalization mechanisms. This robust,
biocompatible labeling strategy provides an essential tool for EV-related studies ranging from chemical biology to drug delivery.

INTRODUCTION

Extracellular vesicles (EVs), ranging from 50 to 1000 nm in
size, are membrane-like nanoparticles that contain complex
molecules derived from parental cells, including proteins,
nucleic acids, lipids, and carbohydrates, etc.> EVs act as
natural carriers that transport molecular information from
parental cells to recipient cells.>> Thus, they play significant
roles in regulating diverse pathological and physiological
functions of recipient cells such as cancer metastasis,
inflammation, and tissue regeneration.®® Besides, EVs can
serve as drug delivery platforms that show distinct properties in
overcoming the blood-brain barrier (BBB), along with high
stability and biocompatibility.!® Therefore, elucidating the
pathophysiological roles of EVs in biological systems is of
great significance to both basic and clinical studies.!*!
However, the processes by which the EVs are taken up by
recipient cells have not been well understood, due to the lack of
appropriate tracking techniques. The development of simple but
powerful labeling methods is the key to reveal the mechanisms
of EVs uptake by cells.

Because of their small size and complex biological
compositions, EVs are difficult to be labeled. The existing
labeling strategies are mainly based on the modification of EV
proteins or lipids.!® The protein labeling methods depend on
either genetic engineering of an overexpressed fluorescent
protein (such as GFP) inside cells or chemical conjugation of
the membrane proteins with fluorescent dyes.!””'® These
methods are often tedious or/and could impair the biological
activity of EVs during uptake. Lipid modification strategies
have recently attracted immense interest for EV labeling owing
to their ease of functionalization and excellent biocompatibility.

The most commonly used lipid labeling method for EVs relies
on incorporating the hydrophobic layer of EV membrane with
specific dyes, such as lipophilic dyes (PKH26, PKH67)%2! or
carbocyanine dyes (Dil, DiO)?>?3. These dyes are assembled
into the EV membranes through a non-covalent way, which is
unstable in physiological environments and thus causes dyes
leaching from the EV membrane. Moreover, these dyes could
form aggregates or micelle structures in aqueous solution,
providing misleading information in the EV uptake
experiments.?*2¢ These issues could be addressed if the dyes are
labeled covalently on the EV phospholipids. However, the
phospholipids show low reaction activity, making them difficult
to be modified chemically. To date, the covalent phospholipid
labeling strategy often refers to metabolic labeling,>” which
requires tedious, time-consuming cell culture and multi-step
experimental operations. Therefore, it is highly desirable to
develop a simple covalent phospholipid modification strategy
for EV labeling.

In this study, we report a chemoenzymatic-assisted covalent
modification strategy which allows the direct labeling of EV
phosphatidylcholine via a simple two-step process (Figure 1).
The phospholipid headgroups (cholines) in the EV membranes
are exchanged with alkynes by the catalysis of phospholipase D
(PLD) enzymes, followed by click chemistry with an azido
fluorophore to enable fluorescent labeling of the EVs. Due to
the high performance of PLD catalysis and the high efficiency
of click chemistry, this direct labeling strategy towards EVs is
simple but powerful, without resorting to time-consuming
procedures such as cell culture. We demonstrated the
application of this strategy into monitoring the biological
interactions between cancer cell-derived EVs and macrophage
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cell line (RAW264.7 cell), and revealed their internalization
mechanisms using different inhibitors.
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Figure 1. [llustration of the chemoenzymatic labeling strategy. (a)
Molecular description of the two-step labeling approach. SA,
sodium ascorbate. (b) Labeling extracellular vesicles using the
transphosphatidylation reaction mediated by PLD enzyme and
alkyne—azide click chemistry.

EXPERIMENTAL SECTION

Materials and reagents. 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) was purchased from Ruixi Biological
Technology Co. Ltd (Xi’an, China). Az-Cy5 (Azide-Cy5),
NHS-Cy5 (N-Hydroxysuccinimide Cy5) and Arachis hypogaea
PLD were purchased from Sigma-Aldrich (St. Louis, USA).
Dil, EIPA, Wortmannin and Dynasore were purchased from
MedChemExpress (NJ, USA). Chlorpromazine and
Cytochalasin D were purchased from Cayman Chemical (Ann
Arbor, Michigan). MCF-7 and RAW264.7 cell lines were
obtained from Shanghai Institute of life sciences, Chinese
Academy of Sciences (Shanghai, China). Dulbecco’s modified
Eagle medium (DMEM), Fetal bovine serum (FBS), 0.05%
trypsin-EDTA and antibiotics (penicillin-streptomycin) were
purchased from Gibco (Grand Island, NY). Dulbecco's
phosphate-buffered saline (D-PBS) was purchased from
Genview (TX, USA).

PLD-catalytic transphosphatidylation reaction toward
DOPC. 10 pL of 8 mg/mL DOPC in chloroform was placed in
a 2 mL Eppendorf tube. The chloroform was blown dry by a
stream of argon. The tube was then added with 1.5 pL of 50 mM
SDS (Sigma-Aldrich), 3 pL of 1 M sodium acetate (pH 5.6)
(Meryer, Shanghai) and 25 pL of 90 mM 5-hexyn-1-ol
(Aladdin, Shanghai) in water. Subsequently, 3 pL of 500 mM
CaCl, (Meryer, Shanghai) and 2 pL of deionized water were
added under vortex, followed by adding 2 pL of Arachis
hypogaea PLD (2 U/uL). The resulting mixture was incubated
at 30 °C for 90 min. Afterward, the solution was added with 70
puL of PBS, 250 pLL of methanol, 250 pL of chloroform, and 125
pL of 20 mM HAc (Hengan Chemical, Jiangsu). This solution
was vortexed for 1 min and then centrifuged for 2 min at 16,000
g. The organic layer was collected while the aqueous layer was
transferred to a new tube and then mixed with 250 puL of
chloroform. The mixture was vortexed and centrifuged once
again to yield a solution consisting of organic and aqueous
layers. Finally, the two organic solutions were combined and
dried under a stream of N,. The products were re-suspended in
100 pL methanol and measured by LC-MS, which was

performed on a Waters ACQUITY UPLC SYNAPT G2-Si
QTOF system with BEH HILIC columns.

Cell culture. Mouse mononuclear macrophage leukemia cell
line RAW264.7 and human breast cancer cell line MCF-7 were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% EV-depleted FBS, 1%
penicillin/streptomycin (Gibco). Cell cultures were incubated in
a 5% CO, incubator at 37 °C.

Chemoenzymatic labeling of the cells. The MCF-7 cells
with a density of 1x10° were seeded in 48-well plate (Nest,
China) with cell slides and incubated in 5% CO, incubator at 37
°C overnight. Then, 2 pL of 90 mM 5-hexyn-1-ol and 2 pL of
Arachis hypogaea PLD (2 U/uL) was added to each well. The
reaction was placed in a 30 rpm shaker for 30 °C. After 3 h, the
media were removed and the wells were washed with D-PBS
for three times. Subsequently, 84 uL of D-PBS, 5 uL of 20 mM
CuSO, (Heowns, Tianjin), 10 uL of 500 mM sodium ascorbate
(Aladdin, Shanghai), and 1 pL of 1 mM N3-Cy5 were added to
each well. After Incubation at 40 °C for 2 h, the media were
discarded and the wells were washed with D-PBS for three
times. Finally, the cells were fixed by 4% paraformaldehyde
and the nuclei were stained with 10 uM DAPI (Solarbio,
Beijing) for 3 min. The cells were observed by fluorescence
microscope (Leica) with 40% objective lens.

Isolation, purification, and characterizations of EVs.
After culturing for 48 h, the media for MCF-7 cells were first
centrifuged at 2000 g for 10 min to remove dead cells and cell
debris. Subsequently, the supernatants were collected and
further centrifuged at 10,000 g for 30 min to yield purified EVs.
The EVs were re-suspended in D-PBS, where their protein
concentration was measured by BCA kit (Beyotime
Biotechnology). The morphology of EVs was characterized by
transmission electron microscopy (Talos F200C, FEI). The
hydrodynamic sizes and zeta potential of EVs were analyzed by
the nanoparticle Analyzer (Zetasizer Nano ZS, Malvern
Instruments) and nanoparticle tracking analyser ZetaView
PMX 110 (Particle Metrix, Meerbusch, Germany).

Western Blot Assays. EVs and Cy5-EVs were lysed by ice-
cold RIPA buffer (Beyotime Biotechnology) with a protease
inhibitor (PMSF, 1mM, Beyotime Biotechnology) for 30 min.
Then the lysates were centrifuged at 14,000 g for 20 min at 4 °C
and supernatant were achieved for the BCA assay and used for
western blot assays. Samples were separated by SDS-PAGE
and then transferred onto a 0.45 pum nitrocellulose membrane
(Beyotime Biotechnology). Subsequently, the membrane was
blocked with 5% skim milk (in TBST, 20 mM Tris-HCI, 150
mM NaCl, and 0.1% Tween-20) at 37 °C for 1 h. Then the
membranes were incubated with primary antibody for western
blot analysis: Anti-Alix (1:1,000, abcam; ab117600), Anti-
Annexin Al (1: 1,000, abcam; ab135256), Anti-TsglO1
(1:1000, abcam, ab83), Anti-CD63 (1:1000, proteintech,
25682). Anti-mouse IgG, HRP-linked antibody (1: 3,000,
abcam; ab205719) and anti-rabbit IgG, HRP-linked anti-body
(1: 3,000, abcam; ab6721) were used as secondary anti-bodies.
The membranes for primary antibodies incubation were 4 °C
overnight and washed three times with TBST for 5 min each
and then incubated with secondary antibodies at 37 °C for 2 h.
Then the membranes were washed three times with TBST for
10 min each. Finally, the membranes were incubated with
BeyoECL Plus (Beyotime Biotechnology) and imaged with
Azure c600 (Azure Biosystems, USA).

ACS Paragon Plus Environment

Page 2 of 9



Page 30f9

oNOYTULT D WN =

Analytical Chemistry

Characterizations of alkyne-modified EVs. 80 pg of EVs
isolated from MCF-7 cell culture supernatants were diluted in
200 pL phosphate buffer (pH 5.6). Then, 2 uL of 5-hexyn-1-ol
(90 mM) and 2 pL of Arachis hypogaea PLD (2 U/uL) were
added to the EVs solution. The reaction was placed in a
thermostatic metal bath at 30 °C for 3 h. After that, the unreacted
small molecules were removed under 10,000 g centrifugation
for three times. The alkyne-labeled EVs were re-suspended in
D-PBS for further use.

Characterization of EVs with surface-enhanced Raman
spectroscopy (SERS). To measure the chemical groups on EV
membranes with SERS, a rough gold substrate should be
fabricated as Raman enhancer. Briefly, a glass slide was
immersed in 3 mM HAuCl, followed by adding ammonium
hydroxide at 20 pL. ammonium hydroxide per mL of HAuCl,
solution with rapid shaking for 1 minute. The slide was washed
twice with deionized water to remove unbound gold ions and
incubated with 1 mM NaBH, solution to generate gold seeds.
After further washing twice with water, the gold seed-bearing
slide was immersed in a solution of HAuCl, and hydroxylamine
at a 1:1 ratio and shaken for 5 min, followed by a 10 min
incubation to yield a rough gold nanoparticle-immobilized
SERS substrate. After washing the substrate with DI water
twice and drying, the concentrated EVs were dropped to the
SERS substrate and dried under 37 °C incubator for 10 min.
Then, the Raman spectra were recorded by a confocal Raman
spectrometer with 633 nm excitation light source (0.5 mW),
50x% objective lens, and an exposure time of 10 s.

Fluorescent imaging of EVs. The EVs were re-suspended by
200 pL of D-PBS. Then, 2 pL of 1 mM N;-CyS5, 10 pL of 20
mM CuSO,, and 20 pL of 500 mM sodium ascorbate were
added to the EVs solution. After incubating in 40 °C metal bath
for 2 h, the reaction was centrifuged under 10,000 g for 30 min.
The EVs were co-stained with 5 uM of Dil dyes for 5 min and
then washed with PBS for three times. The samples were
dropped on a glass slide, where the fluorescent EVs were
observed by Al+ confocal fluorescence microscope (Nikon,
Japan) with 100% objective lens. Moreover, the Cy5-labeled
EVs were diluted in 200 pL. D-PBS and measured by F-4600
fluorescence spectrophotometer (Hitachi, Tokyo).

The purity testing of Cy5-modified EVs using the sucrose
density gradient centrifugation assay. Different density of
sucrose solution (30%, 40%, 50%, 60%, 200 pL) were paved
into 2 mL Eppendorf tube for four layers carefully and the
double-stained EVs (20 pL) were added in the upper layer.
Then, the sample was centrifuged by 10,000 g for 30 min. After
centrifugation, the liquid was divided for four fraction by
pipette (200 puL/fraction, from top to bottom). Each fraction was
imaged by Azure ¢600 and analyzed by F-4600 fluorescence
spectrophotometer.

Wound healing assay. 3x10° MCF-7 cells were seeded on
24-well plate (Nest, China) and incubated in 5% CO, incubator
at 37 °C overnight. When confluence reached 100%, the cell
monolayers were scratched using a pipette tip. Then, the cells
continued to grow in replaced media in the presence of EVs
under different conditions. For each group, about 10 pL of EVs
(0.4 mg/mL) was added. Afterward, the plate was put back to
5% CO, incubator. The healing situation of each group was
observed at 0 h and 18 h under a fluorescence microscope
(Leica) with 10x lens. ImageJ was used to calculate the wound
width of the scratches.

Evaluation of the chemical stability of EV labeling in sera.
EV labeled with Azide-Cy5 or Dil dye were incubated in D-
PBS containing 20% fetal bovine serum (FBS)?® at 37 °C for 1
h or 12 h. Subsequently, samples were subjected to centrifuge
by 10,000 g, which allows separation of the dye-labeled EVs
and corresponding supernatants. The fluorescence of dye-
labeled EVs and supernatants was obtained with F-4600
fluorescence spectrophotometer.

SPT (Single-particle tracking) in living cells. RAW264.7
cells were seeded onto a 35 mm glass-based dish overnight prior
to observation and incubated with Cy5-EVs (20 pL, 0.4 mg/mL)
at 4 °C for 10 min for attachment. Excess EVs were removed
by washing with D-PBS. SPT was performed on a Leica DMi8§
microscope with an Andor Dragonfly confocal unit. All images
were acquired with a Leica 100x oil immersion objective with
a numerical aperture of 1.4 and Andor iQ software. We selected
a 640 nm laser with a BP 700/50 nm filter for Cy5. The
movements of labeled EVs were tracked and analyzed using
Image Pro Plus (IPP). The trajectories of labeled EVs were
generated by tracking the representative single EV. Mean
square displacement (MSD) was calculated using a home
compiled program based on Matlab (MathWorks).

Long-term monitoring of Cy5-EVs internalization by
RAW264.7 cells and MCEF-7 cells.

Confocal fluorescence microscope. RAW264.7 cells and
MCF-7 cells with a density of 2x10° were seeded into confocal
dishes (920 mm) (Nest, China) and incubated in a cell incubator
overnight. The internalization process was carried out in an
incubator with 5% CO, at 37 °C. 20 pL of Cy5-labeled EVs (0.4
mg/mL) was added to adhered RAW264.7 cells and MCF-7
cells for monitoring at 0, 20, 40 min, and 1, 2, 4, 8, and 12 h,
respectively. Before imaging, the cells were fixed with 4%
paraformaldehyde (PFA) and co-stained by incubation with 500
pL of 10 pg/ml Hoechst 33342 (Solarbio, Beijing) for 4 min.
For 3D imaging, 5 uM of Dil was first used to stain the cell
membranes for 6 min after the cell culture was removed, then
the cells were fixed and stained by Hoechst 33342. The
fluorescent images were acquired by Al+ confocal
fluorescence microscope (Nikon, Japan) with 60x objective
lens.

Flow Cytometry. The same density of RAW264.7 cells and
MCEF-7 cells as above was seeded in 35 mm culture dishes
(Corning, USA) and incubated at 37 °C overnight. Then, 20 uL
of Cy5-EVs (0.4 mg/mL) was added to each dish and incubated
for 0, 20, 40 min, and 1, 2, 4, 8, 12 h, respectively. After the
incubation, the media were removed and the cells were
digested, finally fixed with 4% PFA and tested under flow
cytometry (BD LSR Fortessa) with excitation at a wavelength
of 640 nm. 10,000 cells were used for each sample. Flowjo was
used for data presentation.

Revealing EV uptake mechanisms with various
endocytosis inhibitors. RAW264.7 cells were first seeded into
35 mm culture dishes and then cultured overnight. Then,
different doses of inhibitors including cytochalasin D, EIPA,
wortmannin, chlorpromazine, and MBCD were added to the
cells respectively and incubated for 30 min. Subsequently, 20
pL of Cy5-labeled EVs (0.4 mg/mL) was added to the cells and
incubated for 4 h. Then, the cell media were removed and the
cells were washed by D-PBS three times. Afterward, the cells
were digested, fixed with 4% PFA overnight and measured by
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flow cytometry (BD LSR Fortessa) with excitation at a
wavelength of 640 nm. 10,000 cells were used throughout all
the samples.

RESULTS AND DISCUSSION

Our study was inspired by the fact that PLD enzymes are able
to hydrolyze phosphatidylcholine into phosphatidic acid and
choline under physiological conditions.? In the presence of
primary alcohols, PLD enzymes can also catalyze the
transphosphatidylation reaction of phosphatidylcholine to
produce unnatural phosphatidyl alcohols. With this principle,
we would like to conduct the transphosphatidylation reaction
with alkyne-bearing alcohols (namely alkynol), by which the
EV membranes could be introduced with alkynes for click
labeling.3-32 To evaluate the feasibility of this hypothesis, 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) was mixed
with excessive 5-hexyn-1-ol (a typical alkynol) under the
catalysis of a commercially available PLD. DOPC is classical
synthetic phosphatidylcholine whose molecular structure is
close to the natural phosphatidylcholine.

a
Alkynol (-)
PLD (-)
N;-Cy5 (+)

b

Merge
Alkynol (-)

Dil Cys
PLD (+)

N3-Cy5 (+) B

C
Alkynol (+)
PLD (=)
N;-Cy5 (+)

d

Alkynol (+)
PLD (+)
N;-Cy5 (+)

Figure 2. Fluorescence contrast images of MCF-7 cell-secreted
EVs after fluorescent labeling under different conditions. (a) The
intact EVs (200 pL, 0.4 mg/mL) were added with N3-Cy5 dyes (2
uL, 1 mM) directly in the absence of alkynol and PLD. The same
amount of intact EVs were first added with either PLD enzyme (2
uL, 2 U/uL) (b) or 5-hexyn-1-ol (2 pL, 90 mM) (c), and then added
with N3-Cy5 dyes. (d) The intact EVs were first incubated with both
PLD enzyme and 5-hexyn-1-o0l, and then incubated with N3-CyS5
dyes. The concentrations for each kind of reagents used in different
conditions were fixed to be the same. EVs were co-stained with Dil
dyes (1 puL, 1 mM) as a contrast. The images were captured by
Nikon A1+ confocal fluorescence microscope with 100x lens.

The results show that the choline in DOPC was exchanged
by alkyne quickly, and the reaction was completed in 90 min.
The typical structures of DOPC and its alkyne-bearing product
are found in Supplementary Figure S1. The alkyne-bearing

DOPC products were seperated by HPLC and identified by
mass spectrometry under anion mode ([M—H] -). The results
were compared to that of DOPC itself (Supplementary Figures
S2,3). As observed from the mass spectrum, three molecular
weights are found at 820.56, 830.59, and 844.61 m/z, which are
attributed to DOPC (EM 785.59) coupled by the negatively-
charged ions [C17], [HCOO™], and [CH3COOQO], respectively. In
contrast, the molecular weight for the alkyne-bearing DOPC
products was found at 779.55 m/z (calculated 779.56). The
decrease of molecular weights in the mass spectra proved that
the enzyme-assisted modification of DOPC can be achieved
successfully in tubes.

Next, we examined the labeling strategy towards the natural
phosphatidylcholine in cell membranes. Excessive 5-hexyne-1-
ol and PLD were first incubated with MCF-7 cells adhered on a
cell-culture plate. After 3 h, the free 5-hexyne-1-0l and PLD
were removed, and the resulting alkyne-appended cells were
then conjugated with azido-bearing Cy5 (N3;-Cy5) dyes via
click chemistry. Only the addition of 5-hexyne-1-ol, PLD, and
N;-CyS enabled fluorescent labeling of the cell membranes
(Supplementary Figure S4); while in the absence of either 5-
hexyne-1-ol or PLD, N;-Cy5 was unable to light up the cell
membranes, indicating excellent specificity of the reactions.

Encouraged by the above experimental results of feasibility
testing, we subsequently applied the modification strategy into
EVs labeling. Note that we employed this chemoenzymatic
strategy to label larger sizes of EVs, because they are easy to be
enriched under low-speed centrifugation and to be visualized by
confocal fluorescent microscope. To modify the EV
membranes, the EVs derived from MCF-7 cells were mixed
with the solution of 5-hexyne-1-ol and PLD directly. After
purification with centrifugation, the resulting alkyne-labeled
EVs were characterized by Raman spectrometry. A single band
was clearly observed at around 2100 cm™ (Supplementary
Figure S5), which is ascribed to the exogenous alkyne group,*?
demonstrating the successful labeling of alkynes into the EV
membranes. Further, N;-Cy5 dyes were conjugated to the
alkyne-tagged EVs membrane by click chemistry. Moreover, we
also wondered if the free fluorescent dyes had been washed away
thoroughly. We first stained the EVs with both Dil and CyS5,
followed by washing with PBS for three times. The resulted
mixtures were seperated by the sucrose density gradient
centrifugation assay. After centriguation, we can observe that the
fluorescence singal only appeared in fraction 3 (Supplementary
Figures S6 and S7). The results prove that the free dyes had been
washed off and the fluorescent signals were only derived from the
labeled EVs. The fluorescent labeling of EVs was confirmed by
testing the fluorescent intensity of the EV particles in PBS, as
indicated by a strong fluorescence emission of Cy5 at 670 nm
(Supplementary Figure S8). Additionally, the CyS5 fluorescence
of EVs can also be recorded by a confocal fluorescent
microscope (Figure 2). The CyS5 signals are fully overlapped
with that of Dil dyes that were non-covalently incorporated into
the EV membranes as a contrast. These results validate that the
EV membranes can be fluorescently labeled via the covalent
chemoenzymatic strategy. With the aid of flow cytometry
analysis, we found that the labeling effeciency of Cy5-EVs
achieved 62.4% (Supplementary Figure S9).

Additionally, an ideal labeling approach should possess high
biocompatibility. We thus wanted to know whether the
chemoenzymatic labeling strategy could impact both the
morphology and biological activity of the EVs. First, we
employed transmission electron microscopy (TEM) to analyze
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the morphology of EVs and Cy5-EVs (Figure 3a,b). The TEM
images display that EVs retained representative saucer-shaped
morphology, which means that the integrity of the vesicles was
not damaged or changed during the modification process.
Similarly, NTA data and DLS data confirmed that the nanoscale
hydrodynamic sizes of EVs have no significant changes before
and after the chemoenzymatic labeling (Figure 3c,d and
Supplementary Figure S10). Moreover, the zeta potentials of
EVs and Cy5-EVs also had no obvious change ( Supplementary
Figure S11). We further identified the characteristic proteins of
the labeled EVs with western blot analysis and compared the results
with the native EVs. After incubation with Alix, CD63, and
Annexin Al antibodies (a marker of microvesicles),>* three
characteristic bands appeared at 96 kDa, 26 kDa, and 39 kDa,
respectively for all samples (Supplementary Figure S12),
confirming that the labelling strategy has no obvious influence on
the morphology and protein composition of EVs.
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Figure 3. Morphological characterizations and biological activity
testing for the native and labeled EVs secreted by MCF-7 cells. (a-
b) TEM images of EVs and those chemoenzymatically labeled with
Cy5 dyes. (c-d) Size distribution profile of EVs and Cy5-EVs
measured by NTA. (e) Wound healing assays for the EVs and Cy5-
EVs after incubation with MCF-7 cells for 18 h. The white dotted
lines indicate the scratch edges. The Images were acquired under a
microscope with a 10x objective lens. Scale bar: 100 um. (f)
Wound closure for the three scratches in the cell groups that was
treated with EVs and Cy5-EVs for 18 h. The group without any
EVs treatment was set as a control. Error bars indicate mean
standard deviations of six images for each group (n = 6, ns = not
significant or p>0.05; **, p<0.01; *** p<0.001, two-tailed t-test).

A cell migration assay was employed to assess the influence
of the labeling strategy on the biological activity of EVs.
Considerable studies have discovered that EVs can transmit
diverse molecular information (proteins, DNA, RNA, etc.) from
the parental cells to the recipient cells, thus boosting cell
migration between cell populations. Therefore, cell migration
assays are broadly used to estimate the biological activity of
EVs.333¢ The scratched MCF-7 monolayers were incubated
with 10 puL of native EVs (0.4 mg/mL) or the same amount of
Cy5-labelled EVs. The cell scratch without the treatment of
EVs was set as the control. The width of all initial scratches was
defined to be 100%. After 18 h incubation, all the scratch width
shrank as the growth of cells. Of note, the cell scratches reduced
dramatically with the aid of EVs in comparison to the control
(Figure 3e). However, there was no significant difference
between the width of cell scratches that had been treated with
native EVs and Cy5-labelled EVs. The average scratch healing
rate for the native EV-treated group was 63%, while that for the

labeled EV-treated group was 57% (Figure 3f). The two EV-
treated groups exhibited an equal biological activity (p>0.05;
two-tailed t-test) in promoting cell proliferation. By contrast,
the untreated group showed an average scratch healing rate of
21%, much slower than that treated with both EVs. The cell
migration assay verifies that the chemoenzymatic labeling
strategy has a negligible impact on the biological activity of
EVs.

The chemical stability of the chemoenzymatic labeling
strategy was further investigated and compared to conventional
phospholipid-based approaches. Currently, the most common
labeling reagents for cell/EV membrane refer to commercially-
available membrane dyes such as Dil, DiO, etc. These dyes
were incorporated into EV membranes in a non-covalent way
(mainly via hydrophobic interactions). To test the labeling
stability, the labelled EVs were incubated with physiologically-
related samples such as serum. After 12 h incubation, the Dil-
labeled vesicles had a greater degree of fluorescence reduction,
while their supernatants obtained by centrifugation had a certain
degree of fluorescence enhancement (Supplementary Figure
S13). This observation was attributed to the weak interactions
between Dil dyes and phospholipids. The Dil dyes were prone
to leach from the EV membranes, especially in the process of
centrifugation, causing the decline of Dil fluorescence in EVs.
We assumed that the free Dil dyes could assemble into micelle
structures or/and adsorb onto lipoproteins in the supernatants to
result in an increase of fluorescence. However, the CyS5
fluorescence of the covalently-labeled EVs maintained stable
within the same incubation period and under the same
centrifugation conditions. The high stability of this
chemoenzymatic labeling method should make it quite useful
for EVs tracking in cellular interactions.

EVs act as cell-to-cell communicators participating in many
physiological processes. However, the internalization processes
and uptake mechanisms of EVs toward recipient cells have not
been clearly revealed yet. In this study, we used RAW264.7
cells, an immunophagocytic cell line that is preferentially
recruited by breast cancer cells’”*, to exploit the dynamic
process and mechanisms of EVs uptake. To investigate this, we
incubated RAW264.7 cells with Cy5-labeled EVs at 4 °C for 10
min for attachment, followed by tracking the uptake process of
individual EVs towards live cells at 37 °C. We found that
binding of EVs to filopodia induced a rapid lateral movement
toward the cell body. Most EVs initially attached to the
filopodia of live cells, and then moved along the filopodia to
interact with plasma membrane.?# It was also reported that
filopodia could drive EVs for the uptake of cells*!, which could
confirm that our labelling strategy is reliable. The snapshots and
the whole trajectory of a particle (Figure 4a) showed that the
EV was surfing along the cell surface, blocked by the plasma
membrane, and then internalized into the cytosol (Figure 4b,
see Movie S1 in Supporting Information). The velocity vs time
plot clearly demonstrated the three-stage internalization process
of Cy5-EVs (Figure 4c¢). Furthermore, we analyzed the
movements of Cy5-EVs in each stage, according to the
relationship between mean square displacement (MSD) and
time lag (Figure 4d).
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Figure 4. Real-time tracking of EV internalization processes by a
RAW264.7 cell. (a) The whole trajectories of the Cy5-EV moving
along filopodia. Scale bar: 2 um. (b) The snapshots of the EV
movements. Scale bar: 1 um. (c) The instantaneous velocity vs time
plot of EV shown in (a). (d) Mean square displacement (MSD) vs
time lag (At) plot was calculated by using the points of the
trajectory in each stage. The lines are the fit to MSD=4DAt
+(VAt)*+constant with D = 0.0068, 0.0004, 0.0137 pm?/s and V =
0.064, 0.021, 0.0489 um/s (D and V are the diffusion coefficient
and fitting velocity, and the constant term is due to noise).

The movements of these three types were analyzed
statistically with another three trajectories. According to the fits
to MSD=4DAt +(VAt)*+constant (D and V are the diffusion
coefficient and velocity of the particle), the D and V values
were calculated to be 0.0048 +£0.0016 pm?/s and 0.0475
+0.0121 pm/s(Mean £ Standard Deviation) at stage 1, 0.0003
+0.0002 pum?s and 0.0140 +0.0077 pm/s at stage 2, and

0.0117+0.0017 um?s and 0.0469+0.0149 um/s at stage 3,
respectively ( Supplementary Figure S14). The apparent
upward curves suggested that the movements could be
characterized as directed motion along actin filaments. The
diffusion coefficient and fitting velocity were consistent with
the values of myosin motor protein-based movements.33

We asked whether the tracking method described here
could be used for long-term monitoring of EVs internalization
by live cells. The CyS-labeled EVs were incubated with the
adhered RAW264.7 cells at 37 °C for varying time. The
fluorescent images were recorded by a confocal fluorescent
microscope. Figure S5a shows that the Cy5-labeled EVs were
gradually internalized by the RAW264.7 cells, as reflected by
time-dependent fluorescence enhancement inside cells. The
three-dimensional fluorescent image confirms the entry and
distribution of the Cy5-labelled EVs (Figure 5b,
Supplementary Figure S15). The time-dependent cellular entry
of EVs was validated by flow cytometry (Figure Sc), which
was commonly employed to quantify the fluorescent intensity
of cell population. We noted that the EVs started to enter
RAW264.7 cells at 1 h, and the fluorescence reached the
maximum value at 8 h approximatively. We further employed
the parental cells (MCF-7 cell) of EVs to evaluate the cell
uptake process. Supplementary Figure S16 shows that the Cy5-
EVs can be internalized by MCF-7 cells and the uptake process
was also time-dependent, which are similar with RAW264.7
cells. The findings were supported by flow cytometry analysis
(Supplementary Figure S17). The uptake started at around 40
min and saturated at 8 h, wheras the intensity of internalization
was weaker than that in RAW264.7 cells, mostly likely owing
to the fact that RAW264.7 cells are macrophages that have a
greater ability than normal cells to take up foreign substances.
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Figure S. Long-term monitoring of EVs internalization by RAW264.7 cells. (a) Confocal fluorescence images of Cy5-EVs internalization
by RAW264.7 cells at different time. The RAW264.7 cells were incubated with 20 pL. Cy5-EVs (0.4 mg/mL). The cells were co-stained
with Hoechst 33342. (b) Representative 3D images of a RAW264.7 cell that was treated with Cy5-EVs for 12 h. The first image shows xy
slices, the second and last ones show orthogonal yz and xz views of the processed z stack respectively. Red, blue, and green indicate the
Cy5-EVs, nucleus, and cell membrane respectively. (¢) Flow cytometry analysis of EVs uptake at different time intervals. From bottom to
up, the uptake time is increasing. (d) Flow cytometry quantitation analysis of cell internalization at normal temperature (37 °C) and low
temperature (4 °C). In all samples, 10,000 cells were used. Data are shown as mean + SD (n = 3).varying time. The fluorescent images

were recorded by a confocal fluorescent microscope.
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Furthermore, we observed that the intracellular fluorescence
of'ingested EVs at normal incubation temperature (37 °C) is 10-
fold higher than that at low temperature (4 °C), indicating that
the RAW264.7 cell uptake is a temperature-dependent process
(Figure 5d). Notably, the EV uptake event is closely associated
with energy consumption, which implies that the EV
internalization by the macrophage cells relies on energy-
dependent active endocytosis rather than energy-free membrane
fusion. To confirm this, a set of RAW264.7 cells were treated
with different concentrations of cytochalasin D (an actin
polymerization inhibitor to suppress endocytic pathways)*
before incubation with the Cy5-labeled EVs. The flow
cytometry results showed that the treatment of cytochalasin D
can reduce EV wuptake in a dose dependent manner
(Supplementary Figure S18).

The active cellular internalization of EVs depends on several
endocytic pathways, including macropinocytosis, phagocytosis,
clathrin-dependent endocytosis, and lipid raft-mediated
endocytosis.** To explore the possible mechanisms, we used a
set of representative inhibitors to block specific uptake
pathways.  5-ethyl-N-isopropyl amiloride (EIPA), a
macropinocytosis inhibitor that blocks Na*/H* exchanger,* can
largely inhibit the EVs uptake (Figure 6a). This result proves
that macropinocytosis plays a crucial role in EV internalization
by macrophages. Wortmannin, a typical phagocytosis inhibitor
targeting phosphoinositide 3-kinase (PI3K),* can hinder
membrane insertion into phagosomes. This result shows that
phagocytosis can also impact the uptake of EVs (Figure 6b).
The phagocytosis pathway emerges frequently in
macrophages.*® Interestingly, we found that EVs uptake was
marginally reduced with the increased concentration of
chlorpromazine (Figure 6c¢), a clathrin-mediated endocytosis
(CME) inhibitor that interferes with the association between
clathrin and the plasma membrane.’ CME is a classical
pathway for nanoparticle uptake particularly those with a size
less than 120 nm.*® In this study, however, the size distributions
of EVs range roughly from 300 to 1000 nm (Figure 3b),
causing few EVs can be uptaken via CME. Finally, we used
methyl-B-cyclodextrin (MBCD)* to assess lipid raft-mediated
endocytosis in the process of RAW264.7 uptake. However,
MBCD did not influence EV uptake (Figure 6d). Collectively,
the process of EVs internalization by RAW264.7 cells is mainly
dependent on phagocytosis and macropinocytosis.
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Figure 6. EV uptake by RAW264.7 cells after incubation with
Cy5-EVs for 4 h in the presence of increasing concentrations of (a)
EIPA, (b) wortmannin, (c) chlorpromazine, and (d) MBCD. The EV
uptake was quantified by flow cytometry (BD LSR Fortessa) with

excitation at a wavelength of 640 nm. The uptake of the control
groups was defined to be 100% and other dosing groups were
divided by the controls. Data are shown as mean = SD (n = 3).

CONCLUSIONS

In summary, a chemoenzymatic labeling strategy was for the
first time constructed to directly engineer the native
phosphatidylcholine of EVs with fluorescent dyes in situ. This
labeling strategy is characteristic of high robustness and
biocompatibility. As revealed by TEM and cell migration
assays, the labeling strategy did not impact both morphology
and biological activity of EVs, respectively. Moreover, unlike
conventional dye-insertion methods, the chemoenzymatic
labeling strategy enables the dye conjugation to EV
phosphatidylcholine in a covalent fashion, endowing high
chemical stability in diverse complex biological environments.
Finally, the high performance of this labeling method was
allowed to monitor the EV-cell interactions in real time,
providing a powerful means to reveal the EV internalization
mechanisms toward RAW264.7 cells. Overall, this study opens
up a new platform for EV labeling, which should facilitate the
investigation and application of EVs in biological and
biomedical fields.
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