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Background: Malignant glioma is a fatal brain cancer. Accumulated evidence has demon-
strated that exosomes can cross the blood–brain barrier (BBB), suggesting their potential use 
as drug delivery vehicles to glioma. Therefore, various loading methods of anticancer agents 
into exosomes have been developed. However, the loading efficiency of anticancer drugs, 
such as doxorubicin (DOX) and paclitaxel (PTX), into exosomes is relatively low, thus 
challenging to improve the drug delivery efficiency to glioma cells (GMs) via exosomes.
Methods: To improve the loading efficiency of doxorubicin into exosomes, a microfluidic 
device (Exo-Load) was developed. Next, to increase the exosomal delivery of doxorubicin to 
GMs, autologous exosomes were used for its loading via Exo-Load. Briefly, exosomes from 
SF7761 stem cells-like- and U251-GMs were isolated and characterized by nano-tracking 
analysis (NTA), transmission electron microscopy (TEM), and immunogold EM. Finally, 
doxorubicin was successfully loaded into exosomes with saponin by Exo-Load, and the 
uptake and functionality of doxorubicin-loaded exosomes for parent GMs were evaluated.
Results: The loading efficiency of DOX into SF7761 stem cells-like- and U251-GMs- 
derived-exosomes were 19.7% and 7.86% via Exo-Load at the injection flow rate of 50 
µL/min, respectively. Interestingly, the loading efficiency of DOX into U251 GMs-derived 
exosomes was significantly improved to 31.98% by a sigmoid type of Exo-Load at the 
injection flow rate of 12.5 µL/min. Importantly, DOX-loaded GMs-derived exosomes via 
Exo-Load inhibited parent GMs’ proliferation more than heterologous GMs, supporting 
exosomes’ homing effect.
Conclusion: This study revealed that DOX and PTX could be loaded in exosomes via Exo- 
Load, demonstrating that Exo-Load could be a potential drug-loading device into exosomes with 
further optimization. This study also demonstrated that the delivery of DOX to SF7761 GMs via 
their daughter exosomes was much more efficient rather than U251 GMs-derived exosomes, 
supporting that the use of autologous exosomes could be better for glioma drug targeting.
Keywords: glioma cells, exosomes, drug loading, microfluidics, doxorubicin, paclitaxel

Introduction
Glioma, a major brain tumor, originates from glial stem cells in the central nervous 
system (CNS).1 Despite rapid progress in its research, the treatment of glioma with 
potent anticancer drugs, such as doxorubicin (DOX) and paclitaxel (PTX), has 
a major obstacle in the presence of the blood–brain barrier (BBB), which blocks 
their penetration into the CNS.2 Therefore, synthetic nanoparticles and liposomes 
capable of crossing the BBB have been tested for the delivery of these anticancer 
drugs to glioma, showing their potential application in glioma therapy. However, 
the synthetic exogenous vehicles generate a broad range of neurotoxicity. For 
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example, they form aggregates and agglomerates in the 
brain, inducing unexpected neurotoxicity.3 In addition, 
unmodified liposome-mediated drug delivery is limited 
owing to the shorter circulation time and instability.4–6 

Interestingly, recent reports have demonstrated that exo-
somes, naturally released small vesicles from every cell 
type, have great potential as drug delivery vehicles to the 
CNS without producing significant side-effects as seen in 
the synthetic vehicles.7 Moreover, the homing capability 
of exosomes has gained attention as efficient drug delivery 
vehicles, supporting that autologous exosomes can be bet-
ter vehicles for drug targeting.8

Exosomes, nano-sized extracellular vesicles with a size 
range of 30–200 nm, transfer various peptides, fatty acids, 
and nucleic acids, including microRNA (miRNA), to neigh-
boring cells as the cargo shuttles responsible for intercellular 
communication.9–11 Particularly, exosomes have the capacity 
to cross the BBB, and they can be internalized into specific 
neural cells by endocytosis, pinocytosis, and phagocytosis. 
Therefore, exosomes have been investigated as vehicles to 
deliver a BBB-impermeable drug, or RNA interference 
(RNAi), to targeted brain cells, including glioma cells 
(GMs),12,13 Importantly, exosomes-mediated delivery of 
DOX to GMs effectively prevented tumor growth in 
a zebrafish model,14,15 However, much remains to be eluci-
dated for the development of optimal exosomes-based load-
ing and delivery of anticancer drugs to the CNS. Therefore, 
exosomes isolated from SF7761 human pediatric diffuse 
intrinsic pontine GMs, stem-like cells,16 and U251 GMs 
were investigated for the delivery of DOX and PTX to 
GMs autologously or heterologously.

For the better delivery of an anticancer drug to glioma as 
well as the maintenance of effective drug-level in glioma 
tissues, enhancing the loading efficiency of an anticancer 
agent into exosomes is crucial. Therefore, to improve the 
loading efficiency of therapeutic drugs into exosomes, var-
ious methods, including electroporation, incubation, and che-
mical reagents, have been investigated.17–23 (Supplementary 
Table S1). Particularly, with the progress of micro- and nano- 
fabrication technologies, the application of microfluidics to 
drug loading and delivery to cells24,25 has been investigated. 
However, microfluidics-based drug loading into exosomes 
has not been much studied and progressed. Microfluidics 
offers several advantages, including simple, efficient setup, 
controlled parameters such as flow rate and pressure, to 
obtain optimal conditions for drug loading.

Microfluidics-assisted drug loading into liposomes for 
various cancer therapy has been studied for several 

decades.26 However, drug loading into exosomes via 
microfluidics has not been investigated.27 Therefore, 
a microfluidic device, Exo-Load, was developed in this 
study to test whether DOX and PTX could be loaded into 
exosomes as well as the high loading efficiency of a drug 
into exosomes could be achieved by it. In addition, sapo-
nin has been extensively used as a permeabilizing agent, 
changing the properties of the cellular membrane.28 

Therefore, we utilized saponin along with DOX to 
enhance its loading efficiency into exosomes by the com-
bined effect of increased permeabilization- and shear 
stress-induced stimulation in the microchannel of the Exo- 
Load microfluidic device (Figure 1). And, finally, the 
uptake and functionality of DOX-loaded exosomes by 
Exo-Load was comprehensively investigated.

Materials and Methods
Cell Culture
Human pediatric diffuse intrinsic pontine SF7761 GMs 
(gift from Dr. Kui Ming Chan, BMS, City University of 
Hong Kong) were cultured in StemPro NSC SFM (Cat# 
A10509-01, Invitrogen), as described previously.29,30 

U251 GMs (Guangzhou Cellcook Biotech Co., Ltd., 
China) were cultured in Dulbecco’s modified eagle med-
ium (DMEM) with high glucose (Cat# 10569–010, Life 
Technologies) supplemented with 10% fetal bovine serum 
(FBS), 100 units/mL penicillin, and 100 μg/mL strepto-
mycin. Both cell lines were cultured and maintained at 37° 
C and 5% CO2. Both the cells were authenticated by the 
short tandem repeats (STR) profile.

Isolation of Exosomes
Exosomes from SF7761 GMs were isolated by a modified 
differential ultracentrifugation method similar to the previous 
report.10 In brief, the conditioned medium from their 24 
hours culture of SF7761 GMs was first centrifuged at 
300×g for 10 minutes. The subsequent supernatant was 
further centrifuged at 16,500×g for 20 minutes, followed by 
filtration of succeeding supernatant through a 0.2 µm filter to 
remove microvesicles (MVs) and apoptotic bodies. Finally, 
the supernatant was subjected to ultra-centrifugation at 
120,000×g for 70 minutes to isolate exosomes.

Total Exosome Isolation (TEI) method was utilized in 
the isolation of U251 GMs-derived exosomes from the 
conditioned medium of their 24 hours culture (Cat# 
4478359, Thermo Scientific).31

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 8332

Thakur et al                                                                                                                                                          Dovepress

 
In

te
rn

at
io

na
l J

ou
rn

al
 o

f N
an

om
ed

ic
in

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

1.
36

.1
67

.2
 o

n 
26

-J
an

-2
02

1
F

or
 p

er
so

na
l u

se
 o

nl
y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

https://www.dovepress.com/get_supplementary_file.php?f=263956.docx
https://www.dovepress.com/get_supplementary_file.php?f=263956.docx
http://www.dovepress.com
http://www.dovepress.com


Size-Distribution Analysis of Exosomes
Size and concentration of exosomes were analyzed via 
using a Malvern Nanosight NS300 nano tracking analyzer 
(NTA) with a syringe pump as described previously.10,31

Transmission Electron Microscopy (TEM) 
and Immunogold-EM
The morphology and size of exosomes were characterized 
by the analysis of TEM images (FEI/Philips Tecnai 12 
BioTWIN) and exosome identity was confirmed by the 
analysis of immunogold-EM as described previously,10,32 

In brief, for the detection of CD63 of GMs-derived exo-
somes by immunogold-EM, the blocked grids, containing 
fixed exosomes with 2% paraformaldehyde (PFA), were 
transferred to a drop of the anti-CD63 antibody (dilu-
tion=1:100) in PBS/0.5% bovine serum albumin (BSA), 
and were further incubated for 1 hour. The exosomes on 
the grids were then washed with PBS/0.5% BSA five times 
for 3 minutes, followed by their incubation with 10 nm 
gold-labeled secondary antibody in PBS/0.5% BSA for 30 

minutes, and then washed five times for 3 minutes with 
100 µL drops of PBS/0.5% BSA. The exosomes on the 
grids were stained with 2% uranyl acetate and then 
observed under a transmission electron microscope (FEI/ 
Philips Tecnai 12 BioTWIN).

Designing and Simulation of the Exo-Load 
Microfluidic Device
The design-patterns of Exo-Load were drawn by 
CoralDraw software version X7. The modeling of 
fluid flow inside the microfluidic channels of Exo- 
Load was simulated by COMSOL Multiphysics (ver-
sion 4.4, COMSOL, Inc., Burlington, MA, USA). The 
3D-simulation model of the microfluidic channels was 
constructed for numerical analysis according to the 
dimension of Exo-Load listed in Supplementary 
Figure S1. The standard Navier−Stokes equation was 
employed to simulate the streamlines. The symmetry of 
boundary condition was set to the no-slip on the walls 
of microfluidic channels. Similarly, fluid-velocity dis-
tribution in the microchannel was simulated to test the 

Figure 1 Drug loading into exosomes by Exo-Load. Schematic representation of the doxorubicin loading into exosomes via the Exo-Load microfluidic device in the 
presence of saponin.
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mixture of DOX and saponin with exosomes, using the 
parameters of inlet velocity and channel height. The 
volume of fluid was estimated based on the dimension 
of the microchannel.

Fabrication of the Exo-Load Microfluidic 
Device
Polydimethylsiloxane (PDMS) was used for fabricating the 
microfluidic device, Exo-Load, by the soft UV lithography 
technique as described previously.33 In brief, the photomask 
was first created, and the prototyping process was based on 
the standard process of silicon soft lithography with slight 
modifications,34,35 such as adding several tweaks to the 
process. The photomask created over the printed circuit 
board (PCB) by Kinston was exposed to UV irradiation 
for 3 minutes. After photo etching, the PCB board was 
developed for further chemical etching using Developer 
50. Developer 50 treatment was continued till the copper 
layer of the PCB board was exposed. Thereafter, the PCB 
board was immersed in 2% FeCl3 (W/V) solution in dis-
tilled water for 45 minutes to achieve a microchannel fea-
ture with a height of approximately 20 µm. After the etching 
process, the photomask was washed with acetone and dried 
under nitrogen gas. Soft lithography was followed by curing 
polydimethylsiloxane (PDMS) (1:10 w/w) on the etched 
PCB board with desired features. The inlet and outlet 
holes (Supplementary Figure S1A) were made using 
a 0.5 mm diameter biopsy punch. The Exo-load device is 
sealed with a clean glass slide (Sail brand Microscope 
slides, Cat# 7101) with the Plasma Cleaner at 800 mTorr 
for 3 minutes and was fitted with Polyethylene (PE) 
tubing of 0.58 cm diameter (BD INTRAMEDICTM 

Polyethylene Tubing, 0.023”x0.038”, Inner diameter 
x Outer diameter).

Drug Loading into Exosomes by 
Exo-Load
Fluid flow was controlled via using two syringe pumps 
(RWD Life Science Co., Ltd) and 1 mL syringe. Three 
syringes were used to dispense 1 mL of drug, exosomes, 
and saponin into the three inlets, respectively, and the 
mixture was collected at the three outlets which could be 
represented from Supplementary Figure 1A.

As described previously,17 the loading efficiency of 
DOX into exosomes with incubation, electroporation, and 
sonication was relatively low. To facilitate its loading effi-
ciency, SF7761 GMs-derived or U251 GMs-derived 

exosomes (1 mL with 4.0×106 particles/mL) were injected 
into the central inlet channel of Exo-Load device via using 
a peristaltic pump through valve V3 at the flow rate of 2.4 
ms−1 at room temperature. Concurrently, DOX (1 mL with 
22 µM) (Abcam, Cat# ab120629) and saponin (1 mL with 
18 µM) (Sigma Aldrich, Cat# 47036) were injected via two 
side channels, respectively, with the same flow rate, for the 
increased permeabilization of exosome membrane during 
drug loading. The mixtures from the outlets were collected 
in 1.5 mL centrifuge tubes (for three outlets). The mixtures 
were centrifuged at 10,000×g, 4°C for 1 hour, and the super-
natant was analyzed for the measurement of free drug con-
centration using a UV-Visible spectrophotometer and HPLC. 
Similarly, PTX was loaded into SF7761 GMs-derived exo-
somes via a linear Exo-Load device.

Determination of the Loading Efficiency 
of DOX in Exosomes
The uploaded concentration of DOX and PTX in exo-
somes via Exo-Load were indirectly determined by an 
Ultra-Violet Visible Scanning Spectrophotometer 
(Shimadzu 1700) at 490 nm or high-performance liquid 
chromatography (HPLC) (Waters HPLC-PDA-FLR frac-
tion collector system).36 In brief, standard curves of absor-
bance vs concentration for the quantification of DOX and 
PTX were created via plotting absorbance in response to 
the range of 0–50 µM DOX and PTX in 1% DMSO. The 
concentration of free DOX and PTX in the supernatant of 
exosome solution was calculated according to the absor-
bance value obtained at λmax corresponding to the refer-
ence DOX and PTX concentration in the standard curve or 
HPLC. The loading efficiency of DOX and PTX into 
exosomes was calculated using the following formula:

Drug loading %ð Þ

¼

IDA inlet Að Þ �
DA outlet Að Þ þ DA outlet Bð Þ

þDA outlet Cð Þ þ DL

� �� �

IDA inlet Að Þ

� 100 

where IDA is the initial drug amount, DA is the drug 
amount in supernatant (nmole), and DL is the amount of 
drug loss during loading through Exo-Load (nmole).

Study of Drug Release Profile
The release of Dox and PTX were evaluated as described 
previously.22 In short, 4 mL of Exo-Dox solution was 
transferred into a dialysis tube (M.W. cut-off: 14 kDa; 
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Shanghai. Green Bird Technology Development Co., Ltd., 
China). The tube was first placed into 10 mL of PBS 
buffer (pH 7.4) or acetate buffer (pH 5.0). The release of 
DOX was performed at 37°C. At selected time intervals 
(3, 6, 12, 24, and 36 hours), the dialysate was removed for 
the analysis of absorbance and replaced with a fresh buffer 
solution. The concentrations of DOX were obtained based 
on the standard curves.

Determination of Exosomes Uptake into 
Recipient Cells
DOX-loaded SF7761 GMs-derived exosomes were 
labelled via using Exo-green (Cat# EXOG200A-1, 
System Biosciences) as per the manufacturer’s instruc-
tions. Equal amounts of labelled SF7761 exosomes were 
incubated with SF7761- or U251- GMs for 4–24 hours, 
and they were counterstained with phalloidin-rhodamine, 
a red fluorescent marker for labeling the membrane of 
cells, and DAPI, a blue fluorescent marker for labeling 
nuclei of cells. The uptake of DOX-loaded SF7761 GMs- 
exosomes (Exo-Dox) was imaged with SF7761- and 
U251- GMs using a confocal microscope (Zeiss Laser 
Scanning Microscope LSM 880 NLO with Airyscan) at 
60x objective setup, as described previously.37,38

Immunocytochemistry
Immunocytochemistry was done as described previously.38 

Briefly, SF7761- and U251- GMs were grown on poly- 
D-lysine coated-glass coverslips until they reached 70% 
confluence, followed by treatment with Exo-Green labeled 
SF7761 GMs-derived EXO-DOXs. Subsequently, GMs 
were washed with PBS, fixed with 4% paraformaldehyde, 
and permeabilized with 0.1% Triton X-100 in PBS solution 
for 10 minutes. Blocking was done with 1% BSA in PBS for 
1 hour and primary antibody was incubated at RT for 2 
hours. Rhodamine phalloidin-conjugated primary antibody 
(Cat# R415, Invitrogen) solution was dissolved in blocking 
solution (1:200 dilution) and washes were performed with 
PBS. Coverslips were mounted in a Vectashield mounting 
medium with DAPI (Cat# H-1200, Vector Laboratories), 
and examined on a Zeiss Laser Scanning Microscope LSM 
880 NLO with Airyscan.

Flow Cytometry
To analyze the uptake of DOX into SF7761 GMs-derived 
exosomes, the exosomes (labeled with BODIPY® TR cer-
amide for membrane staining: red) alone and exosomes 

loaded with DOX (red) were examined with a Cytoflex 
flow cytometer, after capturing on 4 µm latex beads 
(Thermo Scientific). The gate was set on microbeads, 
and exosomes captured on microbeads based on forward 
vs side scatter (FSC vs SSC) within the gated population 
were collected per sample. Uptake of DOX into exosomes 
was measured by the shift of peak red fluorescence inten-
sity, calculated by the geometric mean of the population.

Cell Viability Assay
MTT cell viability assay was performed as described 
previously.39 Briefly, GMs (10,000 cells per well) were 
seeded in a 96-well microtiter tissue culture plate. After 48 
hours of culture, the medium was removed, and GMs were 
washed with PBS. Subsequently, GMs were incubated 
with 20 μL of exosomes, DOX (concentration=4.3 µM), 
and EXO-DOXs (concentration of DOX=4.3 µM) for 24 
hours; control was treated with vehicles (DMSO in med-
ium). After incubation, medium in GMs’ culture was 
removed, and MTT (5 mg/mL in DMSO) solution was 
added to each well. Cells were then incubated at 37°C for 
4 hours. Next, medium in each well was removed, and 150 
µL of DMSO was added to each well and mixed thor-
oughly. Finally, the plates were incubated at 37°C for 10 
minutes, and absorbance was measured on a microtiter 
plate reader at 570 nm.

Statistical Analysis
Data were analyzed using GraphPad Prism, version 7.01 
software. Results were expressed as the mean±SE of three 
replicates. The difference between control and experimen-
tal group(s) was analyzed by using either Student's t-test or 
one way-ANOVA test. P<0.05 and P<0.01 were consid-
ered statistically significant.

Results
Characterization of SF7761 Stem-Like- 
and U251-GMs-Derived Exosomes
Exosomes released from SF7761- and U251- GMs were 
isolated by a differential ultracentrifugation and a TEI 
method. The size, morphology, and the presence of 
CD63, a representative exosome marker, of isolated exo-
somes were further analyzed by NTA, TEM, and immu-
nogold EM, respectively. SF7761 GMs-derived exosomes 
were mainly 100 nm in size (Figure 2A), mostly round in 
shape (Figure 2B), and CD63-positive in immunogold EM 
(Figure 2C). In contrast, U251 GMs-derived exosomes 
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with CD63-positive dots (Figure 2E) were mainly 150 nm 
in size (Figure 2D) with heterogeneous shape (Figure 2E). 
Particularly, SF7761 GMs appeared to release more exo-
somes than that of U251 GMs (Figure 2A, D), although 
statistical analysis with multiple cell culture conditions for 
each cell type were not further pursued.

COMSOL Simulation of the Exo-Load 
Microfluidic Device
To predict whether DOX, saponin, and exosomes could be 
mixed in the microchannel of the Exo-Load microfluidic 
device, COMSOL Multiphysics software was used. 
COMSOL simulation was based on a laminar flow model 
due to the small dimensions of the microchannel (length; 
l=5.4 mm, and height; h=20 µm). Exo-Load was designed to 
have three inlets (marked as inlet a, b, and c) for uploading 

DOX (or PTX), saponin, and exosomes which could be 
exchanged with each other through the pillars between three 
microchannels, and three outlets (marked as outlet a, b, and c) 
for taking DOX-loaded exosomes. The velocity field of Exo- 
Load showed higher magnitude of the fluid-velocity in the 
middle channel at approximately 3 m/s than that in the outer 
walls at 0.5 m/s (Figure 3A and B), indicating that exosomes in 
the middle channel had higher shear stress (Figure 3E) and the 
drug flowed at inlet-a (Supplementary Figure S1A) could be 
distributed and mixed gradually throughout the channels. 
Additionally, the fluid-concentration profile of Exo-Load 
(Figure 3C and D) indicated that the initial concentration of 
drug, 4.5 mol/m3, was distributed and reached a final concen-
tration of drug, 2 mol/m3. Moreover, the study demonstrated 
that the mixing of each component within the microchannel 
was a gradual and steady process after the perfusion of each 

Figure 2 Characterization of GMs-derived exosomes. Representative images of the size distribution of exosomes, as analyzed by NTA (A, D), The morphology and shape 
of exosomes, as analyzed by TEM (B, E), and CD63 positive dots of exosomes, as analyzed by immunogold EM (C, F). Exosomes isolated from SF7761 stem-cell like GMs 
(A–C) and U251 (D–F) GMs, respectively, were used in the experiment.
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component with a constant velocity at 50 µL/min. 
Interestingly, COMSOL simulation showed that Exo-Load 
with two inlet-channels also had higher velocity in the middle 
channel as well (Supplementary Figure S1B). Based on 
COMSOL simulation, the Exo-Load microfluidic device was 
fabricated via using the soft lithography method 
(Supplementary Figure S1C) with the design (Figure 2E, 
Supplementary Figure S1D-E). To enhance drug–exosomes 
interactions in the microchannel, the sigmoid type of Exo- 
Load was also fabricated (Figure 3F). And, actual fluid flow 
inside the microchannel and the mixing effect between the 
channels were investigated by the introduction of trypan blue 
dye in inlet A. The region of interest (ROI) was adjusted at the 
middle of the microchannel such that the three channels could 
be viewed at the same time. 0.4% Trypan blue dissolved in 

1 mL PBS was perfused through each Inlet- A, B, and C, 
respectively, via using syringe pumps (RWD Life Science Co., 
Ltd) (Supplementary Figure S1D-E). Supplementary video S1 
was recorded simultaneously with the start of perfusion into 
the microfluidics. Supplementary video S1 shows the laminar 
flow and mixing phenomena along the pillars of the micro-
channel. This observation supports the hypothesis of the 
design aimed for loading drugs into exosomes by their mixture 
in the microchannel (Supplementary video S1).

Loading of DOX and PTX in 
GMs-Derived Exosomes
Through the process of optimization, injection volume and 
concentration of DOX (1 mL, 22 µM, 22 nmole), saponin 

Figure 3 COMSOL simulation and fabrication of the Exo-Load microfluidic device. (A, B) The numerical study of fluid-velocity distribution and the streamline flow analysis 
in the microchannel of Exo-Load, showing overall consistency in the streamlined laminar flow of the fluid through the microfluidic channel. (C, D) The numerical study of 
drug-concentration distribution in the microchannel, demonstrating that DOX, saponin, and exosomes were mixed in the microchannel during perfusion. (E, F) 
Representative image of the Exo-Load microfluidic device: Design 1 = linear type, Design 2 = sigmoid type (Scale bar: 10 mm).
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(1 mL, 18 µM, 18 nmole), and exosomes (1 mL, 4.0×106 

particles/mL) at the flow rate 50 µL/min were used in the 
Exo-Load-based DOX loading into GMs-derived exosomes. 
The basic functionality of Exo-Load was tested in the initial 
optimized condition; nonetheless it could be better with 
further optimization in the drug loading into exosomes.

Based on the equation described in the method, the 
loading efficiency of a drug into GMs- derived exosomes 
by Exo-Load was calculated. The loading efficiency of DOX 
in SF7761 GMs-derived exosomes was 19.7% at the injec-
tion flow rate, 50 µL/min, which was compared with the 
drug loading efficiency obtained with conventional techni-
ques, such as simple incubation, incubation with saponin, 
electroporation, and sonication (Figure 4A). In-detail data 
for the calculation of the loading efficiency of drug into 
exosomes was indicated in Supplementary Table S2. In 
addition, HPLC analysis in Supp Table S3 indicates that 
the loading efficiency of DOX into exosomes is around 
16% (Supplementary Figure S2). Particularly, the loading 
efficiency of PTX, a hydrophilic drug, into SF7761 GMs- 
derived exosomes was 17.7% (Supplementary Figure S3). 
Conclusively, both DOX and PTX could be significantly 
loaded into SF7761 GMs-derived exosomes by Exo-Load. 
Furthermore, confocal microscopy analysis of DOX-loaded 
exosomes visualized that Exo-Load made the loading of 
DOX in SF7761 GMs-derived exosomes (Supplementary 
Figure S4A-C). At the same time, flow cytometry analysis 
showed the shift of exosome fluorescence intensity from 104 

to 107 after the addition of DOX to SF7761 GMs-derived 
exosomes (Supplementary Figure S4D). Altogether, it was 
evident that DOX was successfully loaded into SF7761 
GMs-derived exosomes in the presence of saponin via Exo- 
Load. However, the loading efficiency of DOX in U251 
GMs-derived exosomes was relatively low, such as 7.85% 
and 7.86% at the injection flow rate, 12.5 µL/min and 50 µL/ 
min, respectively (Figure 4A–B). To improve the loading 
efficiency of drug into exosomes, the sigmoid type of Exo- 
Load was developed and tested to load DOX into U251 
GMs-derived exosomes. The loading efficiency of DOX in 
U251 GMs-derived exosomes was enhanced, reaching 
31.98% at the injection flow rate of 12.5 µL/min 
(Figure 4B).

Higher Uptake of DOX-Loaded 
Autologous Exosomes by Parent GMs
Several studies demonstrated that autologous exosomes 
could be used as ideal delivery vehicles of therapeutic agents 
to parent cells with a homing effect.40 Therefore, to deter-
mine whether the uptake of DOX-loaded SF7761 GMs- 
derived exosomes (SF7761 GMs-derived EXO-DOXs) into 
SF7761- and U251- GMs could be different from each other; 
Exo-green-labeled SF7761 GMs-derived EXO-DOXs were 
incubated with SF7761- or U251- GMs for 4–24 hours. 
Exosomes were labeled with Exo-green (green) to clearly 
determine the distribution of SF7761 GMs-derived EXO- 
DOXs inside cells. SF7761- and U251- GMs were 

Figure 4 Determination of the loading efficiency of DOX into GMs-derived exosomes. (A) Comparison of the relative loading efficiency of DOX into SF7761 GMs-derived 
exosomes by the linear Exo-Load device (50 µL/min flow rate) with conventional loading methods. (B) Comparison of the relative loading efficiency of DOX into U251 
GMs-exosomes between the linear type and the sigmoid type of Exo-Load at 12.5 µL/min flow rate. Data are expressed as mean±SE, significance level; *P<0.05, **P<0.01. 
Abbreviation: ns, not significant.
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visualized with the counterstaining with phalloidin- 
rhodamine, a red fluorescent marker for labeling the mem-
brane of cells, and DAPI, a blue fluorescent marker for 
labeling the nuclei of cells, although DOX produced intrin-
sic fluorescence (weak red) (Figure 5). The result at multiple 
time points after the co-incubation of exosomes and recipi-
ent cells revealed that the uptake of SF7761 GMs-derived 
EXO-DOXs by SF7761 GMs were much higher than that of 
U251 GMs (Figure 5A–H, data not shown), supporting the 
previous observation, higher uptake of autologous exosomes 
in other cancer cells,19,41 Most SF7761 GMs with SF7761 
GMs-derived EXO-DOXs were dead during co-incubation 
and even survived SF7761 GMs with SF7761 GMs-derived 
EXO-DOXs appeared to be unhealthy in terms of 
morphology.

Exosomes-Mediated Delivery of DOX 
Inhibits the Proliferation of GMs
To determine the effect of SF7761 GMs-derived EXO- 
DOXs on the viability of cancer cells, SF7761- and 
U251- GMs were incubated with cell culture medium 
(control), DOX, or SF7761 GMs-derived EXO-DOXs in 
a 96-well plate, and the viability was measured after 4 
hours-incubation (Figure 6A–B). The result indicated that 
SF7761 GMs-derived EXO-DOXs treatment was much 
more effective to inhibit GMs’ proliferation rather than 
only DOX treatment. Furthermore, it was found that of the 

number of survived SF7761 GMs was much more signifi-
cantly reduced with treatment with SF7761 GMs-derived 
EXO-DOXs than that of U251 GMs (Figure 6A–B), which 
was also correlated with the higher uptake of SF7761 
GMs-derived EXO-DOXs by autologous SF7761 GMs.

Finally, to examine the stability of SF7761 GMs-derived 
EXO-DOXs, the amount of DOX released from SF7761 
GMs-derived EXO-DOXs into the supernatant with respect 
to time was measured.36 Interestingly, SF7761 GMs-derived 
EXO-DOXs were stable in every condition; in particular, 
release of DOX from EXO-DOXs at 37°C, body tempera-
ture, was below 15% during 90 minutes-incubation. At 4°C, 
stability of EXO-DOXs were well maintained during 60 
minute-incubation (Figure 6C–E). The release profile of 
DOX and PTX from SF7761-derived exosomes was deter-
mined at two different conditions, pH 7.4 and pH 5, by the 
quantification of free drug in the supernatant using a dialysis 
tube method (Molecular weight cut-off 14 kDa) as described 
previously.21,22 The release pattern was investigated at pH 
5.0 because it was a common pH in the hypoxic tumor 
microenvironment. Interestingly, the release of DOX and 
PTX from exosomes was enhanced at pH 5.0 as compared 
to at pH 7.4 (Supplementary Figure S5A and B). In general, 
the release profile of DOX and PTX from exosomes was 
slightly different from each other. In the early phase (below 
6 hours) at pH 7.4, DOX and PTX had similar release 
patterns; however, PTX release from exosomes was 

Figure 5 Higher autologous uptake of SF7761 GMs-derived EXO-DOXs by parent GMs. (A–D) Autologous uptake of SF7761 GMs-derived EXO-DOXs by parent SF7761 
GMs, and (E–H) heterologous uptake of SF7761 GMs-derived EXO-DOXs by U251 GMs after the incubation for 24 hours. Nuclei: DAPI (blue), cell membrane: Phalloidin 
(red), DOX: Green (green). EXO-DOXs (Yellow).
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saturated (lag phase) after 12 hours, in contrast to the con-
tinuous release of DOX from exosomes, indicating that 
DOX might be more encapsulated in the inner space of 
exosomes. In addition, the TEM examination of size and 
morphology of EXO-DOXs suggested that the overall size 
of exosomes was slightly increased upon loading with DOX 
with good stability (Supplementary Figure 5C-F).

Discussion
One of the major hurdles in glioma treatment is the deliv-
ery of effective anticancer drugs, such as DOX and PTX, 
to the GMs through the BBB.42 Interestingly, GMs release 
a tremendous amount of exosomes,43,44 which have strong 
potential as drug delivery vehicles because of their nano 
size (30–200 nm) and lipophilic biophysical property, 
allowing them to cross the BBB, enabling them to reach 

targeted cells in the brain, including GMs.45 Furthermore, 
anticancer drugs, microRNA, and RNAi, can be loaded 
into autologous or engineered exosomes which can be 
specifically transported to targeted neural cell types with-
out producing many side-effects,46,47 Therefore, in this 
study, exosomes were first isolated and characterized 
from two different human glioma cell lines, pediatric dif-
fuse intrinsic pontine SF7761 stem cell-like GMs and 
U251 GMs, to determine whether GMs-derived exosomes 
could be used as good drug delivery vehicles. The result 
indicated that SF7761 GMs-derived exosomes were rela-
tively homogenous, round in shape, and were higher in 
their release from SF7761 GMs, compared with exosome 
release from U251 GMs, demonstrating the different size, 
morphology, and release capacity of GMs-derived exo-
somes depending on their parent GMs (Figure 2A-E), 

Figure 6 Effect of SF7761 GMs-derived EXO-DOXs on the viability of SF7761- and U251- GMs. (A–B) SF7761- and U251-GMs were treated with cell culture medium 
(control), DOX, and SF7761 GMs-derived EXO-DOXs. The cells were further incubated for 24 hours, and the viability assay was performed following MTT assay protocol. 
(C–E) Stability test of SF7761 GMs-derived EXO-DOXs at three different conditions: (C) at 37°C, (D) at 4°C, (E) at room temperature as described in the Methods. Data 
are presented as the means±SD of three independent experiments. Data are expressed as percentage change (mean±SE).
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which could be important information in determining the 
phenotype of cancer as well as developing new delivery 
vehicles for anticancer drugs. Exosomes have been inves-
tigated as drug delivery vehicles for a decade,27,48 and, 
therefore, various conventional techniques have been 
developed for the loading of a drug into exosomes, 
which includes incubation with saponin, electroporation, 
and sonication,17–20 (Supplementary Table S1). However, 
improving both drug loading efficiency in exosomes and 
stability of drug-loaded exosomes has been much chal-
lenged to enable the better drug delivery to the specific 
targeted cells. Therefore, the microfluidics-based loading 
of a drug in exosomes was tested in this study. Some 
reports demonstrated that microfluidics could provide 
a better performance in loading a drug in cells better 
than conventional techniques due to its capability of pre-
cise and controlled setup that could be easily customized 
to achieve enhanced drug loading.49,50 In the present work, 
the linear and sigmoid types of Exo-Load were developed 
to increase the loading efficiency of DOX and PTX into 
GMs-derived exosomes (Figure 3A–F). Particularly in this 
study, saponin was utilized as a membrane permeabilizing 
agent.20,27 In addition, the number of exosomes (1 mL of 
4.0×106 particles) injected into Exo-Load was optimized. 
With the experimental conditions as noted (at the flow rate 
50 µL/min), DOX loading efficiency for SF7761 GMs- 
derived exosomes (19.7%) by the linear type of Exo-Load 
was better than that of U251 GMs-derived exosomes 
(7.86%) (Figure 4A–B), demonstrating that SF7761 GMs- 
derived exosomes had different membrane properties and 
could be better in the loading of a drug into exosomes, as 
similar to that of hematopoietic stem cells- and mesench-
ymal stem cells (MSCs)- derived exosomes in the loading 
and delivery of a drug into exosomes.51–53 Not only DOX 
but also PTX, a relatively more hydrophilic drug, was 
loaded well into SF7761 GMs-derived exosomes, reveal-
ing that its loading efficiency was around 17.7% 
(Supplementary Figure S3). Importantly, the sigmoid 
type of Exo-Load improved the loading efficiency of 
DOX into U251 GMs-derived exosomes at the biggest 
value, 31.98%, at the injection flow rate, 12.5 µL/min 
(Figure 4B), presumably due to the enhanced mixing effect 
and high retention time, indicating that Exo-Load-based 
drug loading into exosomes could be further improved by 
the additional optimization of loading conditions in the 
future. To test their stability as drug delivery vehicles, 
SF7761 GMs-derived EXO-DOXs were incubated in dif-
ferent temperatures. They were stable at 37°C for at least 

90 minutes (Figure 6C–E), demonstrating its potential use 
in vivo. Finally, the uptake and effect of SF7761 GMs- 
derived EXO-DOXs in the autologous SF7761- and het-
erologous U251- GMs were investigated. Autologous 
uptake of SF7761 GMs-derived EXO-DOXs in SF7761 
GMs was more significant than heterologous uptake of 
SF7761 GMs-derived EXO-DOXs in U251 GMs (Figure 
5A–H), indicating the presence of a specific mechanism 
for their autologous interaction, which provided great 
insights into the development of the specific delivery 
vehicles of anticancer drugs to parent GMs (Figure 5A– 
E). More importantly, SF7761 GMs-derived EXO-DOXs 
inhibited the proliferation of SF7761 GMs more than 
U251 GMs, which was correlated with the result of uptake 
assay. Distinctively, SF7761 GMs-derived EXO-DOXs 
was also much more potent in the inhibition of SF7761 
GMs than only DOXs (Figure 6A–B), indicating that they 
were functional as efficient delivery vehicles for antic-
ancer drugs. It may be very interesting in the future to 
investigate whether SF7761 GMs-derived EXO-DOXs can 
be effective in reducing in vivo tumor progression of 
a mouse model of glioma.

Conclusion
In the current study, BBB-impermeable two anticancer 
agents, DOX and PTX, were successfully loaded into 
SF7761 stem cell-like GMs-derived exosomes by the 
Exo-Load microfluidic device in the presence of saponin, 
a permeabilization agent, and shear stress in microfluidic 
channels. Loading performance of DOX in U251 GMs- 
derived exosomes by the sigmoid type of Exo-Load was 
better than the linear type of Exo-Load, suggesting that 
Exo-Load-based drug loading into exosomes could be 
promising through further improvement and optimization 
processes. Importantly, the uptake of SF7761 GMs- 
derived EXO-DOXs by autologous SF7761 GMs was 
much more than heterologous U251 GMs, leading to 
a potent anti-proliferation effect for SF7761 GMs. In 
conclusion, the present study for the first time proposed 
an Exo-Load (microfluidic) device-based loading of 
anticancer agents into exosomes, and it further demon-
strated that the autologous uptake of EXO-DOXs could 
efficiently inhibit parent GMs’ proliferation. Therefore, 
it would be interesting to test whether EXO-DOXs could 
inhibit tumor growth in a mouse model of glioma by its 
delivery through the olfactory route with a nasal spray 
formulation or tail-vein injection in the future.
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