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Background: Extracellular vesicles (EVs) are naturally occurring membrane particles that mediate intercellular
communication by deliveringmolecular information between cells. In this study, we investigated the effectiveness
of two different populations of EVs (microvesicle- and exosome-enriched) as carriers of Paclitaxel to autologous
prostate cancer cells.
Methods: EVs were isolated from LNCaP- and PC-3 prostate cancer cell cultures using differential centrifugation and
characterized by electronmicroscopy, nanoparticle tracking analysis, andWestern blot. The uptake ofmicrovesicles
and exosomes by the autologous prostate cancer cellswas assessed byflowcytometry and confocalmicroscopy. The
EVs were loaded with Paclitaxel and the effectiveness of EV-mediated drug delivery was assessed with viability
assays. The distribution of EVs and EV-delivered Paclitaxel in cells was inspected by confocal microscopy.
Results:Ourmain findingwas that the loading of Paclitaxel to autologous prostate cancer cell-derived EVs increased
its cytotoxic effect. This capacity was independent of the EV population and the cell line tested. Although the EVs
without the drug increased cancer cell viability, the net effect of enhanced cytotoxicity remained. Both EV popula-
tions delivered Paclitaxel to the recipient cells through endocytosis, leading to the release of the drug from within
the cells. The removal of EV surface proteins did not affect exosomes, while the drug delivery mediated by
microvesicles was partially inhibited.
Conclusions: Cancer cell-derived EVs can be used as effective carriers of Paclitaxel to their parental cells, bringing the
drug into the cells through an endocytic pathway and increasing its cytotoxicity. However, due to the increased cell
viability, the use of cancer cell-derived EVs must be further investigated before any clinical applications can be
designed.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Extracellular vesicles (EVs) such as exosomes (EXOs) and micro-
vesicles (MVs) are lipid membrane-bound vesicles that cells secrete
into the extracellular environment. EVs contain a variety of molecules
from their cell of origin including different species of RNA and proteins,
which retain their bioactive propertieswhen delivered to other cells [1].
EV cargo and their overall composition vary according to the parent
cell type, its state of activation and/or stress conditions [2]. Additionally,
EVs may target specific cells or tissues for cargo delivery [3]. For these
reasons, EVs are thought to play a physiologically significant role in
the intercellular communication between cells in healthy and patholog-
ical conditions. Cancer cells secrete EVs in order to interact with their
rttula).

. This is an open access article under
environment in ways which promote tumor growth. The effects of can-
cer cell-derived EVs are diverse and they may also depend on their tar-
get cells. EVs have, for example, been reported to promote the formation
of a suitable cancerous microenvironment [2] or to reduce the anti-
cancer immune response [4]. Cancer cells are also an important target
of their own EVs, which may enhance their proliferation [5], or transfer
some properties of their own phenotype via vesicles, such as drug
resistance by RNA- and protein delivery [6].

The current research suggests that EVs are naturally occurring cargo
delivery agents which could also be used as vehicles for drug delivery.
What would make them especially suitable for this task is the combina-
tion of their innate biocompatibility, their capacity to deliver different
types of cargo, and their ability to target specific cells. EVs have already
been tried for the delivery of different therapeutic agents in in vitro and
in vivo experiments, as reviewed in [7]. Notably, EVs have been shown
to be able to cross the blood–brain barrier in mice and to deliver
siRNA against the protein BACE1 for treatment of Alzheimer's disease
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[8] and curcumin to reduce inflammation in the brain [9]. Additionally,
EV-mediated delivery has been examined for proteins such as cytosine
deaminase [10] and Let-7 miRNA [11], which were shown to mediate
their tumor suppressing properties via EVs. Delivery of EVs loaded
with chemotherapeutics is one of the most interesting applications
of drug delivery, because a targeted delivery could minimize the side-
effects of the drugs while still retaining their anti-tumor effects. This
approach has been tested in mice, whereby cancer cells were shown
to uptake EVs loaded with different chemotherapeutics, resulting in
the killing of cancer cells while also reducing the drugs' unfavorable
side effects [12].

In this study, we evaluated the use of EVs from two prostate cancer
(PCa) cell lines, PC-3 and LNCaP in cell targeting and in the in vitro de-
livery of Paclitaxel (PtX), a widely used antimitotic cancer therapeutic.
The advantage of using autologous cancer cell-derived EVs is that they
are uptaken by cancer cells themselves, as well as by the other cells in
the tumor microenvironment. However, since cancer cell-derived EVs
have been suggested to promote cancer cell survival and proliferation
[5], we firstly assessed whether these EVs were capable of promoting
proliferation and secondly, whether this effect could still be overcome
by a sufficient concentration of PtX. We also studied the dependency
of the EV uptake on the vesicle subtype, along with the dosage and
the effect of EV surface proteins on the cytotoxic effect of PtX-loaded
EVs (PtX-EVs), as well as on the overall uptake. Our results showed
that EVs were continuously uptaken by the PCa cells. The EV-borne
PtX was delivered into the cells via an endocytic pathway and released
into the cell cytosol causing cell death. Most significantly, the EV-
mediated delivery enhanced the cytotoxic effect of the drug. These re-
sults suggest that autologous EVsmay have potential for effective deliv-
ery of chemotherapeutics to cancer cells.

2. Materials and methods

2.1. Cell culture

LNCaP and PC-3 PCa cell lines were obtained from the American
Type Culture Collection. Both cell types were grown in T-175 flasks to
80% confluence at 37 °C and 5% of CO2. LNCaP cells were grown in
Roswell Park Memorial Institute 1640 medium (RPMI), and PC-3 cells
in Dulbecco modified Eagle medium (DMEM/F12), both supplemented
with 10% fetal bovine serum and 1% of penicillin/streptomycin
(100 units/mL penicillin and 100 μg/mL streptomycin). All reagents
were purchased from Gibco, Life Technologies. The fetal bovine
serum was vesicle-depleted by an overnight ultracentrifugation at
110,000 ×g, followed by filtration through a 0.22 μm Steritop filter
(Millipore).

2.2. EV isolation using differential centrifugation

EVs were isolated from conditioned medium using differential
centrifugation as described by Lazaro-Ibañez et al. [13] and reviewed
by others [14,15]. In brief, the conditioned medium was centrifuged at
2500 ×g for 25 min to remove cell debris. The supernatant was then
centrifuged at 20,000 ×g for 60 min to obtain the MVs and the final
supernatant was ultracentrifuged at 110,000 ×g for 1 h to obtain the
EXOs. To more precisely define the EV populations isolated in this
study, the centrifugal force used for the isolation of each fraction is
stated in the text resulting in 20K MV fraction and 110K EXO fraction.
The 20K MV and 110K EXO pellets were resuspended in 100 μL of
Dulbecco's phosphate buffered saline (DPBS) (Gibco, Life Technologies).
To wash and concentrate the collected EV samples, vesicles were
suspended in 1 mL DPBS and pelleted by ultracentrifugation at
170 000 ×g, +4 °C for 3 h using Optima MAX-XP ultracentrifuge with
rotor TLA-55 (Beckman Coulter). The resuspended pellets, containing
a small volume of the supernatant (30–50 μL), were then stored at
−80 °C.
2.3. Transmission electron microscopy (TEM)

The 150 mesh formvar copper grids (EMS™) were exposed to the
Glow Discharge technique (2 min, 2.4 MA). Then, 4 μL of EV samples
were individually added onto the grids and incubated for 2 min at
4 °C. Subsequently, the gridswerewashedwith distilledwater, negatively
stained with 2% aqueous uranyl acetate (System Biosciences, Mountain
View) for 2 min and dried out in darkness for 20 min. The samples
were analyzed by TEM (FEI Tecnai 12) at 80 kV and Gatan Orius SC
1000B CCD-camera in the EM-unit, University of Helsinki, Helsinki,
Finland. For Cryo-EM imaging of EV samples, carbon grids were first
purified with the Gatan Solarus (model 950) plasma cleaning system.
Three μL of EV samples were then added onto the grids and frozen with
Vitrobot (FEI) in liquid nitrogen. The samples were analyzed by JEOL
JEM-3200FSC field emission Cryo-TEM in the Nanomicroscopy center,
Aalto University, Espoo, Finland.

2.4. Western blot analysis (WB)

The total protein content of cells and EVs was analyzed in triplicates
by the MicroBCA protein assay kit (Thermo scientific) according to
manufacturer's recommendations. The samples were diluted in DPBS
in ratios of 1:100–1:1000 and incubated at 95 °C for 15 min. Varioskan
Flash multireader (v.2.4.3) (Thermo Scientific) with a 562 nm
absorbance filterwasused to analyze the samples. To remove EV surface
proteins, the samples were incubated with 0.25% (w/v) trypsin solution
(Invitrogen, Life Technologies) at +37 °C for 30 min. The whole cell
lysates and EVs were suspended into RIPA buffer (Thermo Scientific)
supplemented with a protease inhibitor mixture (Sigma-Aldrich)
according to the manufacturer's recommendations and prepared in
2× Laemmli buffer (Bio-Rad) under non-reducing conditions. Equal
amounts of protein from EVs and cells were loaded onto 10–12% Mini-
PROTEAN TGX™ gels (Bio-Rad). After electrophoresis (100 V, 30 mA),
the proteins were transferred onto Protran nitrocellulose membrane
(Whatman International Ltd). The membranes were blocked with 5%
(w/v) skim milk powder in Tris-buffered saline Tween 20 (TBS-T) and
then incubated for 1 h at room temperature (RT) in 5% milk in TBS-T
with the following primary antibodies: mouse monoclonal anti-
human CD9 (clone ALB 6) (1:200), anti-CD81 (clone 5A6) (1:200),
anti-GAPDH (7B) (Santa Cruz Biotechnology) (1:500), anti α-Tubulin
(clone 6A204) (1:2000), anti-CD63 (clone H5C6) (1:200) (BD
Pharmingen™), and anti-TSG101 (BD Transduction Laboratories)
(1:250). After being washed, the membrane was incubated for 45 min
in 2.5% milk in TBS-T at RT with goat anti-mouse IgG-HRP secondary
antibody (Santa Cruz Biotechnology). Following another wash, the
membraneswere incubated for 3min at RTwith Luminata TMCrescendo
Western HRP Substrate (Millipore) and visualized with Amersham
Hyperfilm™ ECL (GE Healthcare Limited).

2.5. Nanoparticle tracking analysis (NTA)

Purified EV samples were analyzed by NTA using Nanosight model
LM14 (Nanosight) equipped with blue (404 nm, 70 mW) laser and
SCMOS camera. The sampleswere diluted in DPBS and three 90 s videos
were recorded using camera level 13–14. The data was analyzed using
NTA software 2.3 with the detection threshold optimized for each
sample and screen gain at 10 to track as many particles as possible
with minimal background.

2.6. Zeta potential (ZP)

To assess the effect of trypsin treatment on the surface charge of the
EVs, zeta potential was measured by using Zetasizer Nano ZS (Malvern
Instruments Ltd). Half of the samples were treated with trypsin as
described above,while the rest served as a control for the treatment. Par-
ticle concentrations from the column-purified samples were measured
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by NTA and diluted into approximately 5 × 108 particle/mL concentra-
tion, so that all samples had the same particle concentration.
2.7. Preparation of Paclitaxel-loaded EVs

A 50 mM stock solution of Paclitaxel (PtX; Selleck Chemicals) was
prepared by dissolving PtX into DMSO-isobutanol (1:1; Sigma-
Aldrich). PtX-loaded EVs were prepared by incubating 1 × 108–
5 × 109 EVs/mL in 1 mL of 5 μM PtX-DPBS solution for 1 h at 22 °C. For
trypsin-treated PtX-EVs, 0.25% trypsin was added to the samples and
incubated at 37 °C for 30 min. Next, the samples were centrifuged at
170 000 ×g for 2 h to pellet the EVs. The supernatant containing
unbound PtX and trypsin was removed, and the EV-pellet was washed
by suspending it in DPBS and pelleting it again at 170,000 ×g.
2.8. Measurement of EV-bound Paclitaxel by UPLC

Acquity UPLC system (Waters) with a 2.1 × 50 mm Cortecs C18+
column (particle size 2.7 μm) (Waters) was used to measure the con-
centration of PtX in the samples. The separation was performed with a
flow rate of 0.5 mL/min with a gradient liquid phase consisting of
15 mM phosphate buffer pH 2 (A) and acetonitrile (B). The gradient
was formulated according to the following table:
Time (min)
0
3
3

%A
 %B
.00
 70.0
 30.0
.00
 20.0
 80.0
.01
 70.0
 30.0
.00
 70.0
 30.0
4
Elution was monitored by UV-absorbance at 229 nm. The retention
time of PtX was 1.7 min. To measure the PtX concentration of the PtX-
EVs samples, pellets of PtX-EVs were prepared as described above
(Section 2.7). The pellets were dissolved in acetonitrile, centrifuged at
10,000 ×g, and 10 μL of the supernatant was injected into the UPLC
instrument. Prior to the determination of the PtX concentration from
the EV pellet, the acetonitrile extractionmethodwas confirmed by spik-
ing non-loaded EV pellets with 1.8 μM PtX. To study the release of PtX
from the PtX-EVs into their surrounding solution, a pellet of PtX-EVs
was suspended in DPBS and incubated at 37 °C for 24 h. After that,
half of the sample was measured and the other half continued the
incubation for another 24 h. The 24/48 h samples were centrifuged at
170,000 ×g for 2 h and the concentration of the leaked PtX was
measured from each of the resulting supernatants.
2.9. Viability assays

Five thousand trypsin-detached cells were seeded in a black 96-well
plate (CulturPlate, PerkinElmer), leaving five wells empty for back-
ground measurements and the outermost wells filled with sterile
water. Cells were grown for two days before replacing the growth me-
dium with fresh medium containing either PtX alone, EVs or PtX-EVs.
For PtX cell cytotoxicity assays without EVs, different concentrations
of PtX were prepared from the stock 1000 × PtX solution into DMSO-
isobutanol, which was then added to the culture medium at a ratio of
1:1000. Cell viability was measured after 24, 48, and 72 h by using the
AlamarBlue viability assay according to manufacturer's instructions
(Life Technologies). Fluorescence intensity was measured using
VarioSkan Flash multireader with 560 nm excitation and 590 nm emis-
sion filter settings. The viability values were then calculated from the
fluorescence intensity values as a percentage of the control cells after
removing the mean background values.
2.10. Fluorescent labeling of EVs

EVs were double-labeled with DiD lipophilic dye (Biotium) and
OregonGreen-labeled PtX (OG-PtX), (Invitrogen) to study the cellular
distribution of PtX-EVs. First, the EVs were incubated for 1 h at RT
with 5 μL of DiD per mL of EV suspension in DPBS. The unbound dye
was removed by size exclusion chromatography (SEC) and the particle
concentration was determined by NTA before labeling with OG-PtX.
Next, 5 × 109 vesicles were incubated with 1 μL of OG-PtX (5 μM final
concentration) in 1 mL of DPBS for 1 h at RT. For the colocalization
studies of EVs and endosomes/lysosomes, the EVs were labeled with
DiO lipophilic dye (Biotium) and washed by ultracentrifugation as
described previously in Section 2.7 and the cells were labeled with
70 nM LysoTracker® Red (Invitrogen) for 2 h and washed prior to
imaging. For the uptake experiments, EVs were labeled with 2 μg/mL
of DilC18(5)-DS red dye (Life Technologies) for 20 min at 37 °C
protected from light. Then, the EVs were pelleted by ultracentrifugation
at 170,000 ×g for 2 h and the pellet waswashed as previously described
in Section 2.8 before suspending it into 1 mL of cell culture medium.

2.11. Size exclusion chromatography (SEC)

The EVs were purified by size exclusion chromatography as
described by Böing et al. [16] to remove unbound dyes and protein
fragments after trypsin-treatment for ZP measurements. The presence
of EVs in the eluted fractions was confirmed with NTA, with the highest
concentrations of vesicles usually found in fractions 8 and 9.

2.12. Uptake experiments

5 × 105 PC-3 cells and 3 × 105 LNCaP cells were seeded in 6-well
plates (Corning Costar, Sigma-Aldrich) at 70% confluence. The cells
were then washed with DPBS and incubated with cell culture medium
containing 108–109 particles/mL of the 20K MVs- or the 110K EXOs.
Following this, the cells were incubated with their autologous EVs for
1, 3, 6, 9, 12, 24, 32, and 48 h. Cells without EVs were used as negative
controls. At each time point, the supernatant was removed and the
wells were washed two times with DPBS. Cells were detached by tryp-
sin treatment and after several washes fixedwith 4% paraformaldehyde
in DPBS at 37 °C for 15 min. 10,000 events were analyzed within 6 h by
flow cytometry (Gallios, Beckman Coulter) using FL6 channel (638 nm
laser). To analyze the internalized and surface-associated EVs, the
geometrical mean fluorescence intensity of the cells was determined.
Flow-Check™ Pro Fluorospheres (Beckman Coulter) were measured in
order to verify fluidics and laser alignment. Data was processed by
using FlowJo software 10.0.

2.13. Live cell microscopy

Microscopy studies were performed using a TCS SP5II HCS A (Leica)
confocal microscope and a 3I Marianas (3I intelligent Imaging Innova-
tions) wide field microscope with respective 63× water immersion
objectives. The PC-3 and LNCaP cells (50,000–100,000 cells) were
seeded on a 3 cm culture dish with a poly-D-lysine coated glass cover-
slip (Mattek) two days prior to the imaging. On the imaging day, the
cells were given the labeled EVs, free PtX, PtX-EVs or a combination.
The cells, incubated with labeled PtX-EVs, were followed for the first
6 h, recording z-stacks covering the cells' thickness, and then additional
images were taken after 24 and 48 h of incubation. Finally, the images
were processed with Fiji ImageJ 1.49c.

2.14. Statistical analysis

Statistical analyses were carried out using SPSS 22.0 and SigmaPlot
11.0. The significance of cell viabilitymeasurementswere tested against
the control groups using one-way ANOVA with Tamhane's T2 post hoc
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t-testwith 95% and 99% confidence intervals. The effect of trypsinization
on cell viability and the ZP of EVs were examined using independent
sample and paired sample t-tests respectively. The protein amount per
particle for the 20 MVs and the 110K EXOs from both cell lines was
analyzed using the Mann–Whitney Rank Sum Test.

3. Results

3.1. PCa EV subpopulations differ in terms of protein content and zeta
potential

20K MV- and 110K EXO-enriched EV subpopulations were isolated
from the conditioned media by using a differential ultracentrifugation
with a yield of 1011–1012 particles/mL (approximately 250 mL of
media in one isolation round). The isolated EV populationswere charac-
terized by TEM, NTA, total protein content, and WB analyses (Fig. 1).
Based on these results and because at themoment there is no clear con-
sensus in the EV field to distinguish theMVand the EXO subpopulations
from each other [14,15], we renamed the subtypes with the speed used
for their isolation. The 110K EXOs were often b200 nm in diameter and
they showed an artificial cup-shaped morphology when analyzed by
TEM (Fig. 1A), while the 20K MVs were a heterogeneous population
Fig. 1. Characterization of PCa cell-derived EVs. A–B) Representative transmission electronmicr
(MVs, B). The scale bar is included in each figure. C–D) NTAmeasurements showing the size di
EXOs (n= 23). The continuous lines represent themean value of the samples. Shaded areas sho
LNCaP EXOs (n=22), PC-3MVs (n=16), andPC-3EXOs (n=15). Error bars represent±SE. p-
lysates and PCa-derivedMVs and EXOs showing the expression of CD81, CD9, TSG101, CD63,α-T
n ≥ 3 independent protein preparations showing the same trend.
mostly N200 nm in diameter (Fig. 1B). On the other hand, the size of
both populations overlapped when measured by NTA, which was a
result of the heterogeneity of the EV preparations by differential centri-
fugation (Fig. 1C–D). When the ratio of protein per particle was
analyzed from both PCa cell lines, 110K EXOs had significantly more
protein than 20K MVs (p-value ≤ 0.003) (Fig. 1E), which were on
average 6.88 × 10−9 protein/particle for LNCaP 20K MVs and
2.7 × 10−8 protein/particle for LNCaP 110K EXOs; and 2.98 × 10−8

protein/particle for PC-3 20K MVs and 7.02 × 10−8 protein/particle for
PC-3 110K EXOs. Assessing the common EV protein markers CD9,
CD81, CD63, and TSG101 by WB showed that they were all enriched
in the EVs compared with the cells, regardless of the EV subpopulation.
Also, α-tubulin and GAPDH were found to be present in the PCa EVs
(Fig. 1F).

Trypsin treatment of EVs did not damage the EV structure (Fig. 2A–B),
but almost completely removed the surface proteins of the 20K MVs
and 110K EXOs, as shown for the transmembrane proteins CD9 and
CD63 (Fig. 2C). In addition, the ZP of EVswasmildly but not statistically
significantly affected by trypsin treatment. EVs from both cell lines had
similar ZP values (Fig. 2D). ThemeanZPwas approximately−11.90mV
for the 110K EXOs and −11.22 mV for the 20K MVs. Cleavage of the
surface proteins affected the subpopulations differently: the ZP of
oscopy images of negatively stained PC-3110K exosomes (EXOs, A) and 20Kmicrovesicles
stribution of (C) LNCaPMVs (n= 21) and EXOs (n= 21) and (D) PC-3MVs (n= 24) and
w the±SD. E) Box plots showing the ratio of protein per particle for LNCaPMVs (n=24),
valueswere determinedby theMann–Whitney Rank SumTest. F)Western blots of PCa cell
ubulin andGAPDH. 50 μg of proteinwas loadedper lane. Thepanels are a representative of



Fig. 2. Effect of trypsin treatment in EVs. A–B) Visualization of trypsinized (A) vs. non-trypsinized (B) LNCaP-derived 20K MVs by Cryo-EM. Spherical vesicles with a lipid bilayer can be
observed, but no broken vesicles. Scale bars: 100 nm. C) A representative figure of the Western blot of trypsinized and non-trypsinized 20K microvesicles (MVs) and 110K exosomes
(EXOs). The EV markers CD9 and CD63 were assessed by Western blotting before and after trypsin treatment. 50 μg of protein was loaded per lane. This panel is representative of
three independent protein preparations showing the same trend. Very low amounts of CD9 and CD63 proteins remained after trypsin treatment. D) Zeta potential measurements of
trypsinized and non-trypsinized EVs. N = 3; error bars represent ±SE. p-values were determined by a paired t-test.
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most of the 110K EXO samples became on average 8% less negative and
the ZP of most the 20KMVs became on average 21%more negative. The
average ZP-values after trypsin treatment in all the samples changed
to −10.51 mV for the 110K EXOs (p = 0.221) and −13.35 mV for the
20K MVs (p = 0.043).

3.2. PCa cells efficiently uptake autologous EVs

To study their cellular uptake and the intracellular trafficking of EVs,
LNCaP and PC-3 cells were incubated with their own DilC18(5)-DS-
labeled vesicles for different time periods (1–24 h). EVs from both PCa
cell lines were actively and continuously bound and internalized
(Fig. 3A) when analyzed by flow cytometry. The internalization
increased as a function of time with no differences in the efficiency of
LNCaP and PC-3 uptake. At the early time points (1–3 h), there was a
lag in the fluorescence intensity which was followed by an increase in
the uptake after 6 h continuing further to 24 h (Fig. 3A) and 48 h
(Fig. 3B), the end of the follow-up period. When the uptake of these
EVs was compared with the trypsin-treated vesicles (Fig. 3B), no signif-
icant differences were observed between the trypsin-treated and the
Fig. 3.Uptake of EVs by PCa cells as function of time. A) LNCaP and PC-3 cellswere incubatedwit
various time periods up to 24 h. EV uptake was measured by determining the geometric mean
shown. B) Comparison of the uptake of the trypsinized vs. non-trypsinized PC-3 cell-derived E
incubation with the trypsin treated and the non-treated MVs and EXOs at several time points
non-treated 110K EXOs, indicating that the uptake was not determined
by the surface proteins. However, the uptake of the 20K MVs was
notably decreased as a result of the treatment, suggesting that surface
proteins were at least partially involved in the uptake of the 20K MVs.

3.3. PCa-derived EVs increase cell viability

To study the capacity of PCa-derived EVs to influence cancer cell vi-
ability, PC-3 and LNCaP cells were incubated with different EV subtypes
and the change in their viability was measured against an EV-free
control group after 24 and 48 h(Fig. 4). Both the 20K MVs and the
110K EXOs increased the cell viability of their respective cell lines. In
PC-3 cells, there was a clear difference between the two populations
of EVs with the 110K EXOs(Fig. 4D) having a stronger viability increas-
ing effect than the 20K MVs(Fig. 4C), which was most apparent after
48 h of incubation. In LNCaP cells, the 110K EXOs (Fig. 4B) seemed to
have a slightly stronger effect than the 20K MVs (Fig. 4A) at both time
points. In general, the effect of EVs was found to be dose-dependent,
although in the case of PC-3 20K MVs, a similar effect was observed
with all doses examined.
h their ownDilC18 (5)-DS labeled 20Kmicrovesicles (MVs) and 110K exosomes (EXOs) for
fluorescence intensity of the cells. The mean ± SE of three independent experiments are
Vs. The geometric mean fluorescence intensities of PC-3 cells were determined after their
up to 48 h.



Fig. 4. PCa-derived EVs increase cell viability. The uptake of 20K microvesicles (MVs) and 110K exosomes (EXOs) by the PCa cells increased the cell viability independently of the EV
population or the cell line. A) LNCaP cells incubated with LNCaP derived MVs (n = 4) and B) EXOs (n = 4), C) PC-3 cells incubated with PC-3 derived MVs (n = 6) and D) EXOs
(n = 6). Error bars represent ±SE. Significant differences against the untreated control group observed with a *95% or **99% level of confidence were determined with a t-test. Dashed
line indicates the viability of the control PCa cells grown in the absence of EVs (100%).
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3.4. Cytotoxicity of PtX can be enhanced by EV-mediated delivery

The cytotoxic effect of the PtX-EVs on autologous PCa cells was
compared to the free drug by viability assays. Cell viability curves
were established as a function of PtX-EV dose for both PC-3 and
LNCaP cells (Fig. 5 and S2). 5 μM PtX served as a point of comparison
for the cell viability assays of PtX-EVs, since higher drug concentrations
were found to precipitate in the solution. First, PtX-EVs were prepared
with a high concentration of EVs (5 × 109 particles/mL) in the 5 μM
PtX loading solution (ratio of 1 nmol of PtX/109 EVs). After removal of
the unbound drug, a dilution series was utilized with both of the cell
lines to establish the dose-dependency of the PtX-EVs. According
to the UPLC measurements of the EV-bound PtX, approximately 9.2%
(SD ± 4.5%) of the drug was bound to the EVs on average as a result
of the loading regardless of the EV-concentration (Table 1). The final
PtX concentration in the PtX-EV preparations was 0.46 μM on average
(SD ± 0.22 μM). Confocal microscopy images of DiD-labeled EVs and
OG-labeled PtX showed colocalization of the drug with the EVs, while
no detectable staining of the cells' microtubules by free OG-PtX was
observed after one hour of incubation (Fig. S1). Additionally, UPLCmea-
surements of the amount of PtX released from the PtX-EVs incubated in
37 °C for 24 and 48 h after loading revealed that no detectable amounts
of PtX were leaking into their surrounding medium during this time
(n20K MVs = 3, n20K EXOs = 3).
The dose-dependent cytotoxic effect of free PtX was clearer on PC-3
cells than LNCaP cells, which responded similarly to all different concen-
trations of the drug (Figs. 5A and S2.A). Themaximum decrease in PC-3
cell viability was about 40% after 24 h (max mean difference 41.3, SE ±
3.16, p = 3.6 × 10−10) and 60% after 48 h (max mean difference 63.5,
SE ± 1.54, p b 10−15) from concentrations of 50 nM and above,
while the cytotoxic effect of PtX at 10 nM and below was significantly
smaller (16% at 24 h and 27% decrease 48 h, p = 4.63 × 10−4 and
1.45 × 10−7, respectively). In LNCaP cells, viability consistently
decreased to approximately 80% and 60% after 24 and 48 h respectively,
regardless of the dose (Fig. S2.A). Incubating the cells directly with free
PtX and unloaded EVs resulted in the reduction of the cytotoxic effect at
the 24 hour timepoint compared to the cytotoxicity of PtX-EVs, but the
effect was similar to the EV-free 5 μMPtX control at 48 h (Fig. S2.B). For
both cell lines and EV subtypes, a saturation point was reached approx-
imately at 109 PtX-EVs/mL (Figs. 5B–C and S2.C–D). At this and higher
concentrations, maximal cytotoxic effect of PtX-EVs was observed,
while at lower concentrations PtX-EVs had a lesser or even a viability
enhancing effect. At 48 h, the maximal cytotoxic effect of PtX-EVs was
lower than with the 5 μM free PtX except for the PC-3 PtX-20K MVs,
which exceeded the cytotoxicity of the free PtX. Finally, the viability
enhancing effect of low concentrations of the PtX-110K EXOs was
similar to what was observed with the unloaded EVs at corresponding
concentrations.



Fig. 5. Paclitaxel (PtX) delivered to the PCa cells by EVs enhances its cytotoxicity compared to free PtX. Cell viability experiment were conducted to evaluate the cytotoxic effect of free and
EV-loaded PtX. PtX maintained its cytotoxic effect at 24 and 48 h when delivered to the cells by EVs. The cytotoxic effect on cell viability was dependent on the EV concentration and the
amount of PtX per vesicle. A) Representative graph of three independent experiments with five replicates of PC-3 cells incubated with different concentrations of PtX. Representative
graphs of three independent cytotoxicity experiments with five replicates of PC-3, B) 110K exosomes (EXOs) and C) 20Kmicrovesicles (MVs) loadedwith 1 nmol of PtX per 109 vesicles.
D) Representative graphs from five independent experiments with five replicates of the cytotoxic effect of PC-3 EVs loaded with 5 nmol of PtX per 108 vesicles at 24, 48, and 72 h. E–F)
Comparison of the cytotoxic effect of the trypsinized and the non-trypsinized PtX-MVs (E) and -EXOs (F) loaded with 5 nmol of PtX per 108 vesicles at 24 and 48 h. The graphs are
representative of 6 independent experiments with 5 replicates. In all cases, error bars ± SE. Significant differences determined with t-test with *95% or **99% level of confidence. Dashed
line indicates the 100% viability of control PCa cells in the absence of EVs and PtX.
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Next, PtX-EVs were prepared with an EV concentration below the
apparent saturation point to examinewhether a non-saturatingnumber
of EVs loaded with more drug per vesicle would have had a stronger
cytotoxic effect. 108 EVs/mL were loaded in 5 μM PtX, corresponding
to a drug per vesicle ratio 50 times higher than used in the previous
experiment. The cytotoxic effect of these PtX-EVs was stronger than
that of those prepared with less PtX per vesicle, and it also exceeded
the effect of the PtX-control at 48 h with both EV subpopulations
(Fig. 5C). Increasing the amount of free PtX beyond 5 μM in the control
groups did not increase its cytotoxic effect, so the effect of 5 μMPtXwas
considered as the maximal cytotoxic effect of free PtX. It was also con-
firmed that the enhanced cytotoxicity persisted at 72 h of incubation
Table 1
The amount of PtX per EV after loading. Two different concentrations of the 110K EXOs and the 2
with UPLC as described in the Materials and methods.

110K EXOs

[EV] (×108/mL) Sample PtX/EV (pmol/108) EV-bound portion
of PtX (%)

50 1 2.83 5.66
2 3.48 6.96

1 1 179.55 7.18
2 250.65 10.03
(Fig. 5D). Further, cytotoxicity also persisted regardless of changing
the medium after 48 h. Differences at 48 and 72 h between the cells
treated with 5 μM free PtX and the highest concentrations of 110K
EXOs/20K MVs were found to be significant with a confidence interval
of 99%.

To study the significance of the EV surface proteins in the cytotoxic-
ity of PtX-EVs, the same PtX-EVs were treated with trypsin and com-
pared against non-treated EVs. The trypsin-treated PtX-110K EXOs
had an almost identical cytotoxic effect compared to the non-treated
PtX-EVs (Fig. 5E). A statistically significant decrease in the cytotoxicity
of the trypsin-treated PtX-EVs was apparent only at the lowest concen-
trations of the PC-3 PtX-20K MVs at 24 and 48 h (Fig. 5F) and at the
0KMVswere loaded in 5 μMPtX and the amount of PtX in the PtX-EV pelletwasmeasured

20K MVs

[EV] (× 108/mL) Sample PtX/EV (pmol/108) EV-bound portion
of PtX (%)

50 1 6.30 12.60
2 3.29 6.57
3 10.52 21.05

1 1 138.00 5.52
2 238.95 9.56
3 168.15 6.73
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lowest concentration of the PtX-110K EXOs at 48 h (Fig. 5E). (p-values
1.03 × 10−8 and 1.24 × 10−8 for 107 PtX-20K MVs/mL and 0.0079
and 0.0024 for 106 PtX-20K MVs/mL at 24 and 48 h and 0.049 for
106 PtX-110K EXOs/mL at 48 h).
3.5. EVs deliver PtX through an endocytic pathway releasing the drug
within the cells

To investigate the internalization route of the EVs, we investigated
their localization by staining the cells with LysoTracker® Red, a fluores-
cent marker for labeling acidic organelles such as endosomes and lyso-
somes (Fig. 6). First, the DiO-labeled EVs were incubated with PC-3
(Fig. 6A) and LNCaP (Fig. 6B) cells for 24 h and the cells were examined
by fluorescence microscopy after the addition of LysoTracker® Red. An
intracellular fluorescent pattern of green labeled EVs was found to colo-
calize with the cell endosomal or lysosomal compartments (red), while
EVs that had not yet been internalized were found on the plasmamem-
brane. These data demonstrate that the internalized EVs and therefore
also the PtX carried by them were delivered into the cells via the
endocytic pathway.

Next, LNCaP and PC-3 cells were treated with OG-PtX-loaded DiD-
EVs and DiD-EVs with free OG-PtX. When PCa cells were given free
PtX from the medium, it spread into the cells binding to the microtu-
bules (Fig. 7C–D). PtX from the medium caused the cells to eventually
lose their elongated, branched shape and become spherical before
they started dissociating and dying (Fig. 7D). When PtX was delivered
into the cells by EVs, PtXwas transported into the cells via the endocytic
pathway regardless of the EV-subtype used as the vehicle, and then
liberated within the cytosol (Fig. 7A–B). In the endosomal network
the EV-delivered PtX appeared to eventually separate from the EV-
label. After dissociating from the EVs, the PtX spread into the cells.
The liberated PtX then stained the microtubules similarly to the
staining by the free PtX from the culture medium, albeit more weakly
(Fig. 7C–D). Cells were also incubated with free PtX and EVs that were
not loaded with the drug. Even though the EVs were not loaded with
PtX when they were given to the cells, the OG-PtX was also found in
the endosomes, which suggested that the PtX could partially bind to
the EVs in the medium. At 24 h, the cells that were still alive with PtX-
EVs had taken up notable amounts of EVs and only small or
Fig. 6. EVs colocalize with the late endosome/lysosomes. Separated and merged channels of co
cultures of A) PC-3 cells and B) LNCaP cells respectively. After 24 h, the cells were stained wi
bar, 20 and 10 μm respectively.
undetectable amounts of PtX-label, which suggested that they had not
received sufficient amounts of PtX via EVs to kill them (Fig. 7B).

4. Discussion

The main finding of the present study is that EVs can enhance the
cytotoxic effect of PtX when autologous EVs were used to deliver the
drug to PCa cells in vitro. Although PtX has previously been shown to
be deliverable by EVs [12,17], including autologous cancer cell derived
EVs [18], so far, there have not been previous comparisons of the two
main populations of EVs as drug carriers with the exception of the
study by Zhuang et al. [9], showing that 10,000 ×g-isolated MVs were
less effectively accumulated in the mouse brain than EXOs. Given the
heterogeneity of the vesicle populations isolated by the current gold
standard differential centrifugation, it is not yet clear which vesicle
type will be the best to further optimize for carrying certain amounts
of therapeutic cargo. In our study, although the cytotoxicity enhancing
effect of PtX by EVs was moderate, it was statistically significant. Both
EV populations, the 20K MVs and the 110K EXOs, were capable of
enhancing the cytotoxic effect of the drug at high PtX concentrations.
However, when a high concentration of EVswas loadedwith a relatively
low amount of PtX per vesicle, the 20KMVs seemed to bemore effective
drug carriers than the 110K EXOs. Overall, our study suggests that
regardless of their differences, both types of EVs could be useful as
biomimetic targeted drug carriers in cancer therapy.

To address the role of EV surface proteins in drug delivery, we
assessed the effect of trypsinization on the cellular uptake of EVs and
on the cytotoxicity of PtX-EVs. We found that although there were
differences, for instance, in the protein content and zeta potential of
20K MVs and 110K EXOs, their cellular uptake and efficiencies as drug
carriers were quite similar. The trypsin treatment disrupted surface
proteins like CD9 and CD63 present in LNCaP- and PC-3 cell-derived
vesicles, but did not significantly affect the uptake of 110K EXOs by
their parental cells (Fig. 3B), and their overall efficiency as drug carriers
remained quite similar (Fig. 5E).We did observe, however, that the 20K
MVs were more sensitive to trypsin treatment in terms of PtX-20K MV
cytotoxicity (Fig. 5F), whichmight be explained by their reduced uptake
after the treatment (Fig. 3B). These results suggest that EV-associated
proteinmarkersmaynot be the key players in the vesicle internalization
as has been previously reported [19]. The effect of trypsin treatment on
nfocal microscopy images are shown. EVs were labeled with DiO green and added to the
th LysoTracker® Red, washed with medium and analyzed by confocal microscopy. Scale



Fig. 7. Intracellular distribution of free Paclitaxel (PtX), PtX-loaded EVs and combined free PtX and EVs in LNCaP and PC-3 cells at 24 h of incubation. Separate and merged channels of
confocal microscopy images are shown. A) LNCaP cells incubated with PtX-loaded EVs. Scale bar of 10 μm. B) PC-3 cells incubated with PtX-loaded EVs. Scale bar of 20 μm. C) LNCaP
andD) PC-3 cells incubatedwith free OG-PtX and unloaded EVs. Scale bars of 10 μm. In all cases, representative images are shown fromexperimentswith 5–12 different imaging positions.
All imageswere taken after 24 h incubation. Before imaging, several washes were performed to remove the unbound vesicles and free PtX. The z-stacks were about 20 images in total and
the representative images were taken at the focal plane of the bright field channel.
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the ZP of EVs was inconclusive, although there was an apparent trend,
reducing the negative charge of the 110K EXOs and increasing the ZP
of the 20KMVs. The overall surface charge of EVs is likely to be dominat-
ed by the charged lipids of the membrane, but the surface proteins
might also provide a shielding effect masking the lipids partially. Thus,
their removal might have an unpredictable effect. Besides membrane
proteins, the relevance of other EV membrane components for the
vesicle uptake, such as the lipid signatures [19] has been suggested,
while some pathways such as micropinocytosis might not require any
specific interaction at all between the cell and EVs [20]. In any case,
more research should be done to investigate the critical factors and
the molecular components determining EV uptake and targeting.

One of the challenges associatedwith EVs as future drug delivery ve-
hicles is their capacity to load drugs efficiently. Different methods for
loading therapeutic cargo into EVs (electroporation, transfection, cell
activation, and incubation) have been assessed, reviewed in [7]. In this
study, we incubated EVswith PtX to load themwith the drug by passive
diffusion, taking advantage of the high lipophilicity of PtX, with a log P
value of 3.96 and very poor aqueous solubility of less than 0.01 mg/mL
[21]. This loading strategy yielded an average loading efficiency of
9.2% in all our samples. The efficiency of loading has been shown to
depend on the hydrophobic nature of the drug, as no major differences
were found between passive diffusion and electroporation of hydropho-
bic porphyrins into EVs [22]. Also, the small size of the molecules, e.g.
doxorubicin [23,24], PtX [18] or curcumin [9,25], loaded by this
technique may facilitate their passage across the vesicle membrane
[7]. These same properties, however, may allow the molecules to
move out of the EVs. In a study by Smyth et al. [24], it was reported
that after 24 h approximately 70% of doxorubicin incorporated into
EVs by passive diffusion had leaked out. When measured by UPLC, the
leakage of PtX from the EVs in our study was minimal, which could be
dependent on the poorer water solubility of PtX. Another EV loading
method that has been successfully exploited is the feeding of desired
compounds, including PtX, to cultured cells [12,17] or genetically engi-
neering them to produce RNA or proteins [3,11], which then become
partially incorporated into the secreted EVs. While this approach is
also nondestructive, the loading is difficult to control and it might affect
the targeting and other biological properties of the produced EVs.
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To our knowledge, this is also the first study to assess the PtX- and
EV -dose dependency of the cytotoxicity. We initially identified a possi-
ble saturation point of PtX-EVs by testing concentrations of PtX-EVs
over a wide scale, and an EV concentration below the saturation point
to optimize EV-mediated PtX uptake. The identified saturation point
was consistently 109 PtX-EVs/mL, at which point themaximal cytotoxic
effect was reached. Subsequently, using a lower concentration of EVs
increased the cytotoxic effect of PtX compared to the free drug. On the
other hand, EV concentrations above the saturation point generally
had a less cytotoxic effect compared to the free PtX. These results
suggested that a combination of a high amount of drug per vesicle and
a number of EVs below the saturation point generate the highest cyto-
toxic effect. The UPLC measurements of PtX carried by EVs suggested
that a similar amount of the drug could bind to 20K MVs and the 110K
EXOs during the PtX-loading in the high- and low EV-concentration
containing conditions. However, to produce the enhanced cytotoxic
effect on the autologous PCa cells, the 110K EXOs required a higher
PtX/EXO ratio, whereas the 20K MVs had a similar cytotoxicity enhanc-
ing effect regardless of the PtX/MV ratio. A possible explanation for this
difference could be that the 110K EXOs were more effective at increas-
ing the viability of cancer cells and thereby partially counteract the
effect of PtX. However, since the uptake of unloaded EVs by cancer
cells continued over 48 h, it could be presumed that eventually all of
the drug would be taken up by the cells via the EVs, which should
then lead to the same result as with less EVs. It is possible that PtX
might eventually inhibit the uptake of additional PtX-EVs by stabilizing
the microtubules of the recipient cells, which would hinder the
endocytic pathway [26].

The enhanced cytotoxic effect of PtX-EVs could not be explained by
the presence of free PtX. Firstly, no detectable leaking of free PtX from
the loaded EVs was observed, although small residues may have been
present in our PtX-EV preparations regardless of their washing. Second-
ly, incubating cells with 5 μM free PtX and EVs without PtX-loading
(Fig. S2.A) only resulted in a lag of the PtX-induced cytotoxicity without
enhancing it. Currently, we have no explanation why EVs can enhance
the cytotoxic effect of PtX. The answer could be that EVs are able to
carry more drug into the cells than what the cells gather from the
surrounding medium as has been shown earlier [12]. Another possible
explanation for the enhanced cytotoxicity could be that the EVs deliver
the drug into an optimal subcellular location. Besides β-tubulin, PtX has
another binding target, Bcl-2, an apoptosis regulator [27], which is a
membrane protein found in the membranes of the endoplasmic reticu-
lum, nucleus andmitochondria. By binding to Bcl-2, PtX has been shown
to promote apoptosis [27], and by bringing the drug to the proximity of
Bcl-2, EVs might enhance its cytotoxic effect. Consistent with our
microscopy studies, it has previously been shown that EVs are delivered
into the cell primarily by the endocytic pathway [26]. Here, we also
showed that PtX was carried into the cells by EVs through endocytosis
and that PtX dissociated from the EVs inside the cells, which lead to
an uneven distribution of the drug from within the cell cytosol.

Although the EVs as delivery vehicles could enhance the cytotoxic
effect of PtX, there may be risks involved with their use for clinical
purposes. As shown here, and consistent with the findings of others
[5], the cancer cell-derived unloaded EVs increased the viability of
cancer cells. The effect was more notable in the case of 110K EXOs,
which seemed to enhance cell viabilitymore than 20KMVs, and a larger
dose of the drug was required to counteract this viability increasing
effect. In contrast, EVs from non-cancerous cells may be capable of sup-
pressing tumor proliferation [28], whichwouldmake them anattractive
alternative to cancer cell-derived EVs [17,18]. On the other hand, several
functional studies have shown that EVs derived from tumor cells may
adopt the same repertoire of surface receptors and extracellular
matrix-binding proteins as their parental cell of origin [3,29], which is
different from those of non-malignant cells. This could be used as an
advantage to increase the specificity of targeting and uptake to tumor
tissues. However, there could still be collateral damage in the form of
macrophages, which can also devour EVs hindering delivery to cancer
cells and dying as a result [12,30]. Finally, another important aspect
for using EVs as drug carriers is that the EV-mediated cancer cell
targeting could help to reduce the side effects of the drugs [12]. There-
fore further studies, especially in vivo models, need to be developed
for the improved targeting and pharmacokinetics of cancer-derived
EVs as drug delivery vehicles.

5. Conclusions

As a proof of concept, we have demonstrated in this study that autol-
ogous cancer cell-derived EVs could be useful drug delivery vehicles in
the treatment of cancer, since the EV-mediated delivery enhanced the
cytotoxic effect of the used drug, PtX. A relatively small concentration
of EVs loaded with a higher amount of PtX generated the best cytotoxic
effect in autologous cells. Although the uptake of EVs was found to be
continuous, a saturation point in the cytotoxicity of PtX-EVs could be
identified. Despite the slight differences between the two EV popula-
tions isolated by the standard ultracentrifugation technique, the 20K
MVs and the 110K EXOs were almost equally effective, capable of pro-
moting the cytotoxicity of PtX even after the removal of their surface
proteins. EVs delivered PtX into the cells via the endocytic pathway
and the drugwas subsequently released fromwithin the cell, in contrast
to being absorbed from the cell surroundings, as the free PtX. Although
these results provide support for the use of cancer cell EVs derived from
patients own cells in drug delivery, the viability enhancing effects and
tailored targeting of these EVs must be well addressed before clinical
applications will become possible.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2015.09.031.
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