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Since small extracellular vesicle (SEVs) are involved in cell-to-cell communication via transfer of certain
bioactive molecules and have the capability to overcome biological barriers against drug transport, their use
as a drug delivery system (DDS) has been demonstrated in treatment of a diverse range of diseases. How-
ever, some issues in drug encapsulation have been pointed out, including low encapsulation efficiency and
poor reproducibility. It was previously reported that liposomes containing phosphatidylserine (PS) can fuse
together in the presence of calcium ion, which allows for drug encapsulation into the resultant liposomes
(i.e., calcium fusion method). On the other hand, PS is reportedly present in lipid membrane of sEVs as a
distinct lipid composition. We therefore hypothesized that PS-mediated membrane fusion of sEVs with PS-
liposomes encapsulating therapeutic agents via the calcium fusion method can be applied to convenient drug
encapsulation into SEVs. Membrane fusion of PS-liposomes and sEVs derived from murine melanoma B16F1
cells (B16-sEVs) was firstly confirmed. The obtained nanoparticles, termed chimeric nanoparticles (CM-NP),
showed comparable cellular uptake to B16-sEVs into B16F1 cells. Moreover, CM-NP encapsulating an anti-
cancer drug doxorubicin (DOX) (CM-NP-DOX) could be prepared by membrane fusion of PS-liposomes
encapsulating DOX (PS-Lipo-DOX) and B16-sEVs. CM-NP-DOX exhibited a superior anticancer effect on
B16F1 cells in vitro compared with PS-Lipo-DOX. These findings suggest that the calcium fusion method
could be applied for membrane fusion of SEVs and PS-liposomes, and that this approach would likely be use-

ful for efficient drug encapsulation into sEVs, as well as increasing liposome functionality.
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INTRODUCTION

Small extracellular vesicles (SEVs) are cell-derived vesicles
with lipid bilayer membrane having 40—150nm in diameter.”
They are related to cell-to-cell communication via transfer of
encapsulated bioactive components, such as nucleic acids and
proteins, to recipient cells.” Numerous membrane proteins are
expressed on exosomal surfaces and exhibit not only targeting
capabilities to specific tissues/cells stemmed from properties
of donor cells, but also ability to pass through biological bar-
riers (e.g., the blood-brain barrier).>* Because of the above
characteristics, use of sEVs in therapeutic application and as a
drug delivery system (DDS) has been expected.

To apply sEVs as a DDS, encapsulating low molecular
weight or macromolecular drugs has been reported in many
studies by several methods, such as incubation of sEVs with
drug solution, membrane permeabilization with detergents,
and use of physical treatments (e.g., electroporation, sonica-
tion).”> The usefulness of these drug-encapsulated sEVs has
been demonstrated in the treatment of various diseases.®”
Meanwhile, some issues in drug encapsulation have been
pointed out, including low encapsulation efficiency and poor
reproducibility,” and improvement of these issues is required.
Liposomes, which are composed of lipid membranes similar
to sEVs, have been used for disease therapy with the devel-
opment of many drug encapsulation and functional ligand
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modification methods.” Among them, the calcium fusion
method was previously employed for encapsulation of soluble
compounds, including dextran and DNA, into liposomes,® in
which liposomes containing a phospholipid phosphatidylserine
(PS) fuse together in the presence of calcium ions, followed
by obtaining unilamellar liposomes by treating with a calcium
chelating agent, ethylenediaminetetraacetic acid (EDTA).”
On the other hand, PS has been reported to exist in the lipid
membrane of sEVs as a distinct lipid composition,'” and an
affinity isolation method of sEVs using PS displayed on their
surfaces was also previously developed.'” By focusing on the
presence of PS on membranes of sEVs, we hypothesized that
PS-mediated membrane fusion of sEVs with PS-liposomes
encapsulating drugs via the calcium fusion can be applied to
convenient drug encapsulation into sEVs. Also, their mem-
brane fusion may impart unique properties of sEVs (e.g., high
cellular uptake efficiency) to liposomes, allowing for develop-
ment of nanoparticles possessing functions derived from both
sEVs and liposomes.

In this study, by using liposomes composed of different PS
compositions and sEVs derived from murine melanoma B16F1
cells (B16-sEVs), we first investigated whether membrane
fusion of those liposomes and sEVs can be achieved by the
calcium fusion method. Cellular uptake of the prepared fused
nanoparticles, here termed chimeric nanoparticles (CM-NP),
into B16F1 cells was then evaluated and compared with plain
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PS-liposomes and B16-sEVs. In addition, CM-NP encapsulat-
ing an anticancer drug doxorubicin (DOX) was prepared by
membrane fusion of PS-liposomes encapsulating DOX and
B16-sEVs, and its anticancer effect was evaluated in vitro.

MATERIALS AND METHODS

Cell Culture Mouse melanoma BI6F1 cells were pur-
chased from DS Pharma Biomedical (Osaka, Japan). B16F1
cells were cultivated in Dulbecco’s modified Eagle Medium
(DMEM; Nacalai Tesque, Kyoto, Japan) containing 100 U/mL
penicillin and 100 ug/mL streptomycin (Gibco, MA, U.S.A)
and 10% fetal bovine serum (FBS), and cultured at 37°C in a
5% CO, incubator.

Collection of sEVs BI6GFI cells were seeded (23X 10°
cells/dish) onto 150-mm dishes and cultured for 24 h. The cells
were then rinsed using phosphate-buffered saline (PBS), and
media were changed to FBS-free advanced DMEM (Gibco)
containing 100 U/mL penicillin and 100ug/mL streptomycin
and 2mM L-glutamine (Gibco). The culture supernatant was
collected 48h after incubation, and B16F1-derived sEVs (B16-
sEVs) were collected as previously reported.'? In brief, the
collected medium was sequentially centrifuged at 300 X g for
10min, 2000 X g for 20min, and 10000 X g for 30 min at 4°C,
and filtered with 0.22-um syringe filters. The medium was
then ultracentrifuged at 100000 X g for 70 min at 4°C (Optima
L-90K; Beckman Coulter, Tokyo, Japan) to pellet B16-sEVs,
followed by resuspension in PBS and ultracentrifugation. The
obtained B16-sEVs were resuspended in PBS and then used in
experiments.

Preparation of Liposomes Egg phosphatidylcholine (EPC)
and dioleoylphosphatidylserine (DOPS) were both purchased
from NOF Corporation (Tokyo, Japan). Lissamine rhoda-
mine B (Rhodamine)-labeled dioleoylphosphatidylethanolamine
(DOPE) and N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD)-
labeled DOPE were purchased from Avanti Polar Lipids (Ala-
baster, AL, U.S.A.). Liposomes composed of each molar ratio
of EPC/DOPS (10/0, 9/1, 7.5/2.5, and 5/5M ratio) were prepared
by the thin-film method. Compositions of the liposomes were
termed PSO-, PS10-, PS25-, and PS50-Lipo, respectively. The
lipid solution prepared in chloroform/methanol was added to
test tubes and dried by use of nitrogen gas. For fluorescent
labeling, Rhodamine- and NBD-labeled DOPE were mixed
in the lipid solution at 1mol% concentration of total lipid,
respectively. The lipid film was hydrated with PBS, and the
resultant liposomes were passed through a mini-extruder with
polycarbonate membrane filters having 100nm pores (Avanti
Polar Lipids). The particle size, polydispersity index (PDI), and
{-potential of the liposomes were determined using a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, U.K.).

Membrane Fusion by the Calcium Fusion Method Cal-
cium fusion of PS-liposomes and B16-sEVs was performed
by the calcium fusion method with modifications.® Briefly,
250 uL of each composition of 100 uM liposomes and 250 uL
B16-sEVs suspension (30ug as protein amount) were mixed,
followed by addition of 500uL 20mM CaCl, in ultrapure
water (Final CaCl, conc. 10mM). After incubation for 1h at
37°C, those samples were mixed with 500uL 30mM EDTA
in PBS, vortexed for 10s, and incubated for 30min at 37°C.
Depending on the experiments, liposomes were labeled with
NBD-DOPE, Rhodamine-DOPE, or both, and B16-sEVs with
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a fluorescent probe PKH67 (Sigma-Aldrich, MO, U.S.A)) in
accordance with the manufacturer’s protocol.

Fluorescence Resonance Energy Transfer (FRET) Assay
Membrane fusion of Bl16-sEVs and each liposome labeled
with NBD-DOPE (excitation: 460nm, emission: 530nm) and
Rhodamine-DOPE (excitation: 543 nm, emission: 590nm) was
assessed by a FRET assay.'? NBD excitation at 460nm induc-
es Rhodamine emission at 590nm under the FRET condition
in liposomal membranes, while lipid dilution upon membrane
fusion with B16-sEVs increases the distances between the
FRET fluorophores and decreases Rhodamine emission. The
FRET between each liposome and B16-sEVs was monitored
by scanning fluorescence intensity from 510 to 650nm every
10nm following NBD excitation at 460nm with a Tecan In-
finite M200 microplate reader (Salzburg, Switzerland). The
decrease percentage of the FRET fluorescence was calculated
with the following equation: 100 — fluorescence intensity at
590nm after calcium fusion + fluorescence intensity at 590nm
after the same procedure without CaCl, and EDTA X 100 (%).

Density Gradient Ultracentrifugation Rhodamine-la-
beled PSO- or PS25-Lipo were mixed with PKH67-labeled
B16-sEVs and subjected to calcium fusion treatment, as de-
scribed above. The samples (1 mL) were layered on iodixanol
(Optiprep™, Sigma-Aldrich) density gradient prepared with
2mL 5% iodixanol, 3.5mL 10% iodixanol, 4mL 20% iodixa-
nol, and 1.5mL 40% iodixanol in 0.25M sucrose containing
10mM Tris—HCI (pH 7.5), followed by ultracentrifugation
with SW41Ti swing rotor (Beckman Coulter) at 100000 X g
for 18h at 4°C. Each sample was then divided into 11 frac-
tions and fluorescence intensities of Rhodamine (excitation:
543nm, emission: 588nm) and PKH67 (excitation: 488nm,
emission, 520nm) were measured with a microplate reader.
Based on the results of fluorescence measurement of Rhoda-
mine and PKH67 in each fraction, we calculated membrane
fusion efficiency of liposomes and sEVs according to the fol-
lowing formula:

Membrane fusion efficiency (%)
= Rhodamine fluorescence values in the liposome
fractions coexisting with the sEVs fractions after
fusion treatment (Fusion (+)) +Total Rhodamine
fluorescence values observed in all fractions X 100.

Cellular Uptake of CM-NPs BI6F1 cells were seeded
(1.5 X 10° cells/dish) onto 35-mm glass bottom dishes and cul-
tured at 37°C for 24h. Each sample labeled with PKH67 was
added to the cells (Final concentration: 8.3 uM as liposomes
and 10ug/mL as B16-sEVs in DMEM containing 10% FBS)
and incubated for 24h. The cells were washed with PBS twice
and fixed with 4% paraformaldehyde for 10min at 37°C, fol-
lowed by nuclear staining using 4'6-diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific, Waltham, MA, U.S.A)) di-
luted in PBS at a concentration of 1 ug/mL at 37°C for 15min.
Thereafter, fluorescence of PKH67 and DAPI in the cells was
observed by confocal laser scanning microscopy (LSM700,
Carl Zeiss, Jena, Germany).

In case of quantitative analyses, BI6F1 cells were seeded
(3.0 X 10* cells/well) onto 24-well plates and cultivated at
37°C overnight. After treatment with the PKH67-labeled sam-
ples as mentioned above for 6 and 24h, the cells were rinsed
in PBS and lysed using 1% n-octyl-$-p-glucoside (Dojindo,
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Kumamoto, Japan). The fluorescence intensity of PKH67 was
measured with a microplate reader. Cellular uptake (%) was
calculated according to the following equation:

PKH67 fluorescence intensity of cellular lysates
+ PKH67 fluorescence intensity of the added samples X 100 (%).

Preparation of CM-NP Encapsulating Doxorubicin
Encapsulation of DOX into liposomes was performed as pre-
viously reported.”” Briefly, a lipid film composed of EPC/
DOPS (3/1 M ratio) was hydrated using 250mM ammonium
sulfate, and the prepared PS25-Lipo were sized by extrusion,
followed by passing through a PD-10 column (Cytiva, Tokyo,
Japan) to replace external ammonium sulfate with 20mM N-
(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES)
(pH 8.0). The liposomes were enriched by ultracentrifuga-
tion (112500 X g, 60min, 4°C), and resuspended with 20mM
HEPES (pH 8.0). The solution of DOX (Nacalai Tesque) was
then mixed with the liposomes and incubated for 20min at
37°C. Calcium fusion of PS25-Lipo encapsulating DOX (PS-
Lipo-DOX) and B16-sEVs was performed as described above,
followed by ultracentrifugation to remove unencapsulated
DOX. The amount of encapsulated DOX in PS-Lipo-DOX and
CM-NP encapsulating DOX (CM-NP-DOX) was quantified by
determining the absorbance (4 =484nm) following solubiliz-
ing the liposomes in 1% Triton-X100. Encapsulation efficiency
of DOX was determined as the percentage of the amount of
encapsulated DOX to that of the initially added DOX.

To evaluate DOX encapsulation efficiency into B16-sEVs
by simple incubation, B16-sEVs (30ug in 500uL PBS) were
mixed with 500uL of 500uM DOX solution dissolved in
20mM HEPES (pH 8.0) and incubated for 90min at 37°C.
The incubation ratio of B16-sEVs with DOX and incubation
time were the same as the conditions for calcium fusion. After
removing unencapsulated DOX by ultracentrifugation, encap-
sulation efficiency of DOX was determined as described above.

Cell Viability Assay BI6F1 cells were seeded onto a
24-well plate (3 X 10* cells/well). After overnight incubation,
DOX solution, PS-Lipo-DOX, or CM-NP-DOX was mixed
with DMEM containing 10% FBS and added to the cells at
final DOX concentrations of 0.3 and 3 uM. At 24h after the
sample addition, the cellular viability was assessed with a Cell
Counting Kit-8 (Dojindo) in accordance with the manufac-
turer’s instructions.

Statistical Analysis Statistical differences were analyzed
by one-way ANOVA followed by the Tukey post-hoc test.
Data are mean = standard derivation (S.D.).

RESULTS AND DISCUSSION

We firstly prepared liposomes containing each ratio of PS
(0, 10, 25, 50mol% of total lipid) and investigated their mem-
brane fusion with sEVs by the calcium fusion method. In our
previous study, we found that the average particle number
of B16-sEVs collected by the same procedure as the present
study is 2.3 = 0.6 X 10° particles/ug (6.9 X 10'° particles/30 ug
in 2504L).!? In this study, we also preliminarily evaluated
the average particle number of 100uM liposomes by using
a nanoparticle multianalyzer (qQNano; Meiwafosis Co., Ltd.,
Tokyo, Japan) and the average number was determined to be
27+ 17X 10" particles/mL (6.8 X 10! particles in 250 uL).
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Table 1. Physicochemical Properties of the Liposomes, B16-sEVs, and
CM-NP
Size -Potential

Sample (d. nm) PDI ¢ (mV)
PS0-Lipo 136.4+9.6 0.14+0.06 —41=*=13
PS10-Lipo 1392+152  0.15%0.05 —12.8+0.8
PS25-Lipo 1224+73 0.12+0.02 —18.0*+1.4
PS50-Lipo 1249 +8.7 0.15+£0.04 —21.8%+43
B16-sEVs 1443+26.1 030%0.05 —23.7*+59
PS0-Lipo + B16-sEVs 531.1+156.4 0.61*£0.19 —174*+29
PS10-Lipo + B16-sEVs 367.3+229  0.68+0.33 —20.3 *1.0
PS25-Lipo + B16-sEVs 379.6 +146.8 0.55+0.09 —19.3*+39
PS50-Lipo + B16-sEVs 1387.1 £841.1 0.76 +0.18 —16.9=*=3.1
PS-Lipo-DOX 1649+299  026+0.07 —20.5+4.1
CM-NP-DOX 3342+1550 046+0.04 —195*+19

Data represent mean = S.D. (n =3-4).

Based on these results, we incubated 250uL (30ug) of Bl6-
sEVs and 250uL of 100uM liposomes for fusion to make
the incubation ratio to be approximately 1:1. B16-sEVs was
isolated by the ultracentrifugation method and used in this
study. The particle size, PDI, and {-potential of each PS-Lipo
and B16-sEVs are shown in Table 1. Membrane fusion effi-
ciency of PS-Lipo labeled with NBD- and Rhodamine-DOPE
and B16-sEVs was evaluated using FRET. As shown in Figs.
1A-D, NBD excitation at 460nm induced Rhodamine emis-
sion around 590nm in each PS-Lipo without fusion, indicat-
ing that both fluorophores are in close proximity and under
the FRET condition in liposomal membranes before fusion.
However, membrane fusion with B16-sEVs by the calcium
fusion method, namely incubation with calcium ion and sub-
sequent EDTA, largely decreased Rhodamine fluorescence in
the groups using PS10-, PS25-, and PS50-Lipo (Figs. 1B-D).
These results indicate that the distances between NBD and
Rhodamine in the liposomal membranes increased due to
membrane fusion-mediated lipid dilution, by which FRET
efficiency decreased. The quantitative graph showed that the
percentages of FRET fluorescence decrease after fusion was
significantly larger in PS10-, PS25-, and PS50-Lipo groups
than that of PSO-Lipo, and that was the highest in PS25-
Lipo group (Fig. 1E). The increases in particle sizes of those
nanoparticles also indicate an induction of membrane fusion
by the calcium fusion (Table 1). A decrease in FRET fluo-
rescence and an increase in particle size were also observed
in the PSO-Lipo group, suggesting that a small amount of
PS0-Lipo might also fuse together during the fusion between
PS-presenting B16-sEVs. Although the detailed reason why
PS50-Lipo + B16-sEVs showed higher (-potential than each
nanoparticle is not clear, the particle size became quite large
after calcium fusion possibly due to aggregation of the par-
ticles. Based on this result, it is speculated that calcium ions
used for membrane fusion could not be completely chelated by
EDTA from the aggregated particles and remained in the lipid
membranes of PS50-Lipo and B16-sEVs, which might induce
increase in (-potential of fused nanoparticles compared with
PS50-Lipo and B16-sEVs. Considering the membrane fusion
efficiency and particle size, we decided to use PS25-Lipo in
the subsequent experiments, and the nanoparticles prepared
by membrane fusion of PS25-Lipo and B16-sEVs were termed
CM-NP. The data of particle size distribution of PS25-Lipo,
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Evaluation of Membrane Fusion of PS-Liposomes and B16-sEVs Using FRET

(A-D) Fluorescent spectra from 510 to 650nm with excitation of NBD at 460nm (A: PSO-Lipo + B16-sEVs, B: PS10-Lipo + B16-sEVs, C: PS25-Lipo + B16-sEVs, D:
PS50-Lipo + B16-sEVs). The black (Fusion (+)) and dotted graphs (Fusion (—)) indicate the spectra of the samples subjected to calcium fusion or the same process without
CaCl, and EDTA, respectively. The spectra are representative data from three independent experiments. (E) The decrease rate of the FRET fluorescence before/after mem-
brane fusion are presented. Data are mean = S.D. (n=3). **p<0.01 and ***p <0.001 vs. PSO.

B16-sEVs, and CM-NP were shown in Fig. 2. Although
unfused PS25-Lipo and B16-sEVs showed relatively mono-
dispersed particle distribution (Figs. 2A, B), the distribution
became broad and polydisperse upon membrane fusion with
PS25-Lipo and B16-sEVs via calcium fusion (Fig. 2C).

To more accurately confirm the formation of CM-NP, we
next performed iodixanol density gradient ultracentrifuga-
tion fraction analysis. In this experiment, liposomes and
B16-sEVs were labeled with Rhodamine-DOPE and PKH67,
respectively, and the mixtures of each liposome and B16-sEVs
were prepared with/without treatments for calcium fusion. In
case of without fusion, the Rhodamine fluorescence derived
from PSO- or PS25-Lipo was determined in fractions 1 and
2 (low-density fractions), and the PKH67 fluorescence from
B16-sEVs was broadly detected from mostly fractions 4 to
10 (Fig. 3), as previously reported that sEVs possess a broad
range of densities between 1.08-1.19g/mL.'”> After fusion,
the fraction of B16-sEVs was mainly determined in Frac-
tion 8 (Fig. 3A) or 7-8 (Fig. 3B). Regarding the results of
Fig. 3A (PSO-Lipo + B16-sEVs), we consider that each sEV
containing PS fused with other sEVs, while PS0O-Lipo not
containing PS existed as liposomes without fusion with sEVs.
Importantly, shift of the main liposomal fraction to the same
fraction with B16-sEVs was observed when using PS25-Lipo
(Fig. 3B), but not when using PS0-Lipo. These results indicate
that lipid membranes of liposomes and sEVs coexisted in the
same fractions in the state of CM-NP, although some popula-
tion of SEVs might fuse with sEVs, not with PS25-Lipo. The
membrane fusion efficiency was calculated by the percentage
of Rhodamine fluorescence values in the liposome fractions
coexisting with the sEVs fractions after fusion treatment to
total Rhodamine fluorescence values observed in all fractions,
and the efficiency was determined to be 66.7 = 3.8% from the
three independent results of this assay. These results further

indicate that CM-NP was successfully prepared by calcium
fusion of PS25-Lipo and B16-sEVs.

Next, cellular uptake of CM-NP into B16F1 cells, parental
cells of B16-sEVs, was evaluated by fluorescence labeling of
the samples with PKH67. The results of confocal microscopy
showed that only a small amount of PKH67 fluorescence de-
rived from PS25-Lipo was observed, while higher fluorescence
was broadly observed in the group of B16-sEVs 24h after the
sample addition (Fig. 4A). Importantly, PKH67 fluorescence
in BI6F1 cells incubated with CM-NP was more intense than
that of PS25-Lipo and comparable to the cells treated with
B16-sEVs. By lysing the cells 6 or 24h after sample addi-
tion, we also quantified PKH67 fluorescence in the cells and
determined cellular uptake efficiency of each sample. Con-
sistent with the results of confocal microscopy, the uptakes
of B16-sEVs and CM-NP were significantly higher than that
of PS25-Lipo at both 6 and 24h, and similar uptake was ob-
served between the groups of B16-sEVs and CM-NP (Fig. 4B).
To investigate whether the proteins on B16-sEVs and CM-NP
affected their cellular uptake into B16F1 cells, effect of Pro-
teinase K treatment on the cellular uptake of B16-sEVs and
CM-NP was evaluated, as reported previously.'” The confocal
images showed that treatment of B16-sEVs with Proteinase K
significantly decreased their cellular uptake into B16-F1 cells
(Supplementary Fig. 1(A)), suggesting that surface proteins on
B16-sEVs could be responsible for uptake into B16-F1 cells.
On the other hand, cellular uptake of CM-NP tended to de-
crease by Proteinase K treatment, but not significant (Supple-
mentary Fig. 1(B)). These results suggest that the membrane
proteins on B16-sEVs would be presented on the membrane
surface of CM-NP after calcium fusion, and that the proteins
might partly contribute to higher cellular uptake of CM-NP
than PS25-Lipo, although detailed mechanisms are needed to
be elucidated.
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The particle size distribution of PS25-Lipo (A), B16-sEVs (B), and CM-NP (C) were determined by using a Zetasizer Nano ZS.

Finally, CM-NP encapsulating an anticancer drug DOX
(CM-NP-DOX) was prepared by membrane fusion of PS25-
Lipo encapsulating DOX (PS-Lipo-DOX) and B16-sEVs, and
we evaluated its growth inhibition effect on B16F1 cells. DOX
encapsulation into PS25-Lipo was performed by the remote
loading method using ammonium sulfate gradient, and mem-
brane fusion with B16-sEVs was carried out after DOX en-
capsulation. The physicochemical properties of PS-Lipo-DOX
and CM-NP-DOX are shown in Table 1. The DOX encapsula-
tion efficiencies into PS25-Lipo and CM-NP were 71.3 £9.8
and 67.1 £10.4%, respectively, and the efficiency was almost
unchanged, regardless of the membrane fusion (Table 2). In
the case of simple incubation of B16-sEVs and DOX solution,
the DOX encapsulation efficiency was 5.2 £0.6% and the ef-
ficiency significantly increased by calcium fusion-mediated
encapsulation method (Table 2), indicating that calcium
fusion-mediated DOX encapsulation into sEVs should be a
superior approach compared with the conventional simple in-
cubation method. Treatment with CM-NP-DOX exhibited
the highest anti-proliferative effect among the groups, and
significantly decreased cell viability compared with DOX
solution at 0.3uM and PS-Lipo-DOX at 3uM (Fig. 5). Based
on the results of Figs. 3 and 4, it was suggested that higher
uptake of CM-NP into BI6F1 cells brought about greater anti-
proliferative effect than PS25-Lipo. Although CM-NP-DOX
exhibited higher anti-proliferative effect than PS-Lipo-DOX,
the difference was not so different compared to the differ-

ences in cellular uptake. Lipid composition of liposomes is
considered to be one of the reasons. In this study, we prepared
DOX-encapsulated liposomes composed of two unsaturated
phospholipids, namely EPC and DOPS, without using choles-
terol which contributes to liposomal membrane stabilization.
It was previously reported that DOX-encapsulated liposomes
composed of EPC/cholesterol (2/1 M ratio) released only 14%
of encapsulated DOX after 24 h incubation in HEPES-buffered
saline, whereas the liposomes composed only EPC released
47% of encapsulated DOX, indicating that drug release from
liposomes composed of only unsaturated phospholipids is
quite rapid."” Based on this finding, we consider that DOX
release from PS25-Lipo and CM-NP was fast, which made it
difficult to see drastic differences between groups, although
cellular uptake was more than two times higher than that of
PS25-Lipo. Another possibility is that the average particle
size of CM-NP-DOX (334.2 = 155.0nm) was higher than that
of PS-Lipo-DOX (164.9 =29.9nm) and the higher particle
size might affect intracellular distribution of nanoparticles
and encapsulated DOX upon cellular uptake. In this study, we
focused on membrane fusion of PS-Lipo and sEVs by calcium
fusion method and its application for drug encapsulation;
however, since optimization of lipid composition of PS-Lipo
is essential for in vivo application of CM-NP, we would defi-
nitely try in future study to demonstrate further usefulness of
CM-NP. Until now, a few methods, such as repeated freeze-
thawing and the use of polyethylene glycol as a cellular fusion
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Fig. 3.

Confirmation of Membrane Fusion of PS25-Lipo and B16-sEVs by a Density Gradient Ultracentrifugation Analysis

(A, B) Each liposome and B16-sEVs were labeled with Rhodamine-DOPE and PKH67, respectively. The Rhodamine-labeled PS0-Lipo or PS25-Lipo were mixed with
PKH67-labeled B16-sEVs and those mixtures were subjected to a density gradient ultracentrifugation after calcium fusion. Fluorescence intensities of Rhodamine-labeled
liposomes (open circle plus dotted line: without fusion, closed circle plus black line: with fusion) and PKH67-labeled B16-sEVs (open triangle plus dotted line: without
fusion, closed triangle plus black line: with fusion) in each fraction were measured. The table below the graphs represents the density of each fraction determined as previ-

ously reported.?”

(A) PS25-Lipo B16-sEVs CM-NP
B
(B) ;

6 L O6h M24h %
< EES
< 5t
[o)
3
g 47
=
5 3 ##
B
Z 2t #
@]

-

0

PS25-Lipo B16-sEVs CM-NP

Fig. 4. Cellular Uptake of PS25-Lipo, B16-sEVs, and CM-NP into
B16F1 Melanoma Cells

(A) BI6F1 cells were incubated with PKH67-labeled PS25-Lipo, B16-sEVs, or
CM-NP (Final conc.: 10 ug/mL as B16-sEVs and 8.3 uM as PS25-Lipo in DMEM
supplemented with 10% FBS). After incubation for 24h, uptake of each sample
was determined with a confocal laser scanning microscope following nuclear
staining with DAPI solution. Blue and green colors present fluorescence of DAPI
(nuclei) and PKH67 (samples), respectively. Scale bars =50 um. (B) For quantifica-
tion of the uptake efficiency of the samples, the PKH67 fluorescence intensity was
determined by lysing the treated cells 6 and 24h after sample addition. Data are
mean = S.D. (n=4). Significant differences: *p <0.05 *#p < 0.01 vs. PS25-Lipo (6h)
and **p <0.01 vs. PS25-Lipo (24h).

Table 2. DOX Encapsulation Efficiency into PS25-Lipo, CM-NP, and
B16-sEVs by the Indicated Encapsulation Methods

Sample DOX encapsulation ratio (%)
PS25-Lipo (Remote loading) 71.3 £9.8%**
CM-NP (Calcium fusion) 67.1 = 10.4%**
B16-sEVs (Simple incubation) 52*0.6

DOX encapsulation into PS25-Lipo, CM-NP, and B16-sEVs was performed by
remote loading, calcium fusion, and simple incubation method, respectively, as men-
tioned in Material and Methods (Preparation of CM-NP encapsulating doxorubicin).
Data represent mean = S.D. (n = 3-5). Significant differences: ***p<0.001 vs. B16-
sEVs (Simple incubation).
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Fig. 5. Anticancer Effect of CM-NP-DOX against B16F1 Cells

BI6F1 cells were treated with DOX solution, PS-Lipo-DOX, or CM-NP-DOX
(Final DOX conc.: 0.3 and 3uM in DMEM supplemented with 10% FBS). Cell
viability was assessed after 24h incubation using the WST-8 assay. Data are the
mean = S.D. (n=4). Significant differences: *p <0.05, **p <0.01.
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reagent, have been reported for fusion of sEVs and liposomes
to prepare functional nanoparticles.'® The present findings
may offer a new approach to prepare sEV-based nanoparticles
by PS-mediated calcium fusion method.

To demonstrate further usefulness of the CM-NP prepared
by the calcium fusion method, therapeutic application in vivo
is necessary, while particle size regulation is an issue to be
solved for systemic administration. We recently reported that
high-pressure homogenization with a microfluidizer decreases
the particle size of sEVs without influence on their morphol-
ogy and apparent function, and enables simultaneous loading
of small molecular anticancer drugs and functional lipid into
sEVs, which allows for effective cancer therapy by systemic
injection of the prepared sEVs.!” Combination of the calcium
fusion and the microfluidizer may be a promising approach
for particle size regulation of CM-NP and increase in their
functionalities. Additionally, to further demonstrate the advan-
tage of the calcium method, encapsulation of macromolecular
drugs, such as small interfering RNA (siRNA) and protein
drugs, should be the next step since encapsulation of those
drugs into sEVs has required to be improved due to some is-
sues such as low encapsulation efficiency and poor reproduc-
ibility.Y In this study, we focused on demonstrating whether
liposomes composed of PS can be fused with sEVs by calcium
fusion and whether the calcium fusion can be applied to drug
encapsulation by using DOX as a model low-molecular drug
because DOX is easily encapsulated into liposomes. Conse-
quentially, we could successfully suggest the usefulness of
calcium fusion as an approach to the encapsulation of thera-
peutic drugs into sEVs via membrane fusion with liposomes
composed of PS. In future study, we would definitely like to
try the encapsulation of macromolecular drugs into sEVs via
calcium fusion while regulating the particle size of the resul-
tant CM-NP.

In conclusion, we have demonstrated that the calcium fu-
sion method can be applied for membrane fusion of PS-lipo-
somes and sEVs which contain PS in their lipid membranes.
This approach could be useful for efficient drug encapsulation
into sEVs and increase in the functionalities of liposomes.
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