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Paclitaxel incorporated exosomes derived from glioblastoma cells:
comparative study of two loading techniques
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Abstract
Background Exosomes are natural nanoparticles that are involved in intercellular communication via transferring molecular
information between cells. Recently, exosomes have been considered for exploitation as novel drug delivery systems due to their
specific properties for carrying specific molecules and surface proteins.
Methods In this study, U-87 cell derived exosomes have been investigated for delivery of a potent chemotherapeutic agent,
paclitaxel (PTX). Two methods of loading were utilized to incorporate PTX in exosomes and the exosomes pharmaceutical and
cytotoxic characterizations were determined.
Results The drug loaded and empty exosomes were found to have particle size of 50–100 nm and zeta potential of ≈ − 20 mV.
Loading capacity of 7.4 ng and 9.2 ng PTX into 1 μg of exosome total protein were also measured for incubation and sonication
methods, respectively. Incorporation of PTX into exosomes significantly increased its cytotoxicity against U-87 cell line (59.92%
cell viability) while it was found that the empty exosomes exhibited cell viability of 91.98%.
Conclusions Loading method could affect the loading capacity of exosomes and their encapsulated chemotherapeutic molecule
showed higher cytotoxicity into exosomes. These results promise exosomes as appropriate drug delivery system for glioblastoma
multiform (GBM) treatment.
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Introduction

New drug delivery systems (NDDS) such as lipid and poly-
meric particles, have been used for cancer treatment because
of targeted therapeutic release and reducing side effects of
chemotherapeutic drugs. Reducing the size of NDDS into
nano-scale range, increases the tumor accumulation of parti-
cles, but immunogenic and toxicity effects are still important
challenges [1]. Exosome containing pharmaceuticals is one of
the most novel NDDS which widely has been applied for
theragnostic approaches [2].

Exosomes are extracellular vesicles formed in
multivesicular bodies and fused out of the cell membrane.
Exosomes can be found in abundance in all body fluids
including urine, blood, and cerebrospinal fluid as well as
conditional cell culture media [3]. As vesicles transport
intercellular messages, they have been suggested to be
used as drug delivery systems [3–5]. In some studies,
exosomes were used for gene delivery [6] and transferring
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of hydrophilic and lipophilic drugs such as doxorubicin
[1, 7] and curcumin [8].

Due to nano-scale size of exosomes and their surface
proteins which are producer cell-type dependent, passing
through blood brain barrier (BBB) is facilitated [9]. These
specific characteristics making exosomes beneficial for
treatment of central nervous system diseases especially
brain cancer where BBB permeability is a serious chal-
lenge for chemotherapeutic drug delivery [10, 11].
Among the brain malignancies, glioblastoma multiforme
(GBM) is the most aggressive and lethal one. The stan-
dard treatment for this malignancy is surgery followed by
radiotherapy with concurrent chemotherapy [12]. GBM
tumors are diverse in cellular phenotypes, so their treat-
ments are complicated as a result of their heterogeneity.
This diversity has driven the attention to suggest more
specific and targeted treatment of GBM [13].

Paclitaxel (PTX) is a mitotic inhibitor (microtubule stabi-
lizing agents) anti-cancer drug that has been used in treatment
of GBM. Because of its chemical nature, it couldn’t pass
through BBB and has low bioavailability despite of its poten-
cy [14, 15]. Many NDDS such as magnetic poly (lactic-co-
glycolic acid)-based nanoparticles [16], human serum albu-
min [17, 18], and positive-charged solid lipid nanoparticles
[19] have been used for transport of PTX through BBB.

As mentioned before, due to superiority of exosomes
for cancer treatment [10], in this study we tried to formu-
late exosome containing PTX, in comparison to free PTX
against U87, a glioblastom cell line. Two methods were
investigated to load PTX into exosomes and nano-vesicles
were characterized as particle size and zeta potential de-
termination, morphology study, encapsulation efficiency
measurement, and surface protein analysis.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and
exosome-depleted fetal bovine serum (FBS) were pur-
chased from GIBCO (Invitrogen Inc. Gibco BRL, USA).
Penicillin plus streptomycin solution and 3-(4,5- dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Exo-spin™ (EX01) and CD9 TRIFic™ exosome
assay (EX101) both were obtained from Cell Guidance
Systems (Cambridge, UK). Bicinchoninic acid (BCA)
prote in assay ki t was provided by Santa Cruz
Biotechnology (Texas, USA). PTX was kindly donated
by NanoAlvand pharmaceutical company (Tehran, Iran).
Other solvents and reagents were of analytical grade and
obtained from Merck (Darmstadt, Germany).

Cell culture

Human brain neuronal glioblastoma-astrocytoma U-87 MG
cells (Pasture institute, Tehran, Iran) were cultured in high
glucose DMEM supplemented with 10% FBS, 1% penicillin
and streptomycin at 37 °C and 5% CO2. Exosomes were ex-
tracted when 80% of cell culture confluence was achieved.

Exosome isolation and purification

Exosomes were isolated from the media of U-87 cells in
exosome-depleted media using the Exo-spin™ exosome pu-
rification kit (exosome purification kit for cell culture media/
urine/saliva and other low-protein biological fluids) according
to the manufacturer protocols. In brief, cell media were firstly
collected and centrifuged at 300×g for 10 min by Hettich®
Universal 320R centrifuge (Tuttlingen, Germany) to remove
cellular debris. Thereafter, the resulting supernatant centri-
fuged for 30 min at 16000×g and the obtained supernatant
of the previous step were mixed with Exo-spin™ buffer
(2:1 v/v) and incubated overnight at 4 °C followed by centri-
fugation for 1 h at 16000×g. The supernatants were discarded
and the collected pellet resuspended in 100 μL phosphate
buffered saline (PBS). For purification of exosomes, the col-
lected samples from previous step were applied to Exo-spin™
columns. Eventually, the product stored at −80 °C for next
phases of the study.

Drug entrapment into exosomes

A stock solution of PTX (50 mg/ml in dimethyl sulfoxide,
DMSO) was prepared and diluted to desired concentration in
PBS, pH 6.8. The exosome isolated pellet was resuspended
with 100 μL of 40 μg/ml PTX in PBS [5]. Two methods were
investigated for drug loading including incubation at 37 °C
and sonication [10, 20]. At the first method, the admixture was
incubated for 1 h at 37 °C. In the second method, the mixture
was sonicated using an ultrasonic probe (UP100H
Ultrasonicator Hielscher, Teltow, Germany) with 20% ampli-
tude for 6 cycles that each cycle was 3 min covering 6 periods
of 30 s on/off with a 2 min cooling period between each cycle.
For recovery of the exosomal membrane after sonication, the
obtained solution was incubated at 37 °C for 1 h.

Exosome characterization

Size analysis of exosomes was carried out by photon correla-
tion spectroscopy (PCS) by using Cordouan, VASCO Nano-
Particle size analyzer (Pessac-Bordeaux, France). In order to
further size analysis and morphology observation of these
nanoparticles, field emission scanning electron microscopy
(FESEM, Hitachi S-4160, Tokyo, Japan) and transmission
electron microscopy (TEM, Philips, Germany) were used.
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The exosome suspension was dried at room temperature, then
coated with a thin layer of gold to increase the electric con-
ductivity before FESEM imaging. For the TEM, exosomes
were added on carbon coated copper grid (200 mesh) and
dried grids were examined using an accelerator voltage of 80
KeV. Surface charge on the exosomes was determined in
terms of zeta potential using WALLIS Zeta potential analyzer
(Pessac-Bordeaux, France).

Exosome protein determination

The total protein content of exosomes was measured by BCA
protein assay kit. The exosome prepared samples were diluted
in PBS in ratios of 1:10 (by 10-fold) and mixed with BCA
reagent and incubated at 60 °C for 15 min, followed by re-
cording the related absorbance at 562 nm using NanoDrop™
spectrophotometer (ND-1000, Thermo Fisher Scientific,
Wilmington, DE, USA). The standard curve was drawn by
performing the same procedure for different concentrations
(50–250 μg/ml) of bovine serum albumin.

Exosome marker detection

To measure the surface protein of exosomes, CD9 TRIFic™
exosome assay kit (europium time-resolved immunofluores-
cence based for detection of exosome antigens) was applied
according to manufacturing protocol. This kit consists of a
monoclonal antibody (labeled with biotin) bound to an
streptavidin coated plate that capture CD9 in the surface of
exosome which then detect by an identical monoclonal anti-
body labeled with Europium. The wavelength of excitation
and emission were 340 nm and 615 nm, respectively and the
assay was carried out by multimode microplate reader
(Synergy 2, BioTek, Winooski, VT, USA) [21].

PTX loading determination in exosomes

High performance liquid chromatography (HPLC) technique
was utilized to measure PTX loaded into exosomes. Pre-
analysis treatment of samples were carried out based on Kim
et al. [20] protocol with some modification in which an equal
volume of acetonitrile (MeCN) was added to exosomes sus-
pension (1:1) and vortexed, sonicated (for destruction of
exosome structure), and then centrifuged at 14,000 rpm
(Hettich® Universal 320R centrifuge, Tuttlingen, Germany)
for 10 min. Thereafter, about 150 μl of the obtained superna-
tant was transferred into an HPLC vial (containing glass in-
sert) and finally 50 μl aliquots of the samples were injected
into a Smartline® HPLC system (Knauer®, Berlin, Germany)
consisted of a quaternary pump (model 1000), PDA-UV de-
tector (model 2600), manager (model 5000), autosampler
(model 3950), membrane vacuum degasser, and column tem-
perature compartment. The HPLC analysis was performed on

a Nucleodur C18ec column (4.6 mm × 150 mm, 3.0 μm)
(Macherey-Nagel, Düren, Germany) kept at 35 °C using a
UV detector set at 227 nm. Water and MeCN were used as
mobile phases at flow rate of 1.2 ml/min in a gradient pro-
gram. The elution program was started at 30% MeCN which
was continued for 3 min followed by a 10% per min increase
to 80%MeCN. At the end of elution, MeCNwas decreased to
30% in one min and continued for 3 min in order to re-
equilibrate the column (totally 12 min run time). The retention
time of PTX was about 8.8 min and the area under the curve
(AUC) was used for its quantification using the calibration
curve (range of 0.5–20 μg/ml). PTX loading capacity was
expressed as ng PTX per μg protein of exosomes.

Cytotoxity of exosomal formulations on U-87 cell line

The cytotoxic effects of empty exosomes, PTX-loaded
exosomes, and free PTX were determined against the U-87
cell line by the MTT based colorimeteric protocol. In brief, a
density of 104 cells per well were seeded in flat-bottom 96-
well tissue culture microplates and incubated for 24 h (37 °C,
5% CO2 humidified air) to adhere. Then, each formulation
was added to the desired well in triplicate and incubated for
24 h in the same conditions. Cells cultured in medium, served
as the control. To evaluate cell survival, 100 μl of MTT solu-
tion (1 mg/ml in culture medium) was added to each well and
incubated for 2 h. The unreduced MTT and medium were
replaced by 100 μl of DMSO and pipetted to dissolve any
formed formazan crystals. Absorbance was then measured at
570 nm by an ELISA plate reader (Synergy 2, Biotek,
Winooski, Vermont, USA). The percentage of cell viability
was determined in compare with control.

Statistical analysis

All data were expressed in the form of the mean ± standard
deviation (SD). Data were compared by one-way analysis of
variance (ANOVA) with post-hoc test, using SPSS 21 (IBM);
Significance was defined as p < 0.05.

Results

Isolation and characterization of exosomes

Exosomes collected from the culture media of U-87 were
characterized by size, zeta potential, and morphology. Empty
exosomes were 61.02 nm in diameter, whereas size of drug
loaded exosomes were 62.73 and 85.95, respectively for
37 °C incubation and sonication loading methods (Table 1).
The TEM and FESEM results of exosomes showed that all
exosomes exhibited spherical shape and size of 50–150 nm
(Figs. 1 and 2). Zeta potential of U-87 exosomes in three form
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of empty and PTX loaded (either by incubation at 37 °C or
sonication) was measured and represented in Table 1.

Detection of CD9 bio-marker

A tetraspanin surface protein (CD9) was detected by CD9
TRIFic™ exosome assay with ELISA method through exci-
tation and emission of fluorescent identifier-fluorophore-
(Europium). The results (Fig. 3) were shown no significant
difference between 3 groups (p > 0.05).

Determination of PTX loaded in exosomes

In order to load PTX into exosomes, 40 μg/ml PTX was used.
PTX was incorporated into exosomes using two methods of
incubating at 37 °C and sonication. After removal of the un-
bound PTX by size-exclusion chromatography (Exo-spin™
column) during exosome purification, the amount of PTX
encapsulated into the exosomes was measured by HPLC. To
determine the loading capacity, PTX concentration loaded in
exosomes was divided by exosome total protein concentra-
tion. Loading efficiency in sonication method was 0.92% in
comparison to 0.74% for incubation at 37 °C.

Cytotoxicity of PTX and exosomal formulations

Cytotoxicity results of exosomes containing PTX, free PTX,
and empty exosomes were exhibited in Fig. 4 where PTX-

loaded exosome significantly inhibited the growth of U-87
cell line by 59.92% compared to that of free PTX (80.70%).

Discussion

Exosomes are endogenous carriers that provide efficient
drug transportation due to their display nano-sized mor-
phology and expression of parent cell-derived markers.
These nano-vesicles have been purified by various isola-
tion methods such as ultracentrifugation, density-based
separation (sucrose and iodixanol), precipitation, ultrafil-
tration, and immunoaffinity [22]. Lane et al. [23] de-
scribed that precipitation techniques possessed more re-
covery and yield compared to ultracentrifugation and den-
sity gradient method which are more user-intensive
methods so, it could cause an increased sample loss dur-
ing handling. In the present study, Exo-spin™ based on
precipitation method followed by a column-based cleanup
was applied for exosome purification. This kit rely on
polymer co-precipitation of exosome and its column
(size-exclusion chromatography) provides a convenient,
reproducible, and highly effective elimination of non-
vesicular proteins [24].

Generally, exosome size may differ on the basis of
preparation method, storage conditions or exosomes’ cell
sources [9, 10, 25, 26]. However, in the study conducted
by Marimpietri et al. [27], exosomes isolated from differ-
ent neuroblastoma cells (HTLA-230, IMR-32, SH-SY5Y,
and GI-LI-N) were found to be similar in size. In another
investigation Haraszti et al. [28] explained that Huh7 (he-
patocellular carcinoma cells), U-87, and MSC (human
bone marrow-derived mesenchymal stem cells) have no
significant size differences. In the present work, PCS,
TEM and FESEM were employed to analyze size and
shape of the isolated exosomes. Although, agglomeration
of exosomes occurred due to drying process of electronic
microscopic analysis, the size scale provided by TEM and
FESEM indicated that exosomes were in the range of 50–
150 nm (Figs. 1 and 2) which confirmed by PCS results
(Table 1). The attained size and spherical morphology of
exosomes in the present study were similar to the previous
studies [28, 29]. As presented in Table 1, the related size
of PTX loaded exosome by sonication method was some-
how larger (p < 0.05) than PTX loaded exosome by incu-
bation technique which might be ascribed to the probable

Table 1 Size, zeta potential and
loading capacity of exosomes
(mean ± SD)

Sample Size(nm) Zeta potential (mV) loading capacity (ng/μg)

Empty exosome 61.02 ± 3.53 −22.18 ± 8.73 –

Incubation at 37 °C 62.73 ± 4.63 −18.22 ± 1.23 7.40 ± 0.37

Sonication 85.95 ± 4.74 −22.46 ± 0.63 9.21 ± 0.41

Fig. 1 TEM image of empty exosomes
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reformation of exosomes. The same results was reported
by Kim et al. [20] who suggested that sonication might
increase exosomes size (217.9 nm) due to reformation of
exosomes compared to incubation method (178.7 nm).

Encapsulation of pharmaceutical active ingredients (APIs)
could affect the mean diameter of lipid vesicles such as
niosomes [30] and exosomes [20] due to surface adsorption
and bilayer stabilization [31]. However, in the present study,
no significant change in exosome diameter was observed fol-
lowing PTX loading (Table 1, p > 0.05).

In various researches for characterization of exosomes
derived from different cell lines, large differences of zeta
potential (electrokinetic mobility) have been reported
[32]. Kato et al. [33] investigated six types of human
cells and found strong correlation between the zeta po-
tential of exosomes and their cells of origin. In this
study, colloidal stability was measured by assessing iso-
lated exosomes’ zeta potential which was ranged from
−18 to −22 mV (Table 1). This zeta potential range is
near to critical zeta potential need for high colloidal
dispersion stability [34]. On the other hand, two methods
of drug loading did not significantly affect on zeta po-
tential of exosomes (Table 1, p > 0.05), similar to Kim
et al. [20] finding. They found a non-significant increase
in zeta potential of exosomes containing PTX which
might be attributed to PTX interaction with carboxyl
groups of surface-adhered proteins present over the sur-
face of exosomes [31]. Similarly, in the present study,
PTX encapsulation had negligible effect on exosomes’
zeta potential (Table 1).

Obtaining efficient drug loading in exosomes is an
important matter especially for hydrophobic or large

molecules such as PTX. In this study, sonication method
caused more PTX loading compared to incubation meth-
od (Table 1, p < 0.05). Similar results were reported by
Kim et al. [20] who loaded PTX in exosome derived
from RAW 264.7 macrophages cell. It was suggested
that PTX molecules could better diffuse across relatively
tight and highly structured lipid bilayer during exosome
membrane reorganization caused by sonication.
However, Haney et al. [9] hypothesized that sonication
could increase drug loading and accumulation of
exosomes in target cells but this reorganization and dis-
ruption of exosome membrane uniformity alter their vis-
ibility for immune system.

Cytotoxicity of free PTX solution on U-87 cells was
less than PTX containing exosome formulation (Fig. 4,
p < 0.05). This may be consequence of the route of
exosomes’ internalization to cells that return to endocyto-
sis and fuse to cell membrane. Cell-targeting adhesion
molecules (tetraspanins, integrins and etc.) on the surface
of exosomes cause superior uptake of these nano-vesicles
by target cells such as brain tumor cells [4, 9]. Increase in
intracellular uptake and cytotoxicity of chemotherapeutic
agents through exosome drug delivery was observed by
other researchers. In one of these studies which was done
by Parolini et al. [35], they showed acidic condition of
tissue microenvironmental, increased uptake of exosomes
so it was indicated exosomes may be taken up preferen-
tially by hypoxic cancerous cells.

Fig. 2 FESEM image of Empty exosome (a), PTX-loaded exosomes by incubation at 37 °C (b) and PTX-loaded exosome by sonication (c)
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Conclusions

In summary, PTX loaded exosomes isolated from U-87 cell
line were utilized as drug delivery system. Utilizing exosomes
as drug delivery devices can overcome the limitations of other
drug delivery systems due to their biocompatibility, high cell
penetration and targeting functions. However, some obstacles
in exosomal formulations exist such as choice of exosomes
extraction protocols, drug loading procedures, and so on; for
example the method of preparation could affect the encapsu-
lation efficiency and exosome diameter. In this study, it was
shown toxicity effect of PTX loaded exosomes against GBM
cells was more than free PTX solution. Further studies are
planned to investigate in vivo tumor targeting capability of
PTX loaded exosomes.
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