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Abstract

Extracellular vesicles (EVs) have emerged as an attractive drug delivery system owing to their natural roles in intercellular
communication. On account of the large intrinsic heterogeneity of EVs, it is highly desirable to evaluate not only the encap-
sulation efficiency but also the alteration of biological functionality after the drug-loading process at the single-particle
level. However, the nanoscale size of EVs poses a great challenge. Taking advantage of nano-flow cytometry (nFCM) in
the multiparameter analysis of single EVs as small as 40 nm, six commonly used drug-loading strategies (coincubation,
electroporation, extrusion, freeze-thawing, sonication, and surfactant treatment) were exploited by employing doxorubicin
(Dox) as the model drug. Encapsulation ratio, EV concentration, drug content, and membrane proteins of Dox-loaded EVs
were measured at the single-particle level. Our data indicated that coincubation and electroporation outperformed other
methods with an encapsulation ratio of approximately 45% and a higher Dox content in single EVs. Interestingly, the labeling
ratios of membrane proteins indicated that varying degrees of damage to the surface proteins of EVs occurred upon extru-
sion, freeze-thawing, sonication, and surfactant treatment. Confocal fluorescence microscopy and flow cytometry analysis
revealed that Dox-loaded EVs prepared by electroporation induced the strongest apoptosis followed by coincubation. These
results correlated well with their cellular uptake rate and fundamentally with the Dox encapsulation efficiency of single EVs.
nFCM provides a rapid and sensitive platform for single-particle assessment of drug-loading strategies for incorporating
drugs into EVs.
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Introduction proteins, nucleic acids, and lipids for intercellular com-

munication [1-5]. Owing to the excellent biocompat-

Extracellular vesicles (EVs) are nanoscale lipid mem-
branes (40-1000 nm in diameter, with majority of them
smaller than 200 nm and termed as sEVs) secreted by
cells to shuttle functional biological molecules such as
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ibility, long circulation time, and inherent targeting abil-
ity, EVs have shown great potential in serving as a drug
delivery system [6, 7]. Currently, most of the drugs are
loaded into EVs via post-loading strategies [8§—10], of
which EVs are isolated first and then drugs are incor-
porated by simple coincubation, electroporation, extru-
sion, freeze-thawing, sonication, or transient membrane
permeabilization [11-13]. Post-loading is direct and also
suitable for loading EVs from various sources, including
plant cells and milk [14, 15]. For the treatment of differ-
ent diseases, a variety of drug molecules including anti-
tumor drugs, enzymes, small interfering RNA (siRNA),
and microRNA (miRNA) could be loaded into EVs. For
example, Kamerkar et al. prepared siRNA-loaded EVs
by electroporation for therapeutic targeting of oncogenic
KRAS in pancreatic cancer, achieving obvious tumor
suppression and higher survival in a mouse model [16].
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Haney et al. reported that macrophage-derived EVs can
be loaded with catalase for Parkinson’s disease [17]. In
addition, small-molecule chemotherapeutics, including
paclitaxel, doxorubicin (Dox), and methotrexate, have
also been employed for EV-based therapy for anti-tumor
treatment [18].

Although EV-based drug delivery systems have many
unique advantages and broad application prospects, sys-
tematic study is lacking for efficient loading of small-
molecule drugs into EVs. Due to the distinct physico-
chemical properties of different drugs, correspondingly
optimized loading strategies need to be selected while
taking these factors into consideration: drug-loading
efficiency, vesicle integrity, and function maintenance
of surface proteins. In view of the extremely tiny size
of EVs and the low content of encapsulated drugs, most
studies used ensemble-averaged methods to evaluate the
effectiveness of drug loading into EVs [12, 19]. However,
EVs are highly heterogeneous and existing approaches
cannot differentiate whether drugs are specifically asso-
ciated with EVs or reside instead in the solution phase
despite the post-separation efforts to remove excess
drugs (e.g., ultracentrifugation or size-exclusion chro-
matography) [20, 21]. Therefore, assessing drug-loaded
EVs at the single-particle level is highly demanded to
address these challenges for optimal performance and
good quality control [19, 22, 23].

By integrating strategies for single-molecule fluores-
cence detection in a sheathed flow with light scatter-
ing detection, our laboratory has developed nano-flow
cytometry (nFCM). The particle size, drug quantity and
loading efficiency, and ligand density of lipid-based
nanomedicines have been characterized at the single-
particle level [9, 24, 25]. In particular, the particle size,
purity, protein profile, drug content, and EV-DNA have
been analyzed for single EVs as small as 40 nm [26-31].
In this work, we report the application of nFCM for the
single-particle assessment of six different drug-loading
strategies for EVs by using Dox as the model drug. This
is not only because Dox is a widely used anti-cancer
drug but also because it is fluorescent, so that the drug
fluorescence signal can be used as the direct reporter
for drug quantity loaded into single EVs. Encapsulation
ratio (defined as the percentage of drug-loaded EVs to
all the EVs), EV concentration, Dox content, and mem-
brane protein level were measured for Dox-loaded EVs at
the single-particle level. The impact of different storage
conditions on preserving the encapsulation efficiency of
Dox-loaded EVs was also investigated. Moreover, the
drug encapsulation efficiency (taking both the encapsu-
lation ratio and drug content in single EVs into account)
correlated well with the cell apoptosis rates, confirming
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the effectiveness of using nFCM for drug-loading char-
acterization of EVs.

Materials and methods
Cell culture

The human colorectal cancer cell line (HCT-15) and the
human embryonic kidney cell line (HEK293T) were pur-
chased from American Type Culture Collection (ATCC).
HEK?293T cells were cultured in DMEM medium (Gibco),
and HCT-15 cells were cultured in RPMI 1640 medium
(Gibco). All media were supplemented with 10% FBS and
penicillin—streptomycin (Invitrogen). The FBS (ExCell Bio,
FSP500) used above was depleted of EVs by ultracentrifuga-
tion at 100,000 X g for 18 h at 4 °C (Beckman Coulter X-90
centrifuge, SW41 Ti rotor).

Isolation and purity assessment of EVs

Cells were grown in EV-depleted medium until they
reached a confluence of approximately 90% (after
approximately 24 h). EV isolation by differential
ultracentrifugation was performed as described in our
previous work [26, 30]. Briefly, the conditioned cell
culture medium (CCCM) was collected and centri-
fuged at 800 x g for 5 min at 4 °C to pellet the cells.
The supernatant was centrifuged at 2000 x g for 10 min
at 4 °C to remove cellular debris. Freshly prepared
CCCM of HEK?293T cells (12.5 mL) were centrifuged
at 100,000 x g for 2 h at 4 °C in a Beckman Coulter
XE-90 K Ultracentrifuge using an SW41 Ti rotor. The
pellet was washed with 12.5 mL of PBS and followed
by a second ultracentrifugation at 100,000 x g for 2 h
at 4 °C. Afterwards, the supernatant was discarded and
the EVs were resuspended in 50 pL. PBS. All PBS used
in this paper have been filtered through a 220-nm filter.
For the purity assessment experiment, to 45 pL of the
EV preparation with a particle concentration of approxi-
mately 1.5 10'° particles/mL, 5 puL of 10% Triton X-100
(Sigma-Aldrich) was added. After 30 min incubation at
room temperature, the treated sample was diluted tenfold
prior to the nFCM analysis.

Dox-loading procedures

Dox loading in EV's was achieved by coincubation, electropora-
tion, extrusion, freeze-thawing, sonication, Triton X-100 treat-
ment, and Tween-20 treatment. For coincubation, 100 pL. EVs
of ~3x 10" particles/mL was added to 100-pL Dox solutions to
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make the final Dox concentration of 5, 10, 25, 50, 100, 200, 250,
or 300 pM. The mixture was incubated for 1 h at 37 °C. With
regard to the other loading methods, 100 pL EVs of ~3x 100
particles/mL was mixed with 100 pL of 200-uM Dox solution
for comparison. For electroporation, the mixture was pulsed at
400 V in a 4-mm cuvette by a Gene Pulser Electroporator (Bio-
Rad), according to literature reports with minor modification
[16]. For extrusion, the mixture was extruded through 200-nm
polycarbonate (PC) membranes for 10 cycles at room tempera-
ture (RT). For freeze-thawing, the mixture was subjected to 3
freeze—thaw cycles between — 80 and 37 °C water bath. For soni-
cation, the mixture was sonicated using a Zealway Ultrasonica-
tor (Model S04H) under the following settings: 30% amplitude
and 20 s on/off for 2 min at RT. For Triton X-100 treatment,
the EVs and Dox mixture, containing 0.1% Triton X-100, was
incubated at RT for 10 min. For Tween-20 treatment, the EVs
and Dox mixture, containing 0.1% Tween-20, was incubated at
RT for 10 min. After the loading procedure, EVs were washed
twice with 1 mL PBS by ultracentrifugation at 100,000x g for
17 min at 4 ‘C (Beckman Coulter MAX-XP centrifuge, TLA-
120.2 rotor) [30]. The pellet was resuspended in 50 uL. PBS for
nFCM analysis. It was noted that centrifuging at 100,000 g for
17 min with a Beckman Coulter Optima Max-XP ultracentrifuge
equipped with a TLA 120.2 rotor offers the same fractionation
effect as that of centrifuging at 100,000 x g for 120 min with a
Beckman Coulter XE-90 K ultracentrifuge equipped with an
SW41 Ti rotor (https://www.mybeckman.uk/centrifuges/rotors/
calculator).

nFCM analysis

The laboratory-built nFCM reported before was used in
the present study [26, 27, 30]. Briefly, two single-photon
counting avalanche photodiodes (APDs) were used for the
simultaneous detection of the side scatter light (SSC, a FFO1
— 524/24 bandpass filter for a 532-nm laser) and fluores-
cence (FL, FFO1 — 579/34 bandpass filter for orange fluo-
rescence) of individual EVs, respectively. Unless stated oth-
erwise, each distribution histogram or dot plot was derived
from data collected 1 min. Ultrapure water supplied by an
ultrapure water system (PURELAB Ultra FLC00006307,
ELGA) served as the sheath fluid via gravity feed.

For nFCM analysis, the sample stream is completely
illuminated within the central region of the focused laser
beam, and the detection efficiency is approximately
100%, which leads to accurate particle concentration
measurement via single-particle enumeration [32, 33].
The concentration of an EV sample (Cy) was determined
by employing 100-nm orange FluoSpheres of known
particle concentration to calibrate the sample flow rate.
Several dilutions were made to the orange FluoSpheres
solution, and a linear correlation between particle con-
centration and detected event rate was obtained with an

R? of 0.999 (data not shown). For particle size measure-
ment of EV preparations, a mixture of monodispersed
silica nanoparticles (SiNPs) of five different diameters
ranging from 47 to 123 nm (47, 59, 74, 95, and 123 nm)
was analyzed using nFCM at the same instrument set-
tings as those used for EV analysis. Considering the
refractive index difference between the SiNPs (1.463)
and EVs (1.400) at 532 nm excitation, the intensity ratio
between light scattered by a SiNP to that of an EV of
the same particle size was calculated based on the Mie
theory for every size of the SiNP standard. These ratios
were used as the correction factors to derive the calibra-
tion curve between the scattered light intensity and par-
ticle size of EVs from the data of SiNPs [26, 27].

Digestion of external EV-DNA and EV-DNA staining

For the digestion of external EV-DNA, approximately 1.5x 10
particles/mL of blank EV or Dox-loaded EV preparation was
treated with 0.2-U/pL RNase-free DNase I (Takara, 2270A)
for 30 min at 37 “C. For EV-DNA staining, a 100-pL aliquot of
the EV preparation with a particle concentration of ~ 1.5x 10!
particles/mL was stained with 6 uM SYTO 82 (Thermo Fisher,
S11363) for 20 min at 37 °C. Tenfold dilution with 6 pM SYTO
82 was conducted prior to the nFCM analysis.

Immunofluorescent staining

Immunofluorescent staining for nFCM analysis was conducted
following the procedures described in our previous work [30].
PE-conjugated mouse anti-human CD24 antibody (clone MLS5),
PE-conjugated mouse anti-human CD47 antibody (clone
CC2C6), PE-conjugated mouse anti-human CD63 antibody
(clone H5C6), and PE-conjugated mouse IgG1, x (clone MOCP-
21) were purchased from BD Biosciences. Into each 50-pL EV
preparation with a particle concentration of ~ 1.5 10'° particles/
mL, 20 uL of PE-conjugated antibody against CD24, CD47, or
CD63 was added. The mixture was incubated at 37 “C for 30 min
and then washed twice with 1 mL PBS by ultracentrifugation
at 100,000 g for 17 min at 4 °C (Beckman Coulter MAX-XP
centrifuge, TLA-120.2 rotor). The pellet was resuspended in 50
puL PBS for nFCM analysis.

Drug-loading assessment by microplate reader

Dox-loaded EVs (50 pL, approximately of 1.5x 10'° parti-
cles/mL) were lysed thoroughly using Triton X-100 essays
and transferred into a 96-well plate. Then a SpectraMax
iD5 microplate reader was used to measure the fluorescence
emission of Dox at 580 nm (Esg ,,,,). The particle concentra-
tion Cg was measured by nFCM as mentioned above. The
Dox-loading quantity per single EV (Meanyp,,,) was calcu-
lated by using the following formula:
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MeanDox = E580 nm/CE'

Cellular internalization and apoptosis analysis

For intracellular uptake studies, approximately 1 x 10 Dox-
loaded EV's were incubated with 1 x 10° HCT-15 cells in a
12-well plate or 15-mm culture dish. For confocal micros-
copy measurements, after a 4-h incubation, the uninternal-
ized EVs were removed. The cells were washed with PBS
and fixed with 4% (v/v) paraformaldehyde (Sigma-Aldrich)
for 15 min at RT. The cells were then washed with PBS,
stained with Hoechst 33,342, and imaged on a Leica SP8
confocal microscope. For FCM analysis, the cells were
washed by 800 g centrifugation after a 12-h incubation. The
fluorescence intensity of the cells was measured immedi-
ately by a BD FACSAria III cytometer. For apoptosis analy-
sis, an FITC Annexin V Apoptosis Detection Kit (BD Bio-
sciences) was used for apoptosis measurements according to
the manufacturer’s specification.

Results

Experimental design and characterization
of HEK293T EVs

We attempted to investigate six different drug-loading strat-
egies for incorporating Dox into EVs by nFCM, including
simple coincubation, electroporation, extrusion, freeze-
thawing, sonication, and surfactant treatment. An anti-tumor
drug Dox, which has been widely reported in researches of
EV therapy, was selected as the model cargo for EV encap-
sulation in this study. As depicted in Fig. 1, both the SSC
and the Dox fluorescence signals of individual Dox-loaded
EVs were detected simultaneously with an analysis rate up
to 10,000 particles per minute. The features of encapsula-
tion ratio, particle concentration, drug content, and surface
proteins were measured for each loading method.

EVs Drug loading strategies

As shown in Fig. 2a, EVs were isolated from HEK293T
cells by differential centrifugation and ultracentrifugation.
The isolated EVs were characterized extensively follow-
ing the recommendations of the International Society for
Extracellular Vesicles [34]. TEM images shown in Fig. 2b
indicate that vesicles exhibited typical cup shapes. Western
blotting analysis showed the presence of CD9 and syntenin
along with the absence of calnexin proteins in the EV prepa-
ration (Fig. 2¢). The SSC distribution histograms measured
by nFCM for the EV preparation before and after Triton
X-100 treatment are displayed in Fig. 2d. Figure 2e indicates
that the events detected in 1 min reduced from 6098 to 1287
upon membrane lysis of EVs, and the purity of EVs was
calculated to be ~80%. Figure 2f shows the SSC distribution
histogram of a mixture of 47-, 59-, 74-, 95-, and 123-nm
SiNPs. When the centroids of the SSC intensity obtained
from the fitted Gaussian curves were corrected for each size
population of the SiNPs based on the Mie theory, a calibra-
tion curve of the SSC intensity and the particle size of EVs
can be obtained (Fig. 2g). Then the particle size of each
individual EVs can be derived from its SSC intensity, and
the particle size distribution histogram of HEK293T EVs
is shown in Fig. 2h. The diameter of the isolated EVs was
generally smaller than 220 nm, with the peak and median
size identified to be 52 nm and 103 nm, respectively. All
these results indicate a good recovery of EVs from cell cul-
ture supernatant.

Analysis of Dox-loading capacity by nFCM

After identifying the purity of isolated EVs, we then loaded
Dox into EVs using different strategies. The Dox-loaded
EVs were analyzed by nFCM through simultaneous SSC
and FL detection of single particles as they passed sequen-
tially through the focused laser beam of nFCM. Figure 3a
shows the representative burst traces of SSC and FL signals
of native EVs and Dox-loaded EVs by incubating EVs with
100 pM Dox for 1 h at 37 °C. Compared to native EVs of
which only SSC signal was observed, concurrent FL signal

Drug-loaded EVs

Encapsulation ratio
EV concentration

5 Drug content

% Membrane protein

nFCM analysis of single EVs

Fig.1 Schematic diagram of applying single EV analysis by nFCM for the assessment of different doxorubicin loading strategies
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Fig.2 Characterization of HEK293T EVs. a Isolation procedure of
HEK293T EVs from cell culture supernatant. b Representative TEM
micrographs of an EV isolate; the scale bars are 500 nm and 200 nm,
respectively. ¢ Immunoblots of a cell lysate and an EV preparation.
d SSC distribution histograms for an EV preparation before (black
line) and after (red line) Triton X-100 treatment. e The bar graph of
event rate detected in 1 min for both samples, and the error bar rep-
resents the standard deviation (s.d.) of three replicate experiments. f

was detected for most of the particles for the preparation of
Dox-loaded EVs. The bivariate dot plot of Dox fluorescence
versus SSC shows a 46.3% of encapsulation ratio, and EVs
exhibiting Dox fluorescence were mainly large-size EVs
with bright SSC signal (Fig. 3b). TEM image shows that the
integral membrane structure was maintained upon Dox load-
ing via coincubation (Fig. 3c). The statistically representa-
tive SSC and FL distribution histograms of EVs without or
with Dox loading are shown in Fig. 3d (i) and (ii), respec-
tively. Compared with unloaded EVs in the same sample
preparation, a significant enhancement of SSC signal was
observed for Dox-loaded EVs as the encapsulation of Dox
into the EV lumen increases the refractive index of EVs.
Meanwhile, a nearly three orders of magnitude variation in
Dox fluorescence is identified for Dox-loaded EVs.

Then the optimal Dox concentration for EV loading
was examined by varying the Dox concentration from
5 to 300 uM. The bar graph shown in Fig. 3e for the
encapsulation ratio indicates that the encapsulation ratio
increased initially with the increase of Dox concentra-
tion and then reached a plateau around ~ 50% at 100 pM.
Further increase of the Dox concentration till 300 pM did
not achieve a higher encapsulation ratio. Compared to
the ~80% of EV purity, the ~50% of encapsulation ratio
indicates that not all the EVs were loaded with Dox. On
the other hand, since it has been reported that Dox could
insert into double-stranded DNA (dsDNA) [35], evidence
needs to be obtained to exclude the scenario that Dox
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SSC distribution histogram of a mixture of monodisperse SiNPs of
five different diameters ranging between 47 and 123 nm, and fit to a
sum of Gaussian peaks. g Plot of the Gaussian-fitted SSC intensity
(after refractive index correction) as a function of EV particle size. h
Histogram of particle size with a bin width of 1 nm for an EV sample
isolated from cell culture supernatant of HEK293T cells by ultracen-
trifugation

was bound to dsDNA on the EV surface instead of being
loaded inside the lumen of EVs. A membrane-permeable
nucleic acid dye, SYTO 82, was used to stain both the
surface and internal DNA of EVs before and after using
DNase I to digest external EV-DNA [30]. As shown in
the bivariate dot plots of SYTO 82 fluorescence versus
SSC (Fig. S1), the SYTO 82 staining ratio decreased
from 60.3 to 39.8% after using DNase I to eradicate DNA
attached to the external surface of native EVs. These
results confirmed the existence of dsDNA on the EV
surface, which agreed well with our previous report [30].
Then, DNase I was used to digest external EV-DNA of
Dox-loaded EVs. The comparable Dox encapsulation
ratio of 46.3% and 45.6% shown in the bivariate dot plots
of Dox-loaded EVs without or with DNase I treatment
suggests that Dox was mainly loaded into the EV lumen
rather than inserting into the dsDNA on the surface of
EVs (Fig. 3b, ).

Then, five other drug-loading strategies were com-
pared with that of coincubation, including extrusion,
freeze-thawing, sonication, and surfactant treatment (Tri-
ton X-100 and Tween-20) using 100 pM Dox. The Dox
encapsulation ratio was measured by nFCM. Figs. 3g
and S2a indicate that coincubation exhibited the highest
encapsulation ratio of 48.7% followed by electropora-
tion of 43.2%. The average encapsulation ratios for three
replicate samples obtained by extrusion, freeze-thawing,
sonication, and treatment by two surfactants of Triton
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Fig.3 Comparison of different strategies for loading Dox into EVs by
nFCM. a Representative SSC and FL burst traces of the native EVs
(1) and Dox-loaded EVs prepared by coincubation (ii). b The bivari-
ate dot plot of Dox fluorescence versus SSC of Dox-loaded EVs pre-
pared by coincubation. ¢ Representative TEM micrograph of Dox-
loaded EVs by coincubation; the scale bar is 200 nm. d SSC (i) and
FL (ii) distribution histograms of native EVs and Dox-loaded EVs
prepared by coincubation. e Optimization of the Dox concentration

X-100 and Tween-20 were 21.3%, 25.7%, 29.6%, 30.8%,
and 25.0%, respectively. It is interesting to note that the
results measured by single-particle analysis are quite
different from those obtained by ensemble-averaged
approaches, of which coincubation was considered as an
inefficient drug-loading approach [13]. Single-particle
analysis by nFCM can objectively eliminate the poten-
tial interference of residual free drugs that co-exist with
EVs upon separation, which could be overlooked by bulk
analysis and lead to an overestimation of drug-loading
efficiency. To note, it has been reported that the loading
efficiency of targeting molecules is not only dependent
on the hydrophobic nature and molecular weight of the
molecules, but also influenced by the physicochemical
property of EVs including lipid composition, membrane
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for loading into EVs by coincubation. f The bivariate dot plot of Dox
fluorescence versus SSC of Dox-loaded EVs prepared by coincuba-
tion upon using DNase I to eradicate DNA attached to the external
surface of EVs. g Encapsulation ratio of Dox for different loading
strategies. h Particle concentrations of Dox-loaded EVs prepared by
different loading strategies. i Dox-loading quantity assessment by
single EV analysis by nFCM and ensemble-averaged analysis by a
microplate reader

proteins, and interior solution conditions [11]. Thus,
horizontal comparison under the same conditions is rec-
ommended for a rigorous conclusion.

Owing to the potential damage to EVs during the drug-
loading process, particle concentrations of Dox-loaded
EVs were measured by nFCM via single-particle enu-
meration. By using 100-nm FluoSpheres with known
concentration as the external standard, the particle con-
centration of EVs can be calculated via the equation
Cg = (Ng/Ng) X C, where Cg, Cg, Ng, and Ny represent
the EV concentration, the FluoSphere concentration, the
event number of EVs counted in 1 min, and the event
number of FluoSphere counted in 1 min, respectively
[36]. Figure 3h shows the particle concentration of
Dox-loaded EVs obtained with different drug-loading
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approaches. A slight increase in particle concentration
was observed for extrusion, sonication, and Tween-20
treatment as compared with that of simple coincubation.
Treatment by extrusion and sonication might transform
large multi-lamellar EVs into more numbers of smaller
unilamellar EVs with rearrangement of vesicular lipid
compositions, as described commonly for liposome pro-
duction [37]. For Tween-20 treatment, the increased
particle concentration could be explained by the reduc-
tion of EV absorption to the surface of tubes during the
Dox-loading and removing process [38]. Meanwhile,
freeze-thawing had almost no influence on the EV parti-
cle concentration. On the contrary, the particle concentra-
tion decreased upon electroporation and especially after
Triton X-100 treatment. For electroporation, the decrease
of EV concentration might be attributed to the fusion of
EVs during the stimulation of an external electric field
[39]. As a stronger surfactant compared to Tween-20, Tri-
ton X-100 is usually used to lysis the membrane struc-
ture of EVs [40]. TEM image verified that after being
treated with 0.1% Triton X-100 at RT for 10 min, the
EV membrane could be damaged and, thus, the particle
concentration decreased during the removal of free drugs.
Figure S2b indicates that similar to the native EVs, EVs
loaded with Dox by coincubation, electroporation, extru-
sion, freeze-thawing, sonication, or Tween-20 treatment

LY

Coincubation cD24

showed typical cup-shaped morphology and membrane
integrity.

To further assess the Dox-loading capacity of these
approaches, the Dox-loading amounts measured by
nFCM were compared with those acquired using a
microplate reader. Figure 3i shows the normalized
median fluorescence intensity of Dox-loaded EVs sub-
population in the preparations obtained by different
loading strategies in comparison with simple coincuba-
tion. Single-particle analysis by nFCM revealed that the
quantity of Dox loaded into EVs by electroporation was
1.85 + 0.45-fold of that by coincubation, while extru-
sion, freeze-thawing, sonication, Triton X-100 treatment,
and Tween-20 treatment loaded 22%, 57%, 40%, 27%,
and 32%, respectively, of the Dox quantity loaded by
coincubation. Meanwhile, the same batch of Dox-loaded
EVs were lysed and analyzed by a microplate reader.
The Dox-loading quantity per single EV for different
loading strategies is plotted in Fig. 3i for comparison.
Clearly, similar results were obtained between nFCM
and microplate reader measurement. Overall, in view
of the encapsulation ratio, particle concentration, and
Dox content, coincubation and electroporation yielded
good performance for loading Dox into EVs, whereas
approaches such as extrusion, freeze-thawing, sonica-
tion, and surfactant treatment are not recommended.
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Fig.4 Membrane protein profiling for Dox-loaded EVs prepared
by different drug-loading strategies by nFCM at the single-particle
level. a Representative SSC and FL burst traces of Dox-loaded EVs
by coincubation upon CD63-PE labeling. b Bivariate dot plots of PE
fluorescence versus SSC of different membrane proteins for Dox-
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expression level (median fluorescence) of single EVs for Dox-loaded
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Membrane protein profiling after Dox-loading
process

It has been well recognized that EVs are capable of evading
immune clearance in vivo and have long circulation time
due to the expression of some membrane proteins such as
CD24 and CDA47 [16, 41]. To take the full advantage of EVs,
mild drug-loading treatment with minimal damage to these
membrane proteins is highly preferred. Here, EV membrane
protein profiling of CD24, CD47, and CD63 was conducted
by nFCM via immunofluorescent staining to investigate the
extent of protein damage after the drug-loading process.
Representative SSC and FL burst traces of Dox-loaded
EVs by coincubation upon CD63-PE labeling are shown in
Fig. 4a, demonstrating varying expression levels of CD63
for individual EVs. The bivariate dot plots of PE fluores-
cence versus SSC indicate that the percentages of CD24-,
CD47-, and CD63-positive EVs were 19.3%, 25.7%, and
35.1%, respectively (Fig. 4b). Meanwhile, the negative con-
trol of IgG generated a positive ratio of 4.0%. The labeling
ratios of these three membrane proteins along with the IgG
control for Dox-loaded EVs obtained with six different drug-
loading strategies are plotted in Fig. 4c. Clearly, electropora-
tion resulted in nearly the same performance as compared
with coincubation, indicating well-preserved membrane
proteins of EVs (Figs. 4c and S3). Of note, the ratios of
CD24-, CD47-, and CD63-positive EVs for Dox-loaded
EVs prepared by extrusion, freeze-thawing, sonication, Tri-
ton X-100 treatment, and Tween-20 treatment all exhibited
different degrees of decline. For CD24, CD47, and CD63,
the observed percentages of reduction were 5.0-14.3%,
11.0-14.3%, and 10.9-26.2%, respectively.

Besides, the normalized median fluorescence intensi-
ties of protein-positive EVs are plotted for each mem-
brane protein for the Dox-loaded EV sample prepared
by different loading strategies (Fig. 4d). We can see that
electroporation, freeze-thawing, and Tween-20 treatment
maintained approximately the same expression level for
all three CD markers as compared with coincubation.
For extrusion, the decrease of membrane protein quan-
tity could result from membrane rearrangement or mem-
brane damage when EVs were squeezing across the PC

Fig.5 Analysis of the storage
stability of Dox-loaded EVs 60 -
prepared by different drug-
loading strategies. a Samples
were stored at 4 °C. b Samples
were stored at — 80 °C. Three
replicates were conducted
(n=3, mean +s.d.). Note that
for a clearer presentation, only
the upper half part of the error

Q

Store at4 °C

45 o

Encapsulation ratio (%)

e & ol

15

:

30 - EB\\,\*\__ M@aé__’é @- Sonication

8\8—6\6__@

membrane for multiple cycles by extrusion force. As for
surfactant treatment, depending on the treatment con-
dition, membrane permeabilization may also interfere
with the structures of membrane proteins and give rise
to the decrease of labeling. Meanwhile, we noticed an
increased ratio of IgG control for Triton X-100 treat-
ment as compared with other methods (Fig. 4c), sug-
gesting that IgG-PE could have entered into EV lumen
and there could exist potential leakage of internal cargos
upon membrane rupture. These speculations can be sup-
ported by the particle concentration reduction upon Tri-
ton X-100 treatment (Fig. 3h). In conclusion, considering
both the labeling ratio and immunofluorescence of single
EVs, coincubation and electroporation are recommended
for loading Dox into EVs as the EV membrane proteins
can be maintained to support the downstream EV-based
therapeutic treatment.

Evaluation of the storage stability of Dox-loaded
EVs

As a promising drug delivery system, whether Dox-
loaded EVs can be stored for a long time is of great
concern. It is essential that EV functionality and thera-
peutic effect can be maintained upon storage. Toward
this end, Dox-loaded EVs prepared using the aforemen-
tioned different loading approaches were stored in tubes
at 4 °C or — 80 °C. The encapsulation ratio was analyzed
by nFCM at different time points from day 1 (the day
of preparation) to day 28. We can see from Fig. 5 that
the encapsulation ratio generally exhibited a downward
trend with the extension of storage duration for every
loading strategy, no matter if the storage temperature
was at 4 °C or — 80 °C. A decrease of the encapsulation
ratio can be observed as early as day 3 (the first time
node for observation), suggesting a potential leakage of
Dox from the lumen to the exterior of EVs. When being
stored at 4 °C, the encapsulation ratios reached a pla-
teau around day 5 or day 7 for all the six different Dox-
loading approaches tested. If being stored at — 80 °C, a
plateau was reached as early as day 3, and a more dra-
matic decrease of the encapsulation ratio was observed.
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Fig.6 Cellular internalization and apoptosis analysis. a Visualization
of cellular uptake of DOX-loaded EVs (red) into HCT-15 cells. The
cellular nuclei were stained with Hoechst 33,342 (blue). The scale
bars were 10 pm. b FCM analysis of the fluorescence intensity of

Nevertheless, Dox-loaded EVs prepared by simple coin-
cubation maintained the highest encapsulation ratio of
nearly 40% after 28 days of storage at 4 °C or — 80 °C.
In summary, Dox-loaded EVs prepared by coincubation
demonstrated the highest encapsulation ratio as com-
pared with other drug-loading strategies. Compared with
— 80 °C, it is recommended to store Dox-loaded EVs at
4 °C regardless of the drug-loading methods.

Cell internalization and apoptosis measurements

Since the alternation of EV membrane integrity and
proteins induced by the drug-loading process may affect
the cellular internalization of EVs [42], we studied the
performance of cell internalization by incubating Dox-
loaded EVs with HCT-15 cells. Note that identical
particle concentrations of Dox-loaded EVs were used
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Dox for HCT-15 cells incubated with Dox-loaded EVs prepared by
different drug-loading strategies. ¢ Apoptosis measurements for Dox-
loaded EVs (n=3, mean+SD). All the particle concentrations of
Dox-loaded EVs were equivalent to the native EVs

despite their different loading approaches. Confocal
images shown in Fig. 6a indicate that Dox-loaded EVs
were taken up into cells for samples prepared by dif-
ferent loading strategies. Quantitative data revealed by
FCM analysis indicated that electroporation yielded the
highest cellular uptake rate and followed by coincubation
(Fig. 6b). These results correlated well with the encapsu-
lation efficiency (taking both the encapsulation ratio and
drug content in single EVs into account) of EVs revealed
by nFCM (Fig. 3g, i). Next, a cell apoptosis study was
carried out, and the percentage of Annexin V—positive
cells was used to investigate the therapeutic perfor-
mance of Dox-loaded EVs (Fig. 6¢). Compared to PBS
and native EVs, Dox-loaded EVs prepared by all differ-
ent drug-loading strategies induced obvious apoptosis.
Among these, Dox-loaded EVs prepared by electropora-
tion and coincubation showed the most significant effect
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in inducing apoptosis as compared with other methods.
Therefore, the therapeutic effect of Dox-loaded EVs cor-
related well the cellular uptake rate and fundamentally
with the Dox encapsulation efficiency, implicating the
veracity and significance of using nFCM for EV drug-
loading characterization at the single-particle level.

Conclusions

In present study, we made a relatively comprehensive assess-
ment of six different drug-loading strategies for incorpo-
rating Dox into EVs at the single-particle level by nFCM.
The experimental results indicated that the Dox-loaded EVs
prepared by coincubation and electroporation possessed a
higher encapsulation ratio and more Dox content in single
EVs. Correspondingly, confocal fluorescence microscopy
and flow cytometry analysis revealed that Dox-loaded EVs
prepared by these two procedures resulted in a higher level
of cellular uptake and induced more significant apoptosis
for tumor cells as compared with other drug-loading strat-
egies. Meanwhile, Dox-loaded EVs prepared by coincu-
bation showed the best performance upon storage at 4 °C
or — 80 °C. nFCM could serve as an efficient platform for
single-particle assessment of drug incorporation into EVs to
promote the development of EV-based therapeutics.
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