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Tumor derived small extracellular vesicles (TsEVs) display a great potential as efficient nanocarriers for
chemotherapy because of their intrinsic targeting ability. However, the inherited risks of their original cargos
(like loaded proteins or RNAs) from parent cancer cells in tumor progression severely hinder the practical
application. In this study, a saponin-mediated cargo elimination strategy was established and practiced in
glioblastoma (GBM) cell-derived small extracellular vesicles (GBM-sEVs). A high eliminating efficacy of the cargo
molecules was confirmed by systematic analysis of the original proteins and RNAs in GBM-sEVs. In addition, the
inherited functions of GBM-sEVs to promote GBM progression vanished after saponin treatment. Moreover, the
results of cellular uptake analysis and in vivo imaging analysis demonstrated that saponin treatment preserved
the homotypic targeting ability of GBM-sEVs. Thus, we developed an efficient nanocarrier with improved
biosafety for GBM suppression. Furthermore, doxorubicin (DOX) transported by the saponin-treated GBM-sEVs
(sa-GBM-sEVs) displayed an effective tumor suppression in both subcutaneous and orthotopic GBM models of
mouse. Collectively, this study provides a feasible way to avoid the potential protumoral risks of TsEVs and can
advance the clinical application of TsEVs in chemotherapy.

1. Introduction

Efficient delivery of chemotherapeutic agents to tumor cells is crit-
ical to improve the outcome of tumor therapy. To this end, many kinds
of artificial nano drug delivery systems (DDSs) have been developed
over decades, such as liposomes, micelles, and nanogels [1-3]. How-
ever, their application is impeded by the limited biological barrier
penetration ability, circulation instability, immunogenicity, and
biosafety. Extracellular vesicles (EVs) are phospholipid membrane ves-
icles secreted by eukaryotes and act as intracellular messengers to tranrt
bispoomolecules from their parent cells to recipient cells [4,5]. They can
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be mainly divided into large extracellular vesicles (IEVs, 200 nm ~
1000 nm, mainly composed of microvesicles) and small extracellular
vesicles (sEVs, 30-150 nm, mainly composed of exosomes) according to
size [6,7]. As natural nano DDSs, these vesicles exhibit advanced char-
acteristics in circulation stability, biological barrier crossing and
intrinsic targeting ability compared with artificial nanocarriers [8-10].

Recently, tumor cell-derived EVs (TEVs) have attracted great atten-
tion, because of the excellent outcome achieved in cancer therapy when
TEVs are applied as nanocarriers of chemotherapeutic agents [11,12].
Drug resistance of stem cell like-cancer cells is reversed by chemother-
apeutic agents transported by tumor cell-derived 1EVs [13]. In addition,
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autologous 1EVs from tumor cells loaded with methotrexate are
demonstrated to be effective in relieving human lung cancer [14].
However, due to the large size of IEVs, certain conditions are needed for
1EVs to penetrate into solid tumor tissues [15]. sEVs have achieved good
therapeutic effect on solid tumors because they are easy to penetrate
into solid tumors [16]. Thus, TSEVs may be a better candidate for drug
delivery than 1EVs in treatment of solid tumors. In addition to the
excellent penetration ability, TsEVs usually have intrinsic targeting
ability to their origin cells, leading to the improved distribution in
specific tumor tissues and enhanced drug delivery efficacy [17]. In
addition, TsEVs can elicit immunostimulatory function by the loaded
tumor antigen repertoire [18]. Furthermore, the infinite proliferation of
tumor cells is favorable for the production of sufficient autologous sEVs
without immunogenicity, guaranteeing a sufficient dosage during ther-
apy. Based on the above reasons, TsEVs are attractive candidate nano-
carriers for chemotherapy.

Despite these advantages displayed by TsEVs, great concerns still
exist in their application. Solid evidence has proved the functions of
TsEVs in cancer progression and metastasis, which is closely related to
the loaded proteins and RNAs in TsEVs [5,19,20]. For example, vesicular
miR-1247-3p from high-metastatic hepatocellular carcinoma cells
convert normal fibroblasts to cancer-associated fibroblasts by directly
targeting beta-1,4-galactosyltransferase 3, activating p1-integrin-NF—«b
signaling in fibroblasts [20]. Lymph node metastasis-associated tran-
script 2 in TsEVs stimulates human lymphatic endothelial cell tube
formation in vitro and enhances tumor lymphangiogenesis in vivo in a
VEGF-C-independent manner [21]. sEVs from liver cancer cells can
build a favorable microenvironment for tumor progression by delivering
PKM2 [22]. Thus, eliminating the risk of TsEVs in tumor progression is
critical for their application in clinical cancer therapy.

Considering the protumoral ability of the content in TsEVs, we hy-
pothesize that it would be helpful to reduce the protumoral risk of TSEVs
by eliminating the original cargos of TsEVs. Glioblastoma (GBM) is the
most common primary malignant tumor in the central nervous system
[23]. The overall and long-term survival of glioblastoma is still dim
[24]. Because of its strong invasive ability, it is difficult to achieve
complete surgical resection of glioblastoma. Thus, postoperative syn-
chronous radiotherapy and chemotherapy are very important to GBM
patients. However, a large percentage of glioblastoma patients develop
resistance to temozolomide due to elevated expression of the DNA
damage repair proteins [25], and other traditional chemotherapy is
impaired by the limited delivery of therapeutic agents through the
blood-brain barrier (BBB) [26]. Recently, several studies show that SEVs
have the capability to penetrate the BBB [27-29], indicating that sEVs
are suitable nanocarriers for chemotherapeutic agents for treating
glioblastoma. Based on the above statement, in this study, the cargo
eliminating strategy was carried out in glioblastoma cell-derived sEVs
(GBM-sEVs) to diminish their protumoral functions. Saponin is a natu-
rally derived surfactant with a good safety profile and can generate holes
on phospholipid membrane by binding cholesterol, thus leading to
enhanced permeation [30,31]. The saponin induced permeation was
identified as a simple and effective way to achieve the cargo elimination
in this study. The saponin-mediated cargos eliminated GBM-sEVs
(sa-GBM-sEVs) were further used as targeting nano DDSs for glioblas-
toma suppression. OQur results showed that most of the inner proteins
and RNAs in GBM-sEVs could be removed by saponin treatment while
the innate targeting ability of GBM-sEVs was maintained. In addition,
the sa-GBM-sEVs were unable to promote GBM progression and could
achieve efficient GBM suppression by targeting delivery of doxorubicin
with improved biosafety. Collectively, this study demonstrates a simple
saponin-mediated cargo eliminating strategy to improve the biosafety of
TsEVs, which is of great referential value in the practical application of
TsEVs.
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2. Experimental section
2.1. Cell culture

Human embryonic kidney cell 293, murine glioblastoma cell line
GL261, and human GBM cell line U87 and U251 cells, and HLF-1 cells
were purchased from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). All these cell lines were cultured in high glucose
DMEM medium (Corning) containing 10% fetal bovine serum (FBS,
Gibco). HLF-1 cells were cultured in F12 medium (Corning) containing
10% fetal bovine serum (FBS, Gibco) at 37 °C with 5% CO». All the cells
used were tested negatively for mycoplasma infection.

2.2. Isolation of sEVs

EV-depleted FBS was obtained by ultracentrifugation according to
the procedures reported in a previous report [32]. To prepare and isolate
sEVs, cells were planted at 60% confluence in the T75 plates (Thermo).
After the cells were cultured in EV-depleted media for 72 h, the condi-
tioned media were collected and centrifuged at 400 g for 10 min, 2000 g
for 15 min, and 15,000 g for 30 min at 4 °C. Finally, the media under-
went ultracentrifugation at 100,000 g for 75 min at 4 °C (Optima
XPN-100 Ultracentrifuge, with a SW32 Ti rotor, Beckman Coulter Life
Sciences), and the precipitate was resuspended in sterile
phosphate-buffered saline (PBS), followed by another ultracentrifuga-
tion (100,000 g, 75 min, 4 °C) to collect the sEVs. The obtained sEVs
were stored at —80 °C for use.

2.3. Characterizations of sEVs

sEVs were characterized according to the guidelines of the Interna-
tional Society for Extracellular Vesicles [33].

Size Distribution and Particle Concentration. The particle diameter and
concentration of U87-sEVs, U251-sEVs and GL261-sEVs were detected
by a nanoflow cytometer (N30 Nanoflow Analyzer; nanoFCM Inc, Xia-
men, China). For particle concentration assay, standard polystyrene
nanoparticles (200 nm, concentration: 1.58 x 108/mL, NanoFCM Inc,
Xiamen, China) were used for nanoparticle quantification. The particle
concentration of sEVs was calculated according to the particle number
ratio between sEVs samples and the concentration known standard
nanoparticles. For size distribution assay, a standard curve was created
using the standard silica nanoparticles (diameter: 68, 91, 113, 155 nm)
in the nanoflow cytometer. The sEV samples were diluted and loaded,
and the size distribution was fitted to the standard curve and obtained.

Transmission electron microscopy (TEM). The morphologies of U87-
sEV, U251-sEV, HEK293-sEV and GL261-sEV were detected by TEM
(Hitachi H-7650, Tokyo, Japan). Briefly, 10 L sEV solution (2 x 10°
particles/mL) was added onto a Formvarcarbon-coated grid (300
meshes) and dried for 20 min. Then, the grid was washed with sterile
PBS once and fixed with 1% (w/v) glutaraldehyde for 5 min. After that,
the grid was washed with deionized (DI) water and stained with 2% (w/
v) saturated aqueous uranyl oxalate for 5 min. Finally, the sEV con-
taining grid was dried for 10 min at room temperature, and the micro-
structure of sEVs was imaged.

Cryogenic transmission electron microscopy (cryo-TEM): The mor-
phologies of U87-sEV, U251-sEV, HEK293-sEV and GL261-sEV with or
without saponin treatment were detected by cryo-TEM (Leica, Wetzlar,
Germany). 5 pL sEV solution (2 x 10'° particles/mL) was added onto a
Lacey carbon-coated grid. Then, the grid was incubated at 85% humidity
for 10 s and immersed in liquid ethanol (—196 °C). Next, the grid was
put on a cryo-transfer sample holder at —175 °C, and observed at
different acceleration voltages (80, 100, 120,160 and 200 kV).

The sEV markers CD63, TSG101, and Lamin A/C were detected by
western blotting (WB), and the detailed information was shown in the
section of western blotting (WB) analysis.
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2.4. Western blotting analysis

Cells and isolated sEVs were lysed with radio-immunoprecipitation
assay (RIPA, Beyotime Biotechnology, China) supplemented with phe-
nylmethanesulfonyl fluoride (PMSF) (10 puL/mL of lysis buffer, Beyotime
Biotechnology, China). Then, the protein concentration was measured
by bicinchoninic acid assay (BCA, Beyotime Biotechnology, China).
Briefly, the solution was mixed with 5 x SDS-PAGE loading buffer
(Beyotime Biotechnology, China) and boiled at 95 °C for 10 min. Pro-
teins were separated with SDS-PAGE and transferred to a 0.45 pm pol-
yvinylidene difluoride (PVDF) membrane. After that, the membranes
were blocked with 5% (w/v) non-fat milk for 90 min and incubated with
primary antibody followed by secondary antibody. The primary anti-
bodies used for immunoblotting: CD63 (1:1000, Abcam, ab134045),
CD9 (1:1000, Abcam, ab92726), Alix (1:500, Santacruz, sc-53540),
TSG101 (1:500, Santa Cruz Biotechnology, sc7964), LaminA/C
(1:1000, Servicebio, GB11407), Actin (1:1000, Invitrogen, MA5-15739),
ANXA6 (1:500, Santacruz, sc-271,859), ECM1 (1:1000, Abcam,
ab126629), ITGB1 (1:500, Santacruz, sc-374,429). The second anti-
bodies used for immunoblotting: anti-mouse I1gG, HRP-linked antibody
(1:2000, CST, 7076), anti-rabbit, IgG, HRP-linked antibody (1:2000,
CST, 7074).

2.5. Cargo elimination

In this study, three methods (saponin, sonication, and freeze-thaw)
were used to eliminate the cargos of GBM-sEVs. The isolated sEVs
were resuspended in sterile PBS to a concentration of 1 x 10 particles/
mL for further cargo elimination.

For saponin treatment, 1 x 101 particles/mL sEVs were incubated
with different concentrations (0.1%, 0.2% and 0.5% w/v) of saponin in
1 mL PBS under room temperature for 30 min, 60 min, or 90 min. Then,
the sEVs were diluted to 30 mL with sterile PBS and washed with sterile
PBS twice.

For sonication treatment, 1 x 101° particles/mL sEVs were sonicated
(500 V, 2 kHz, 20% power, 4 s pulse/2 s pause) for 4 cycles by Qsonica
Q500 (USA). Then, the sEVs suspensions were cooled on ice for 2 min
and rotated for 15 min under room temperature at a speed of 30 rpm.

For freeze-thaw cycle treatment, 1 x 10'° particles/mL sEVs were
rapidly frozen at —80 °C, and then thawed at room temperature for 30
min, rotating at a speed of 30 rpm. The freeze-thaw cycle was repeated
for 4 cycles.

2.6. Detection of the total protein in sEVs

U87-sEVs (1 x 10'° particles) or U251-sEVs (1 x 100 particles)
samples or saponin treated samples (n = 3) were washed with PBS twice
and obtained by ultracentrifugation. All sEVs were lysed by the same
volume of RIPA (Beyotime Biotechnology, China) supplemented with
PMSF (10 pL/mL of lysis buffer) and detected by Pierce BCA Protein
Assay Kit (Thermo Scientific, Cat#23225) according to the instructions.
The absorbance of the samples was detected by a plate reader (Bio-Rad,
USA) at a wavelength of 562 nm. A standard curve was used to calculate
the protein concentration of each sample.

2.7. Sliver staining

sEVs samples treated with or without different methods were washed
with PBS twice and obtained by ultracentrifugation. All SEVs were lysed
by the same volume of RIPA, and the solution was mixed with 5 x SDS-
PAGE loading buffer (Beyotime Biotechnology, China) and boiled at
95 °C for 10 min 10 pL of the solution was added to the gel followed by
electrophoresis. At the end of the electrophoresis, the gel was taken out,
put into a fix solution (50 mL ethanol, 10 mL acetic acid and 40 mL Milli-
Q grade pure water), and incubated overnight at room temperature at a
shaking speed of 60-70 rpm. Then, the experiments were conducted
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according to the instructions of a silver stain kit (Beyotime Biotech-
nology, China). Finally, the bands of these gels were detected by
ChemiDoc MP imaging system (Bio-Rad).

2.8. Detection of the total RNA in sEVs

U87-sEVs (1 x 100 particles) or U251-sEVs (1 x 10! particles)
treated with or without different methods were washed with PBS twice
and obtained by ultracentrifugation (n = 3). These sEVs were suspended
in the same volume of sterile PBS, and 100 pL suspension was used to
detect the total RNA in the sEVs according to the instruction of SYTO®
RNA Select™ Green Fluorescent Cell Stain kit (Thermo Fisher Scientific,
USA). As an RNA specific fluorescent dye, SYTO™ RNA Select Green dye
can penetrate lipid membrane and emit fluorescence signal after binding
to RNA molecules, leading to its ability in RNA quantification. The
absorbance of the samples was detected by a plate reader (Bio-Rad, USA)
at a wavelength of 530 nm.

2.9. Quantitative proteomic analysis

Quantitative proteomic analysis was performed on a Q Exactive mass
spectrometer (Thermo Scientific) that was coupled to Easy nL.C (Proxeon
Biosystems, now Thermo Fisher Scientific) for 60/120/240 min. The
peptides were loaded onto a reverse phase trap column (Thermo Sci-
entific Acclaim PepMap100, 100 pm x 2 cm, nanoViper C18) connected
to the C18-reversed phase analytical column (Thermo Scientific Easy
Column, 10 cm long, 75 pm inner diameter, 3 pm resin) in buffer A
(0.1% Formic acid) and separated with a linear gradient of buffer B (84%
acetonitrile and 0.1% Formic acid) at a flow rate of 0.3 pL/min
controlled by IntelliFlow technology. The mass spectrum data were ac-
quired using a data-dependent top10 method dynamically choosing the
most abundant precursor ions from the survey scan (300-1800 m/z) for
HCD fragmentation. The Dynamic exclusion duration was 40.0 s. Survey
scans were acquired at a resolution of 70,000 at m/z 200 and resolution
for HCD spectra was set to 17,500 at m/z 200, and isolation width was 2
m/z. The raw data of each sample were combined and searched using the
MaxQuant software (version 1.5.3.17) for identification and quantita-
tion analysis. Related parameters and instructions are listed in
supplemetaryTable 5.

2.10. Invitro sEVs internalization assay

sEVs (1 x 1010 particles/mL) were labeled with 10 pM DiO (Thermo
Fisher Scientific, USA) at 37 °C for 20 min, filtered by a 0.22 pm
membrane, washed with PBS twice, and finally isolated by ultracentri-
fugation (100,000 g, 75 min, 4 °C). Then, an incremental concentration
of the DiO labeled sEVs were added into the culture medium of U87,
U251, GL261, and HEK293 cells, and the cells were further cultured for
another 12 h. Meanwhile, a parallel control group was set to eliminate
the false positive induced by free DiO. In the parallel control group, 10
pM DiO in PBS was processed with the same procedures, and the tube
bottom was rinsed with PBS. And the above PBS was added to the culture
medium. Before fluorescence microscopy observation, the cells were
fixed with 4% paraformaldehyde for 20 min, permeabilized in 0.1%
Triton-X 100 for 10 min, and stained with 4/, 6-diamidino-2- phenyl-
indole (DAPI, Beyotime Biotechnology, China). The stained cells were
observed with a confocal fluorescence microscope (Leica Microsystems,
Wetzlar, Germany). For flow cytometry analysis, at the end of culture,
the cells were washed with PBS twice and suspended with PBS before
they were detected by flow cytometry with a flow cytometer (Cytoflex,
USA).

2.11. RNA isolation and real-time quantitative polymerase chain reaction
(RT-gPCR)

RNAs in sEVs are mainly composed of miRNAs and mRNAs, and
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some of these RNAs are critical to tumor progression. Therefore, the
proliferation-related mRNAs (TIMP1, IDH1) and miRNAs (miR-19b,
miR-21, miR-1246) [34-37], angiogenesis-related mRNA (VGER) [38],
invasion-related mRNA (EGFR) and miRNAs (miR-20 and miR-320)
[39-41], migration-related mRNAs (TGFB1, FGF2) [42], and drug
resistance-related mRNAs (APNG, ABCC3 and BIRC5) were selected [43,
44] for further evaluation of the RNA eliminating efficacies. Equal
amount of sEVs (1 x 10'° particles/mL) were used in each group, and
the total RNA was extracted from the sEVs using TRIzol Reagent (Invi-
trogen) according to the manufacturer’s instructions, and the total RNAs
were resuspended in the same volume of RNA-free water. cDNA was
synthesized using PrimeScript™ RT Master Mix (TaKaRa, Japan) with
the same volume of RNA suspension. Reverse transcription was per-
formed on a proflex PCR system (life technology). Quantification of
miRNAs and mRNAs expression was performed using a TB Green Premix
Ex Taq kit (TaKaRa, Japan) on a 7900HT Fast Real-Time PCR instrument
(life technology). The primers of miRNAs and mRNA are listed in sup-
plementary Table 6. All of these reactions were run in triplicate. The
data were calculated as 27°CT expression.

2.12. CCK-8 assay

U87 cells were planted on 96 well plates at a density of 8000 cells/
well, and U251 cells were planted on 96 well plates at a density of
10,000 cells/well for 24 h, and GL261 cells were planted on 96 well
plates at a density of 6000 cells/well (n = 3). Then, sEVs administrations
were taken. Briefly, different concentrations of U87-sEVs (5 x 108, 1 x
109, and 5 x 10° particles/mL) treated with or without saponin were
incubated with U87 cells for 48 h. Meanwhile, 1 x 10° particles/mL
U87-sEVs treated with or without saponin were incubated with U87 cells
for different time points (24 h, 48 h and 72 h). Similar experiments were
conducted to U251 cells and GL261 cells with sEVs from their own. At
the end of incubation, cell viability was measured by a Cell counting kit-
8 (CCKS; Dojindo) assay performed according to the manufacturer’s
protocol. The absorbance of each cell sample was detected at 450 nm by
a plate reader (Bio-Rad, USA).

2.13. DOX loading

Doxorubicin (DOX) was chosen as a model drug because of its broad-
spectrum anti-cancer ability and the limited BBB penetration ability. 1
x 10'° sEVs were incubated with 100 pM DOX (Selleck) in 0.2% saponin
in PBS at room temperature for 4 h. Next, the solution was diluted and
washed with PBS by ultrafiltration centrifuge tube (100 KD, Millipore,
USA) for five times. Then, the DOX containing sEVs were suspended
with sterile PBS. Finally, the fluorescence of sEVs-DOX was detected by a
multifunctional enzyme label instrument (Varioskan LUX, Thermo). The
detection wavelength was 480 nm (Ex.)/595 nm (Em.). We established a
standard quantification curve of DOX in the same detection condition as:

y = 0.6367x-0.0299 (R? = 0.984)

where y refers to the DOX concentration, and x refers to the fluorescence
signal value of DOX. The DOX loading efficiency was calculated by the
formula:

Loading efficiency = The amount of DOX in sEVs/Total DOX x
100%.

2.14. Cytotoxicity assays

U87 and U251 cells were planted in 96 well plates at a density of
10,000 cells/well for 24 h respectively (n = 3). U87 cells were incubated
with free DOX or U87-sEVs-DOX (DOX concentration of 0.2, 0.5, 1, 2, 4
and 10 pM) for 24 h, and U251 cells were incubated with free DOX or
U251-sEVs-DOX (DOX concentration of 0.2, 0.5, 1, 2, 4 and 10 pM) for
24 h. At the end of incubation, cell viability was measured by Cell
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counting kit-8 (CCK8; Dojindo) assay according to the manufacturer’s
protocol. Finally, the absorbance at 450 nm of each sample was detected
by a plate reader (Bio-Rad, USA).

2.15. Cell apoptosis assay

5 x 10° U87 and U251 cells were planted on a six well plate for 24 h
(n = 3). U87-sEVs (concentration of 5 x 108 and 5 x 10° particles/mL)
or sa-U87-sEVs (concentration of 5 x 10% and 5 x 10° particles/mL)
were added to the culture medium of U87 cells and incubated with U87
cells for 24 h. Meanwhile, U251-sEVs (concentration of 5 x 10% and 5 x
10° particles/mL) or sa-U251-sEVs (concentration of 5 x 10% and 5 x
10° particles/mL) were added into the culture medium of U251 cells and
incubated with U251 cells for 24 h. For DOX administration, U87 cells
were incubated with free DOX or U87-sEVs-DOX (concentration of 0.2,
0.4 and 0.6 pM) for 24 h, and U251 cells were incubated with free DOX
or U251-sEVs-DOX (concentration of 0.2, 0.4 and 0.6 uM) for 24 h. At
the end of incubation, cells were washed with PBS and stained with
Annexin V-PE/PI kit (Beyotime Biotechnology, China) according to the
direction, then analyzed by a flow cytometer (Cytoflex, USA).

2.16. Wound healing assay

Cells were seeded into a 6-well plate to create a confluent monolayer
(n = 3). The cell monolayer was then scraped in a straight line to create a
“scratch” with a p200 pipette tip, and the images were acquired. After
that, the U87 cells were incubated with U87-sEVs (concentration of 5 x
10%and 5 x 10° particles/mL) or sa-U87-sEVs (concentration of 5 x 108
and 5 x 10° particles/mL). Similarly, the U251 cells were incubated
with U251-sEVs (concentration of 5 x 10% and 5 x 10° particles/mL) or
sa-U251-sEVs (concentration of 5 x 108 and 5 x 10° particles/mL). The
images were taken at 12 h and 24 h after sEVs treatment. The wound
closure percentage was defined as the below formula:

Wound closure percentage = the migrated cell surface area/total
surface area x 100%.

2.17. Transwell assay

Transwell assay was used to evaluate the function of sEVs on the
invasion of cancer cells. Briefly, Matrigel (Corning) was mixed with PBS
(1:8, v/v), and 30 pL of the mixture was added to the upper chamber of
the transwell plate (24-well plates, 8-pm pores; Corning). After that, the
transwell plates were incubated in the incubator for 4 h. Next, 5 x 104
U87 cells together with U87-sEVs (5 x 108 and 5 x 10° particles/mL) or
sa-U87-sEVs (5 x 108 and 5 x 10° particles/mL) were seeded in the
upper chamber. 24 h later, the cells migrated to the bottom of the
chamber were fixed and stained with 1% crystal violet solution before
being observed with a microscope. Similar experiments were also con-
ducted to U251 and GL261 cells with sEVs from their own. Three in-
dependent experiments were conducted.

2.18. In vivo assay

All animal experimental protocols were approved by the Animal
Research Committee of Shanghai Sixth People’s Hospital (SYXK
(Shanghai, China) 2011-0128, January 1, 2011). Four weeks old female
nude mice and C57 mice were purchased from SLAC Laboratory Animal
Company (Shanghai, China).

Subcutaneous xenograft tumor model. U251 cells (1 x 107, 100 pL)
were injected in the right flank of nude mice to construct subcutaneous
xenograft tumor model. When the tumor volume reached about 100
mm?, sEVs administration was carried out. Briefly, the tumor bearing
nude mice were randomly divided into three groups (n = 5). PBS (100
pL), U251-sEVs (1 x 10" particles/mL, 100 pL), or sa-U251-sEVs (1 x
10'! particles/mL, 100 pL) were injected intravenously into mice daily
for a week. These mice were sacrificed on the eighth day, and the tumors
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were collected. At the same time, DOX administration was carried out
when the tumor volume of nude mice reached 100 mm?>. Briefly, the
tumor bearing nude mice were randomly divided into three groups (n =
5). PBS (100 pL), DOX (2 pg/kg, 100 pL) or U251-sEVs-DOX (2 pg/kg,
100 pL) were injected intravenously into mice daily for a week. These
mice were sacrificed on the eighth day and the tumors were collected.
Tumor volumes were measured by caliper and calculated by the
formula:

tumor volume = L x W22

Orthotopic brain tumor model of C57 mouse and nude mouse. U251 cells
(2 x 10%, 1 pL) were injected into the right striatum of nude mice by a
stereotactic instrument (Neurostar, SD581). GL261 cells (1 x 105, 1pL)
were injected into the right striatum of C57 mice by a stereotactic in-
strument. Three weeks later, one mouse was randomly selected and
sacrificed, and the brain of this mouse was cut into pieces to confirm the
formation of tumor in the brain.

In vivo biodistribution of sEVs: The tumor bearing nude mice were
randomly divided into three groups (n = 3). HEK293-sEVs, U251-sEVs
and sa-U251-sEVs were labeled with DiR in a concentration of 10 uM at
37 °C for 30 min, filtered by 0.22 pm membrane, and washed with PBS.
Then, 200 pL sEVs suspension (1 x 10! particles/mL) were intrave-
nously injected into orthotopic glioma-bearing model mice. Mice were
imaged with a Bioluminescence imaging system (PerkinElmer, USA)
after 12 h and 24 h. And mice were sacrificed 24 h after injection, the
mean fluorescence intensity of main organs, including brain, liver, lung,
and small intestine, were measured and the weights of these tissues were
weighed. The fluorescence of each organ was calculated with the for-
mula: mean fluorescence intensity/weight.

Administration. The tumor bearing C57 mice were randomly divided
into three groups (n = 5). PBS (100 pL), DOX (2 pg/kg, 100 pL), or
GL261-sEVs-DOX (2 pg/kg, 100 pL) were injected intravenously into
each group for a week every day. These mice were sacrificed the next
day after the treatment finished. Then, the extracted tumors were
stained with HE for histological examination. The DOX distribution was
visualized by confocal microscopy. The tumor volume was measured by
caliper and calculated by the below formula [45]:

Tumor volume= (long axis) x (short axis)2 X T/6

For survival analysis, orthotopic brain tumor bearing C57 mice were
constructed as described above and randomly divided into three groups
(n = 5). PBS (100 L), DOX (2 pg/kg, 100 uL) or GL261-sEVs-DOX (2 pg/
kg, 100 pL) were injected intravenously into mice daily for a week.
Finally, the survival times of these mice were recorded.

2.19. Hematoxylin and eosin (HE) staining

The brains of orthotopic tumor bearing C57 mice, and the livers,
kidneys and hearts of tumor bearing nude mice were rapidly isolated
and fixed with 4% paraformaldehyde in PBS overnight at 4 °C and
embedded in paraffin. The fixed brains were sectioned into slices with
thicknesses of 20 pm. The samples were then stained with hematoxylin
and eosin and imaged by DM6 microscopy (LEICA, Germany).

2.20. Statistical analysis

Statistical analysis was performed with GraphPad Prism software
(version 8.0.1). All results were expressed as mean =+ standard devia-
tion. Statistical analysis was performed using Student’s t-test for com-
parison between two groups. Differences were considered significant
when *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001, ns in-
dicates no statistical significance.
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3. Results
3.1. Saponin-mediated elimination of the original cargos in GBM-sEVs

We isolated sEVs from the cultured medium of U87 and U251 by
differential centrifugation. And the characterizations of these sEVs were
shown in Figs. SIA-C which demonstrated the successful isolation of
GBM-sEVs. To eliminate the original cargo of GBM-sEVs, saponin was
selected as an effective tool to enhance the permeability of bilayer
phospholipid membrane, inducing the leakage of the cargo molecules
from the internal cavity of sEVs.

Proteins and RNAs are two predominant components of extracellular
vesicles. Thus, these biomacromolecules were employed to indicate the
eliminating efficacy of the cargos inside sEVs. After the isolated GBM-
sEVs were incubated with increasing saponin concentrations from 0.1
wt% to 0.5 wt% for different durations (30 min, 60 min, and 90 min),
bicinchoninic acid assay (BCA) was taken to detect the protein con-
centration. The results of BCA (Fig. 1A and B) showed that 0.2 wt%
saponin treatment exhibited the highest protein eliminating efficacy in
both U87-sEVs (47.8% + 4.0% eliminating efficacy) and U251-sEVs
(43.4% =+ 1.8% eliminating efficacy). In addition, there was no signifi-
cant difference in protein eliminating efficacies when the sEVs were
treated for different durations, suggesting that 30 min treatment with
0.2 wt% saponin was sufficient to eliminate proteins in SEVs. Moreover,
the results of silver staining (Fig. 1C and D) also showed an obvious
decline of protein contents in all the saponin treating groups compared
with that of untreated sEVs. Thereafter, several analyses were used to
evaluate the RNA eliminating efficacy by saponin treatment. The results
of RNA quantification by the SYTO™ RNA Select Green dye confirmed
that over 70% RNAs in U87-sEVs and U251-sEVs were eliminated under
all these saponin treatment conditions (Fig. 1E and F). In addition, both
U87-sEVs (87.8% =+ 1.2%) and U251-sEVs (88.6% =+ 0.8%) treated with
0.2 wt% saponin for 90 min exhibited the highest eliminating efficiency.
While, the RNA eliminating efficiency was not increased when the
treating time prolonged to 120 min (Figs. S1D-E). Next, U87-sEVs and
U251-sEVs were treated with saponin at different concentrations for 90
min, and the RNAs in sEVs were detected by the RNA enrichment
analysis (Fig. 1G and H). Significant decrease of RNA was observed after
saponin treatment, and 0.2 wt% saponin treatment obtained the highest
efficiency. Because 30 min and 90 min saponin treatment achieved
similar protein eliminating efficacy, we chose the condition of 90 min
0.2 wt% saponin treatment for the cargo elimination in the following
experiments. In addition, some other methods could also increase
membrane permeability for exogenous molecules to load into sEVs.
Thus, we further evaluated the sEVs cargo eliminating efficacy of soni-
cation and freeze-thaw methods. The results (Figs. S1F-H) showed that
the highest protein and RNA removal efficiency was achieved by
saponin and sonication, while the removal efficiency of freeze-thaw
cycle is far lower than that of the other two methods.

In order to validate saponin treatment is a mild method to change the
permeability of phospholipid bilayer membrane to achieve the cargo
elimination in GBM-sEVs. The main physical properties of these GBM-
sEVs after saponin treatment were investigated. There was no signifi-
cant change in the size distribution, concentration, and zeta potential of
U87-sEVs and U251-sEVs after saponin treatment (Figs. S11-S1J). While,
it was found that the buoyant densities of U87-sEVs and U251-sEVs were
slightly decreased from 1.17 g/mL to 1.12 g/mL after saponin treatment
(Fig. SIM), which should be caused by the elimination of cargo proteins
and RNAs. Furthermore, the morphology and structure before and after
saponin treatment of these sEVs did not show obvious difference, and
the integrity of these membrane was preserved after saponin treatment
(Fig. 1I). These results suggested that saponin treatment was compatible
for the preservation of the main physical properties of SEVs.
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Fig. 1. Saponin-mediated elimination of original cargos in GBM-sEVs. (A and B) The total proteins in U87-sEVs and U251-sEVs detected by BCA assay. (C and D)
The total proteins in U87-sEVs and U251-sEVs detected by sliver staining. (E and F) The total RNAs in U87-sEVs and U251-sEVs detected by SYTO RNA select dye. (G
and H) RNA enrichment analysis depicted in fluorescence units (FU) per nucleotide (nt) of the RNA content of different groups. U87-sEVs and U251-sEVs were treated
with saponin at different concentration for 90 min. (I) The shape of sEVs detected bycryo-EM. Scale bar: 100 nm *P < 0.05, **P < 0.01, ***P < 0.001, ns indicates no

statistical significance.

3.2. Maintenance of the inherent targeting ability of GBM-sEVs after
saponin treatment

The cancer targeting ability is quite important to achieve high
transportation of chemotherapeutic agents to tumor sites when using
TsEVs as nano DDSs. Therefore, we evaluated whether saponin treat-
ment could preserve the targeting ability of GBM-sEVs. Considering the
critical role of surface proteins in rendering the targeting properties, the
expressions of some surface proteins were detected after saponin treat-
ment by WB analysis. The WB analysis results (Fig. 2A and Fig. S2A)
showed that there was no significant difference in the expressions of
CD9, CD63, and integrin p1 (ITGB1) between the control group and
saponin treated group, suggesting a preservation of surface proteins
after saponin treatment.

According to the previous studies, tumor cells are prone to uptake
autologous sEVs [46,47]. Therefore, cellular uptake assay by DiO
labeled sEVs was applied to further evaluate the preservation of the
homotypic recognition ability after saponin treatment. HEK293
cell-derived sEVs (HEK293-sEVs) were chosen as non-GBM cell-derived
sEVs controls. To exclude the possibility of the false positive signal of
DiO clusters, a parallel experiment was conducted, and the cellular
uptake results in the parallel group (Fig. S2B) showed no fluorescent
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signal of DiO cluster inside cells. As shown in Fig. 2B and C, the cellular
uptake and flow cytometry analysis results demonstrated that both U87
and U251 cells exhibited a higher uptake efficacy of their autologous
sEVs (DiO labeled) than HEK293-sEVs, confirming the homotypic tar-
geting ability of these sEVs to their parent cells. As shown in Fig. 2B and
D, the cellular uptake ability of saponin treated sEVs was barely affected
compared with that of the natural GBM-sEVs, indicating that the saponin
treatment has no influence on the targeting ability of GBM-sEVs. The
above results demonstrate that saponin treatment is favorable for the
maintenance of the homotypic targeting ability of TsEVs. In addition,
although sonication method showed high efficacy in the cargo elimi-
nation, both U87-sEVs and U251-sEVs lost their targeting ability after
sonication treatment (Figs. S2C-D), implying a destroy of this method to
the function of sEVs.

Several reports have demonstrated the BBB penetration ability of
sEVs and their accumulation in tumor site by enhanced permeability and
retention effect. Thus, the in vivo targeting ability of saponin treated
GBM-sEVs was further evaluated using an orthotopic brain tumor model
of nude mice. Fig. 2E showed the in vivo accumulation of HEK293-sEVs,
U251-sEVs, or saponin treated U251-sEVs (sa-U251-sEVs) 12 h and 24 h
after their intravenous injection. Obviously, the radiant efficacy of the
interesting area (ROI) between U251-sEVs and sa-U251-sEVs group
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Fig. 2. Evaluation of targeting and accumulating ability of GBM-sEVs after saponin treatment. (A) CD63, CD9 and ITGB1 detected by WB. (B) Representative
histogram of DiO fluorescence in U87 and U251 cells. (C and D) Confocal fluorescence microscopic images of U87 and U251 cells. Scale bar: 10 pm. (E) In vivo
fluorescence images of the orthotopic brain tumor model by an IVIS Spectrum/CT imaging system (upper). Statistical analysis of the DiR fluorescence in vivo (lower).
(F) Fluorescence images of the main organs of the orthotopic brain tumor bearing mice were captured 24 h after DiR-labeled sEVs were intravenously injected

(upper). Statistical analysis of the DiR fluorescence of the main organs (lower). *P < 0.05, *

showed no significant difference, and the ROI value of the two groups
was significantly higher than that of HEK293-sEVs group at both time
points. In addition, the main organs (brain, lung, liver, and intestine)
were extracted for further detection. As shown in Fig. 2F, the average
ROI value in the brain was higher than that in the liver and intestine, but
lower than that in the lung. And a significantly higher ROI value of

**P < 0.001, ns indicates no statistical significance.

U251-sEVs and sa-U251-sEVs treated groups than that of HEK293-sEVs
treated group was also demonstrated. Collectively, the above results
prove the homotypic targeting ability of GBM-sEVs to glioblastoma in
vivo, and saponin treatment exerts no negative impact on this property.
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3.3. Cargo eliminating evaluation of U251-sEVs by quantitative
proteomic and RT-qPCR analysis

The cargo proteins and RNA play a critical role in endowing the
TsEVs with protumor functions. Thus, we further studied the cargo
eliminations of some representative proteins and specific RNA se-
quences of saponin treated U251-sEVs by quantitative proteomic anal-
ysis and qPCR in detail. Proteins in U251-sEVs and sa-U251-sEVs
detected by quantitative proteomic analysis were compared based on
the label-free quantification (LFQ) intensity. The scatter plot showed the
LFQ intensity of proteins in U251-sEVs over sa-U251-sEVs (Fig. S3A,
threshold: fold change >2, or fold change <0.5). 1369 proteins were
detected both in U251-sEVs and sa-U251-sEVs group, 1089 and 1108
proteins were quantified in U251-sEVs group and sa-U251-sEVs group,
respectively (Fig. S3, Supplementary Table 1), 280 and 261 proteins
were identified without LFQ intensity in U251-sEVs group and sa-U251-
sEVs group, respectively (Supplementary Table 7). The most abundant
50 proteins were selected and analyzed (Fig. 3A), which occupied more
than half of the total amount of proteins. Because DDX11L8 and
EFF1A1P5 cannot be recognized by Funrich software, these two proteins
were deleted. These 48 proteins in U251-sEVs and sa-U251-sEVs can be
mainly categorized into exosome, cytoplasm, lysosome, nucleus, plasma
membrane, centrosome, and cytosol (Supplementary Table 2). Many
clusters of differentiation (CD) proteins and integrins that expressed on
sEVs surface are important for the cellular internalization of sEVs. Thus,
proteins from CD and integrin family were classified, and the results
showed that the expressions of these proteins were nearly unchanged
during saponin treatment (Fig. 3B). In addition, 211 proteins were
identified as differently expressed proteins between U251-sEVs and sa-
U251-sEVs (Fig. 3C, Supplementary Table 3) (fold change <0.5). And
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it was found that these proteins could be mainly grouped into cytoplasm
and exosomes (Supplementary Table 4). Finally, WB analyses of some
representative proteins were performed to further validate the results of
quantitative proteomic analysis. As shown in Fig. 2A, the expressions of
CD9, CD63, and ITGB1 belonging to the membrane proteins were nearly
unchanged after saponin treatment. While, the expressions of ECM1,
ANXAS5, Tsgl01, and Alix that locate in the cavity of sEVs decreased
significantly (Fig. 3D). These results clearly confirmed the effectiveness
of saponin treatment in eliminating the inner cargo proteins of sEVs
rather than membrane proteins. Furthermore, the saponin treatment
slightly affected the expression of f-actin.

mRNA and miRNA occupy the majority of the total RNAs in sEVs.
Thus, some specific mRNAs and miRNAs were selected for RNA elimi-
nating efficiency analysis. As shown in Fig. 3E, compared with the
control group, all of the selected mRNAs were decreased by 60% after
saponin treatment, and the eliminating efficacies for these mRNA were
in the range from 46.4% to 93.4%. Furthermore, the saponin treatment
showed a more effective elimination in miRNAs, and the eliminating
efficacies were in the range of 75.4%-99.7%. All these results proved the
effective elimination of protumoral RNA molecules in sEVs after saponin
treatment.

3.4. Eliminating the protumoral functions of GBM-sEVs by saponin
treatment

The protumoral ability of TsEVs is mainly given by their original
cargos. Thus, we assumed that these functions of GBM-sEVs would be
diminished after saponin mediated cargo elimination. Therefore, the
biological functions of saponin treated GBM-sEVs in tumor progression
were evaluated. The results of cell proliferation assay showed that U87-
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Fig. 3. Quantitative proteomic analysis and qPCR analysis of U251-sEVs with and without saponin treatment. (A) Comparison of the most abundant 50
proteins between U251-sEVs and sa-U251-sEVs. (B) Comparison of the CD family and integrin family between U251-sEVs and sa-U251-sEVs. (C) The down regulated
proteins in U251-sEVs after saponin detected by quantitative proteomic analysis. (D) The protein expression of ECM1, ANXAS5, Alix, Tsg101 and Actin in U251-sEVs
and sa-U251-sEVs detected by WB. (E) The mRNA expression of CD63, GFAP, GAPDH, VEGF, EGFR, TGFB1, IDH1, TIMP1, TIMP2, ERCC1, ERCC2 ABCC3, APNG,
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detected by gPCR. ***P < 0.001.
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sEVs promoted the proliferation of U87 cells, but this ability disappeared
in sa-U87-sEVs independent of time and dosage, and it was also
confirmed by the results in U251 cells (Fig. 4A and B). Next, the results
of wound healing assays showed that U87-sEVs can promote U87
migration in a dosage-independent manner, but this phenomenon was
not observed in sa-U87-sEVs group. And similar results were also ob-
tained in U251 cells (Fig. S4A). The results of transwell migration assay
showed that both U87-sEVs and U251-sEVs significantly promoted the
invasion of U87 or U251, respectively. While sa-U87-sEVs and sa-U251-
sEVs inhibited tumor cell invasion in a dosage-independent manner
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(Fig. 4C). The above results demonstrated that sa-GBM-sEVs showed no
potential ability in the promotion of tumor progression.

To further test the improved biosafety of sa-GBM-sEVs in vivo, a
subcutaneous xenograft tumor model of nude mice was established by
injection of U251 cells. And U251-sEVs or sa-U251-sEVs were admin-
istrated daily by intravenous injection for a week. The in vivo results
show that sa-U251-sEVs significantly inhibited the growth of solid
tumor in mice, while U251-sEVs obviously promoted tumor progression
(Fig. 4D-F). We hypothesized that the inhibition of sa-U251-sEVs to
tumor growth might result from their disturbance to the regular
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Fig. 4. Eliminating the original function of GBM-sEVs in tumor progression by saponin treatment. (A) Proliferation of U87 cells after 48 h incubation with
U87-sEVs or sa-U87-sEVs at different concentration (left), proliferation of U251 cells after 48 h incubation with U87-sEVs or sa-U87-sEVs at different concentration
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communication mediated by EVs among tumor cells. Thus, a competing
cellular internalization assay was carried out, and the results shown in
Fig. S4B confirmed this hypothesis since the cellular uptake of natural
U87-sEVs or U251-sEVs was significantly suppressed by the presence of
sa-U87-sEVs or sa-U251-sEVs. Collectively, both these in vitro and in vivo
results demonstrate that the cargo eliminated GBM-sEVs display no
function in the promotion of GBM progression, thus improving the
biosafety in application.

Additionally, the results in Fig. 2F showed a strong accumulation of
sa-U251-sEVs in the lung tissue of the tumor bearing mice, thus the ef-
fect of sa-U251-sEVs on lung was also evaluated in vivo and in vitro.
Immunohistochemistry (IHC) staining results show that there is no sig-
nificant difference in the expression of Ki-67 between the control group
and sa-U251-sEVs group (Fig. S4C). Next, a study shows that sEVs are
mainly internalized by lung fibroblast cells [48]. The lung fibroblast
cells HLF-1 was chosen to evaluate whether sa-U251-sEVs could affect
their proliferation. And the CCK-8 results showed that the proliferation
of HLF-1 cells was not increased by the incubation with sa-U251-sEVs
(Fig. S4D). These results implied the safety profile of sa-U251-sEVs in
other organs.

3.5. Cargo eliminated GBM-sEVs as efficient chemotherapeutic agent
nanocarriers for glioblastoma suppression

Next, we explored the potential of the cargo eliminated GBM-sEVs as
nanocarriers for glioblastoma therapy. The saponin treatment can not
only eliminate the cargo molecules from sEVs but also load external
molecules into sEVs. Therefore, 0.2% saponin solution with DOX (100
pM) was used to achieve cargo elimination and drug loading synchro-
nously in U251-sEVs. The drug loading content of U251 was about 1.16
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1g/10'° particles (~2 nmol/10'° particles). Then, the antitumor ability
of sa-U251-sEVs-DOX was evaluated. As shown in Fig. 5A, sa-U251-
sEVs-DOX exhibited a higher suppression rate than the free DOX
nearly at all tested concentrations. Furthermore, sa-U251-sEVs-DOX was
more effective in apoptosis induction of U251 cells than free DOX
(Fig. 5B and C). The same tendency was also demonstrated in U87 cells
(Figs. SSA-C). We speculated that the enhanced suppression in GBM cell
growth might be caused by the more efficient cellular uptake of DOX
mediated by sEVs. To prove this hypothesis, the antitumor efficacy of sa-
U251-sEVs-DOX was evaluated by a subcutaneous xenograft tumor
model of nude mice. As shown in Fig. 5D-F, both DOX and sa-U251-
sEVs-DOX could significantly inhibit the growth of solid tumor in
nude mice after continuous intravenous injection for 7 days. Further
analysis of tumor weight and volume showed a significantly higher ef-
ficacy in tumor suppression by sa-U251-sEVs-DOX treatment (average
weight: 134.54 + 27.15 mg; average volume: 217.43 + 47.60 mm®)
than by free DOX treatment (average weight: 277.66 + 48.43 mm?, p =
0.0004; average volume: 531.62,100.7476, p = 0.0005). Because the
distribution of DOX can be influenced by sEVs, HE staining was used to
detect the toxicity of DOX to the main organs of mice and the results are
shown in Fig. S5D. It can be seen that neither DOX nor sa-U251-sEVs-
DOX exhibited obvious toxicity to the main organs. Taken together,
these results indicate that sa-U251-sEVs-DOX possess enhanced anti-
tumor effect without increasing the toxicity to the main organs, which
further ensures the biosafety of sa-U251-sEVs-DOX.

Because of the influence of the immunity system to tumor therapy
and the obstruction of BBB to brain tumor therapy, orthotopic brain
tumor model was further used to evaluate the ability of saponin treated
GBM-derived sEVs as an efficient nanocarrier for GBM established in
immunocompetent C56BL/6 mice. The experiment was conducted as the
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Fig. 5. Therapeutic effect of tumor-derived sEVs as DOX carriers for GBM suppression. (A) U251 viability after 24 h incubation with free DOX or sa-U251-sEVs-
DOX. (B) Flow cytometry analysis of the apoptosis of U251 cells after treatment with free DOX or sa-U251-sEV-DOX for 24 h. Cell apoptosis was detected by Annexin
V/PI as a maker. (C) Statistical analysis of the apoptosis rate. (D) Images of the extracted subcutaneous xenograft tumor treated with PBS, free DOX, or sa-U251-sEVs-
DOX 7 d after treatments. The DOX or sa-U251-sEVs-DOX was administrated on the 7th day after U251 injection. (E) Tumor weight analysis. (F) Tumor volume

analysis. **P < 0.01, ***P < 0.001.
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procedures illustrated in Fig. 6A. Correspondingly, GL261 derived sEVs
(GL261-sEVs, Figs. S6A-C) were used as agent carriers to transport DOX
to tumor sites. GL261-sEVs also presented a promotion function in GBM
progression, which was also diminished by saponin mediated cargo
elimination (Figs. S6D-E). Furthermore, the cellular uptake and further
flow cytometry analysis show an intrinsic targeting ability of GL261-
sEVs to their parent cells (Figs. S6F-G). These results confirmed the
homotypic targeting ability of GL261-sEVs and the improved biosafety
of GL261-sEVs by saponin treatment. Thus, saponin treated GL261-sEVs
loaded with DOX (sa-GL261-sEVs-DOX) were used for the therapy of
GBM in model mice. After continuous injections of sa-GL261-sEVs-DOX
(2 pg/kg) or free DOX (2 pg/kg) for a week, the brain tissues were
extracted for fluorescence and histological analysis. The extracted brain
tissues were sectioned for histological analysis, and the representative
images of the sections with the largest tumor area in each sample were
shown in Fig. 6B. The tumor volume analysis also demonstrated a
significantly smaller tumor volume in sa-GL261-sEVs-DOX treated
group than that in the other two groups (Fig. 6C). It was explained by the
higher DOX in the tumor region. As shown in Fig. 6D, a stronger fluo-
rescence of DOX was observed in the tumor region of sa-GL261-sEVs
-DOX group than that of the DOX group, while there was no fluores-
cence in the control group (treated with PBS). Moreover, the sa-GL261-
sEVs-DOX treated group also presented an obvious aggregation in the
tumor region rather than in normal brain tissue (Fig. 6E). These results
confirmed the high DOX transportation efficacy of sa-GBM-sEVs to the
orthotopic GBM region. Finally, the survival rate of orthotopic brain
tumor-bearing mice was statistically analyzed by the Kaplan-Meier
method. The results showed that sa-GL261-sEVs-DOX treated mice

control

A prememsmnssemssensenn - " B
experimental design

DOX

Bioactive Materials 16 (2022) 204-217

survived the longest average time among all groups (Fig. 6F). All these
results confirm the saponin treated GBM-sEVs can be used as highly
efficient nanocarriers to achieve GBM suppression.

4. Discussion

Tumor cell-derived sEVs (TsEVs) show great advantages as effective
nano DDSs in chemotherapy. However, their intrinsic protumoral
functions lead to great concerns in their biosafety and severely hinder
their clinical practice. To solve this issue, in the present study, a saponin-
mediated cargo elimination strategy is developed and practiced suc-
cessfully to GBM cell-derived sEVs to diminish their potential risks in
tumor progression when they are used as effective DDSs for GBM
suppression.

The GBM cell (U87, U251, and GL261) derived sEVs have been
chosen to test the cargo eliminating strategy to improve the biosafety of
TsEVs. GBM is a devastating and fetal cancer in which drug resistance
can occur with high probability [23]. Due to the existence of BBB, there
is an insistent demand for highly effective nano DDSs to transport broad
anti-cancer drugs to the brain [49]. Endogenously derived sEVs have
sparked great interest of medicine industry because of their superior
performances in biocompatibility, delivery efficacy, and biological
barrier penetration to synthetic nano DDSs. Up to now, sEVs from many
cell types (eg., dendritic cells and embryonic cells) have been success-
fully used to achieve guest agent delivery to the brain [50,51]. Despite
the BBB penetration ability of these sEVs, extra decorating steps of tar-
geting moieties are also necessary to enhance their lesion accumulation
in the brain, which complicates their producing processes. Recently, the

sa-GL261-sEvsDOX

GL261 g
injection E:E;.
o .
Time(d) 0 28 35 o
e

I
PBS, DOX - |
or sa-GL261- !
sEVs-DOX '
HE staining ’

i
|
i
i
'
i
|
|
i treated with
i
i
i
i
|
1 DOX detection

E 50 oo

i - ns
E 407
E

: 2 30 T

i E

' S 204

{ ]

! E 10

: § L

: 0- T

A mm control DOX sa-GL261-sEVs-DOX

control sa-GL261-sEVs-DOX

Normal Normal Tumor

sa-GL261-sEVs-DOX\

10+ S
wrn o
S F
d :
S ¢ R A~ St
o 64 o ' control = !
s 3 : e 1
£ 4 52 : sl b
= a g 1sa-GL261-sEVs-DOX — 1
' |
2_ ..................... “
1l A
0- ; [ |
f 1
&
& 1
107 ik ? 0.5 L
8- E 3
5 = 3 .
8 67 N ]
ks E 5 0 T T T 1
4 S E 0 20 40 60 80 100
s 2 3 g
2] I ﬁ Time(d)

Fig. 6. Cargo eliminated GBM-sEVs as efficient drug vehicles in immunocompetent orthotopic brain tumor model. (A) Experimental design of the orthotopic
tumor model. (B) Images of the orthotopic brain tumor model collected after treatment (upper), the tumors were pointed with green arrows. The tumor was detected
by HE staining (lower). (C) Statistical analysis of the tumor volumes. (D) The fluorescence images of DOX in the brain of three groups (control group, DOX group and
GL261-sEVs-DOX group) detected by confocal microscopy (upper). The statistical analysis was listed on the right. (E) The fluorescence images of DOX in normal brain
region and tumor region of GL261-sEVs-DOX group, and the statistical analysis was listed on the right. (F) Kaplan-Meier analysis of the survival time of orthotopic

brain tumor mice. **P < 0.01, ****P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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homotypic targeting ability of tumor cell-derived EVs has been revealed
in many studies [14,46,52], indicating the inherent targeting ability of
TEVs as drug delivery vehicles for specific cancer therapy. And the un-
derlying mechanism involves specific surface proteins (like integrin) and
phospholipids [53-56]. In this study, besides the BBB penetration abil-
ity, we have proved the homotypic targeting ability of GBM-sEVs in the
orthotopic GBM model of mouse, suggesting the great potential appli-
cation of GBM-sEVs as nano drug carriers for GBM therapy.

Over the past decades, numerous studies have constantly revealed
TEVs’ functions in angiogenesis, immunosuppression, tumor microen-
vironment development, and cancer metastasis, which undoubtably
indicates a critical role of tumor cell secreted EVs in tumor progression
[57-59]. Despite the intrinsic targeting ability, TEVs’ application can
bring huge risks to further promote tumor progression rather than
suppression. As the data presented in this study, the tumor promotion
effects of GBM-sEVs are apparently displayed both in in vitro and in vivo
evaluation, attesting the great biosafety issue when using them as nano
DDSs directly. However, up to now, nearly all the related studies have
usually neglected the potential risks of TEVs and used them directly.
Thus, considering that the major mechanism of TEVs in tumor pro-
gression is usually achieved by cargo molecule transportation, the cargo
eliminating strategy is put forward and practiced to GBM-sEVs for the
first time in this study.

In this study, the saponin mediated permeation was successfully
identified as an effective and large-scale processing method to eliminate
the inner cargo proteins and RNAs from GBM-sEVs. Saponin is a natu-
rally derived surfactant and can change the plasma membrane perme-
ability by binding and removing cholesterol from the phospholipid
membrane [30,60]. Meanwhile, it has been widely applied in loading
guest molecules to EVs which are used as nano DDSs [61]. However,
within our knowledge, whether this method can lead to the leakage of
the original cargo molecules from EVs has never been noticed. Accord-
ing to the results of previous report, saponin can make holes in size of
40-50 A on plasma membrane [31], and this value is in the same size
range of most proteins and larger than mRNA and miRNA size. Thus, the
leakage of the cargo molecules is inevitable, and we have creatively used
saponin to eliminate cargo molecules in GBM-sEVs. Based on the dis-
coveries of this study, three main advantages have been proved in
eliminating the cargo molecules of GBM-sEVs. Firstly, saponin treatment
exhibits a high efficacy in eliminating most of the inner cargo proteins
and RNA molecules from GBM-sEVs. Many of the inner cargo proteins
and RNAs in GBM-sEVs are tightly associated with tumor progression.
For example, ECM1 is an oncoprotein and essential for the formation of
invadopodia that can promote the invasion of cancer cells [62]. Over-
expressed ANXAS is positively correlated with the expression of CRKI/II
and RAC1 and can promote the clinical progression and lymphatic
metastasis [63]; miR-21 is a commonly recognized carcinogenic miRNA
sequence. The WB and RT-qPCR results in Fig. 3 indicate a high efficacy
of saponin treatment in eliminating all these tumor related cargos, thus
laying the foundation of the elimination of the protumeral functions of
GBM-sEVs. Secondly, saponin treatment can preserve the homotypic
recognizing ability of GBM-SEVs, which is very critical for achieving the
highly effective drug transportation of GBM-sEVs to GBM site in brain.
Meanwhile, as a comparison, despite the high eliminating efficacy of
sonication treatment in the inner cargo of GBM-sEVs, it severely affected
the homotypic recognizing ability of GBM-sEVs. Surface protein ligand
and receptors play an important role in the cell recognition of sEVs. The
interacting targets of saponin is cholesterol in the plasma membrane
rather than surface proteins. However, the sonication exhibits no target
selecting ability, and several studies have proved the impact of
high-power sonication on protein structure. Thirdly, the method can
effectively eliminate the cargo molecules in all the three cell lines,
suggesting the universality of this method to sEVs independent of parent
cell types.

According to the results of proteomics, WB, and qPCR analysis,
saponin treatment can effectively eliminate the cargo proteins and RNA
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sequences with protumeral functions, resulting in the improvement in
the biosafety of GBM-sEVs as nano DDS. The protumoral functions of the
cargo eliminated GBM-sEVs (sa-GBM-sEV) are carefully evaluated both
in in vivo and in vitro evaluation. And our results have clearly showed the
dramatically diminished functions of sa-GBM-sEVs in promoting GBM
progression, indicating the improved biosafety of these nanocarriers for
drug delivery. Obviously, these results have doubtlessly verified the
feasibility of saponin mediated cargo elimination strategy. To our sur-
prise, although sa-U251-sEVs could not significantly inhibit the in vitro
proliferation of U251 cells (Fig. 4), they showed an inhibition to GBM
progression in the subcutaneous tumor model of mouse. Tumor growth
is not only related to the proliferation of tumor cells but many other
factors are also involved, like the invasion of tumor cells and angio-
genesis, and sa-U251-sEVs showed significant effect on inhibiting the
migration and invasion of U251 cells. Our further competing cellular
uptake assay implied that the continuous injection of sa-U251-sEVs
might interference the routine communication among GBM cells and
led to tumor growth inhibition. Due to the persevered homotypic tar-
geting ability and improved biosafety of sa-GBM-sEVs, they show great
potential to be used as targeted nano DDSs for chemotherapeutic agent
delivery to brain. Furthermore, during saponin mediated cargo elimi-
nation, exogenous molecules can be easily loaded, indicating a conve-
nient and feasible process in practically engineering these nanocarriers
for therapy. And DOX loaded sa-GBM-sEVs proved the high GBM sup-
pression efficacy both in subcutaneous and orthotopic GBM model,
confirming their feasibility as nanocarriers for GBM therapy.

5. Conclusion

In conclusion, a saponin-mediated cargo elimination strategy was
successfully practiced in GBM-sEVs to remove their inherent auxo-
actions in GBM progression to realize an improved biosafety when
using GBM-sEVs as efficient nanocarriers for GBM suppression. The
saponin treatment can effectively remove the original cargos (like pro-
teins and RNAs) from GBM-sEVs, resulting in the significant elimination
of their functions in promoting tumor progression. Furthermore, the
inherent targeting ability of GBM-sEVs to GBM was preserved during
saponin treatment. Moreover, the high effectiveness of the saponin
treated GBM-sEVs in the transportation of DOX for GBM suppression was
also confirmed in both subcutaneous xenograft and orthotopic brain
tumor model of mouse. All in all, this study provides a simple and
feasible way to improve the biosafety of TEVs, which presents a great
referential value to achieve their clinical application as nano DDSs for
chemotherapy.
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