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Exosomes are tiny extracellular vesicles that are usually harvested in small quantities. Such small yield 
has been an obstacle for the expansion of the basic research regarding exosome analysis and applications in 
drug delivery. To increase exosome yield, we attempted to stimulate tumor cells via the addition of liposomes 
in vitro. Neutral, cationic-bare or PEGylated liposomes were incubated with four different tumor cell lines. 
The stimulatory effect of liposomal formulations on exosome secretion and cellular uptake propensity of the 
collected exosome by mother cells or different cells was evaluated. Both neutral and cationic-bare liposomes 
enhanced exosome secretion in a dose-dependent manner. Fluid cationic liposomes provided the strongest 
stimulation. Surprisingly, the PEGylation of bare liposomes diminished exosome secretion. Exosomes har-
vested in the presence of fluid cationic liposomes showed increased cellular uptake, but solid cationic lipo-
somes did not. Our findings indicate that the physicochemical properties of liposomes determine whether 
they will act as a stimulant or as a depressant on exosome secretion from tumor cells. Liposomal stimulation 
may be a useful strategy to increase exosome yield, although further preparation to increase the purity of 
exosomes may be needed. In addition, fine-tuning of the biological properties of induced exosomes could be 
achieved via controlling the physicochemical properties of the stimulant liposomes.

Key words exosome secretion; stimulation; liposome; PEGylation; cationic lipid

Exosomes are extracellular nanoparticles (30–200 nm) se-
creted by most cells including normal and diseased cells such 
as tumor cells.1) They are present in biological fluids such as 
serum2) and urine.3) These natural nanoparticles have several 
functions in the biological milieu that may be beneficial or 
harmful. These functions include immune stimulation/toler-
ance, cell–cell communication, cellular resistance, and even 
tumor metastasis.2,4) Exosomes are also known to act as a 
defensive mechanism against any changes in the extracellular 
environment triggered by disease or stress factors.5)

Cell-derived exosomes are well recognized as efficient car-
riers of small RNAs to neighboring or distant cells, which 
has resulted in the preponderance of exosomes as carriers for 
gene therapy and other therapies over other artificial delivery 
carriers. Currently, much effort has been devoted to the devel-
opment of exosome-based drug delivery systems for antioxi-
dants, anticancer agents and antigenic peptides.6–8) However, 
the poor yield of exosomes from the supernatant of incubated 
cells poses a tremendous impediment to the progress of re-
search on exosomes. Consequently, the development of an 
efficient isolation method as well as a resourceful induction 
method in order to collect large quantities of exosomes, which 
are secreted by incubated cells, is of utmost importance.

Exosome enrichment is a challenging task; many col-
lection methods are currently available. The first accepted 
method was ultracentrifugation followed by purification with 
a sucrose gradient.9) Ultracentrifugation, however, has the 
disadvantage of being a time-consuming process that can 

lead to the degradation of biomolecules, which in turn, can 
result in a lowering of the purity of exosomes.10,11) Currently, 
many polymeric reagents can be used to isolate exosomes via 
precipitation, which is a process that is somewhat superior to 
ultracentrifugation in terms of purity and yield of exosomes.11) 
Nonetheless, almost all the currently applied methods failed to 
efficiently enrich the production level of exosomes. Accord-
ingly, a novel approach to substantially augment the produc-
tion of exosomes is urgently needed to ensure the widespread 
utilization of exosomes in basic research avenues including 
the drug delivery field.

Liposomes have been widely used as delivery carriers for 
anticancer agents and nucleic acids.12–14) Liposomes are known 
to interact with the cell surface in a physicochemical-depen-
dent manner, which results in cell stimulation. Elsabahy and 
Wooley15) reported that nanomaterials could induce the pro-
duction of cytokines in a variety of cells, particularly immune 
cells, and thus the level of cytokines could be used as a tool 
to evaluate the interactions between nanoparticles and cells, as 
in the process of immunotoxicity. In a similar manner, 1,2-di-
oleoyl-3-trimethylammonium propane chloride salt (DOTAP) 
cationic liposomes have been used to induce the expression 
of co-stimulatory CD80 and CD86 on dendritic cell surfaces, 
which started an immune response.16) Furthermore, lowering 
the positive charge on the surface of cationic nanoparticles via 
partial histamine modification has been used to diminish their 
immunotoxic response via a lowering of their interaction with 
cells.17) In addition, the lipid composition of liposomes fre-
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quently changes and their surface properties can be altered by 
many modification options such as PEGylation and the addi-
tion of cationic lipids. Changing the physicochemical proper-
ties of liposomes could impact exosome secretion from cells, 
and thereby, fine-tuning of the physicochemical properties 
of liposomes can be deployed as a viable means to enhance 
and/or attenuate the secretion of exosomes from cancer cells 
and consequently affect the yield of exosome collection.

In the present study, we investigated the response of tumor 
cells to different liposome preparations. It was found that 
stimulation with non-PEGylated bare liposomes increased 
exosome secretion from tumor cells in both a lipid-dose 
and a lipid-composition-dependent manner. Interestingly, 
PEGylation suppressed the secretion of exosomes from cancer 
cells.

MATERIALS AND METHODS

Materials and Antibodies  Hydrogenated soy phos-
phatidylcholine (HSPC), 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (DOPE), DOTAP, and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-n-[methoxy(polyethylene-
glycol)-2000] (mPEG2000-DSPE) were generously donated  
by NOF (Tokyo, Japan). Cholesterol (CHOL) was pur-
chased from Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan). O,O′-Ditetradecanoyl-N-(α-trimethyl am-
monio acetyl) diethanolamine chloride (DC-6-14) was 
purchased from Sogo Pharmaceutical (Tokyo, Japan). 
3β-[N-(N′,N′-Dimethylaminoethane)-carbamoyl] cholesterol 
hydrochloride (DC-Chol) was purchased from Avanti Polar 
Lipids (LA, U.S.A.). Anti-TSG101 (ab30871) and horseraddish 
peroxidase (HRP) conjugated goat anti-rabbit immunoglobulin 
G (IgG) H&L (ab6721) were purchased from Abcam (Cam-
bridge, U.K.). Anti-CD63 (sc-15363) antibody and anti-CD81 
(sc-9158) were purchased from Santa Cruz Biotechnology 
(CA, U.S.A.). Exosome-depleted fetal bovine serum (exo-FBS) 
was purchased from System Biosciences (CA, U.S.A.). Normal 
FBS was purchased from Mediatech (CA, U.S.A.). All other 
reagents were of analytical grade.

Cell Culture  Four cancer cell lines were purchased from 
the Cell Resource Center for Biomedical Research (RIKEN 
RBC CELL BANK, Saitama, Japan): the Colon 26 (C26) mu-
rine colorectal cancer cell line, the B16BL6 murine melanoma 
cell line, the MKN45 human gastric cancer cell line, and the 
DLD-1 human colorectal cancer cell line. They were em-
ployed as models for cancer cell lines in this study. They were 

maintained in RPMI1640 (Wako Pure Chemical Industries, 
Ltd.) supplemented with 10% exosome-depleted FBS (System 
Biosciences), 100 IU/mL penicillin, and 100 µg/mL strepto-
mycin (MP Biomedicals, CA, U.S.A.) until reaching 80–90% 
confluency. All incubation processes were carried out under 
5% CO2 at 37°C.

Preparation of Liposomes  Four types of HSPC-based 
liposomes and six types of DOPE-based liposomes were 
prepared by the thin-film hydration method, as previously 
described.18) The lipid composition/molar ratio of the prepared 
liposomes is described in Table 1. In brief, the lipids were 
dissolved in chloroform and then lipid film was produced by 
removing the organic solvent via a rotary evaporator at 37°C 
under reduced pressure at 40 hPa for 1 h. The resultant lipid 
film was then hydrated using N-(2-hydroxyethyl) piperazine-
N′-2-ethanesulfonic acid (HEPES) buffer (250 mM HEPES), 
139 mM NaCl, adjusted to pH 7.4) at 65°C with shaking for 2 h. 
The resultant large multilamellar vesicles were then extruded 
through a polycarbonate membrane with pore sizes of 400, 
200 and 100 nm using an extrusion device (Lipex Biomem-
branes Inc., VC, Canada). The diameters and zeta-potentials 
of prepared liposomes were determined in phosphate buffered 
saline (PBS) at 25°C using a Zetasizer Nano ZS (Malvern 
Instruments Ltd., WR, U.K.) (Table 1). Colorimetric assay 
was used to measure the phospholipid content of the prepared 
liposomes.19)

Collection of Exosomes (Extracellular Vesicle)  Cancer 
cells were cultured in exosome-depleted conditioned medium 
for the indicated times, and then the cell culture medium was 
collected for exosomes (extracellular vesicle) enrichment. To 
collect exosomes (extracellular vesicle) secreted in response to 
liposome stimulation, the cancer cells were incubated for the 
indicated times in the presence of different liposome prepa-
rations of different lipid concentrations in exosome-depleted 
conditioned medium, and then the cell culture medium was 
collected for exosome (extracellular vesicle) isolation. Follow-
ing collection of the culture medium, cells were harvested for 
cell viability determination using a Countess II automated cell 
counter (Thermo Fisher Science Inc., MA, U.S.A.) by stain-
ing cells with trypan blue.20) To remove cell debris in addi-
tion to the apoptotic bodies and microvesicles, the collected 
culture medium was exposed to differential centrifugations 
at 4°C (200×g for 10 min, 2000×g for 20 min and 12500×g 
for 30 min).9–11) Then, exosomes (extracellular vesicles) were 
enriched from the supernatant using either of the following 
two methods: ultracentrifugation (100000×g and 70 min) or 

Table 1. Lipid Composition and Physicochemical Properties of Prepared Liposomes

Composition (molar ratios) Size (d.nm) Zeta-potential (mV)

NL HSPC/CHOL (2/1) 130±1.72 −0.95±0.62
PEGylated NL HSPC/CHOL/mPEG2000-DSPE (2/1/0.1) 120±3.67 −0.59±0.05
CL1 HSPC/CHOL/DC-6-14 (2/1/0.2) 121±3.11 +9.22±1.63
PEGylated CL1 HSPC/CHOL/DC-6-14/mPEG2000-DSPE (2/1/0.2/0.1) 118±0.80 −0.51±0.14
CL2 DOPE/DC-6-14 (2/1) 137±2.45 +22.20±1.49
PEGylated CL2 DOPE/DC-6-14/mPEG2000-DSPE (2/1/0.1) 113±1.15 +1.54±0.16
CL3 DOPE/DOTAP (2/1) 154±9.56 +21.37±1.45
PEGylated CL3 DOPE/DOTAP/mPEG2000-DSPE (2/1/0.1) 98±0.18 +0.36±1.01
CL4 DOPE/DC-Chol (2/1) 177±3.74 +17.5±0.42
PEGylated CL4 DOPE/DC-Chol/mPEG2000-DSPE (2/1/0.1) 118±3.74 +0.45±0.19

NL: Neutral bare liposomes, CL: Cationic bare liposomes.
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an Exoquick-TC™ precipitation reagent (System Biosciences) 
according to the manufacturer’s recommended protocol.9–11,21) 
For the latter method, the reagent was added to the superna-
tant in a 1 : 5 ratio and then mixed well. The mixture was let 
stand at 4°C for 24 h. The supernatant was then completely 
discarded after two sequential centrifugation steps at 1500×g 
for 30 and 5 min. The exosome pellet was dispersed in PBS 
for further analysis and experiments. The liposomes in the 
incubation medium did not influence in the recovery ratio of 
exosomes under the experimental condition in this study. To 
confirm that the exosome samples contained no remains of the 
liposomes used in stimulation, exosome-depleted conditioned 
medium was incubated under similar experimental conditions 
in the presence of different liposome concentrations followed 
by precipitation using sequential centrifugations with ultracen-
trifugation or Exoquick-TC™. Then, the collected samples of 
liposome contaminants (without exosomes) were analyzed in 
the same manner as the exosome samples.

Characterization and Analysis of Collected Exosomes 
(Extracellular Vesicles)  Bio-Rad DC® protein assay (Bio-
Rad Laboratories Inc., CA, U.S.A.) was used to determine the 
protein concentration of the exosomes (extracellular vesicles) 
and liposome-bound proteins (liposome contaminants) accord-
ing to the manufacturer’s recommended protocol. A linear 
standard curve with ovalbumin was used to calculate the pro-
tein concentration. To ensure a precise evaluation of exosome 
yield, the amount of proteins bound to the liposomes, which 
might have contaminated the collected exosome samples, was 
always subtracted from the final protein amount in the exo-
some (extracellular vesicle) sample. The amount of protein in 
the exosome (extracellular vesicle) samples was expressed as 
µg/106 viable cells or as µg/mL.

Exosome marker proteins (TSG101, CD63 or CD81) in the 
collected samples, containing exosomes and/or liposome-
bound proteins) were identified by Western blot analysis. 
Briefly, protein samples were mixed with 2× sample buffer 
(0.1 M Tris, 4% sodium dodecyl sulfate (SDS), 12% 2-mer-
captoethanol, 20% glycerol, slight amount of bromophenol 
blue) at a ratio of 1 : 1 (v/v), and then heated at 95°C for 5 min. 
Proteins in the samples were electrophoretically separated on 
5–20% gradient gels (epagele-PAGEL; ATTO, Tokyo, Japan) 
at 25 mA per each gel for 70 min, as previously described.22) 
Each lane was loaded with 60 µg of protein. MagicMark™ XP 
Western Protein Standard (20–220 kDa, Thermo Fischer Inc.) 
was employed as a molecular weight standard. The separated 
proteins were blotted to a nitrocellulose membrane by electro-
phoresis at 12 V for 30 min using a semi-dry blotting system 
(ATTO). Then, for blocking, the membrane was incubated at 
37°C for 1 h in the blocking buffer 5% bovine serum albumin 
(BSA) in Tris-buffered saline with 0.05% Tween 20 (TBST 
0.05%). The blocked membranes were further incubated with 
different primary antibodies in 2% BSA (in TBST 0.05%) in 
a 1 : 1000 (v/v) concentration for anti-TSG101 and a 1 : 40 (v/v) 
concentration for anti-CD63 and anti-CD81 at 4°C overnight. 
After that, the membranes were treated with HRP conjugated 
goat anti-rabbit IgG H&L antibody in TBST 0.05% with a 
dilution (1 : 20000) at 37°C for 1 h. Finally, membrane visu-
alization was carried out by incubating the membrane with 
Amersham™ ECL™ Prime Western blotting Detection Re-
agent (Sigma-Aldrich, MO, U.S.A.) at room temperature for 
5 min followed by imaging using image quant LAS 4000 (GE 

Healthcare Life Sciences, MA, U.S.A.).
Evaluation of the Cellular Uptake of Collected Exosomes  

To assess the cellular uptake of collected liposomes, B16BL6 
cells, which exhibited the highest exosomes yield among all 
tested cancer cell lines, was incubated for 48 h under both 
normal (exo-N) and stimulation conditions with 1 mM CL1 
(exo-S1) or 0.05 mM CL3 (exo-S2). These two concentrations 
of CL1 and CL3 were selected as examples for the stimulating 
action of solid and fluid liposomes with a sublethal effect on 
cell viability. Exosomes were harvested from B16BL6 using 
ultracentrifugation at 100000×g for 70 min after the removal 
of cell debris, apoptotic bodies and microvesicles, as previous-
ly mentioned.9–11) The harvested exosomes from B16BL6 were 
evaluated for their cellular uptake by either the mother cell 
line B16BL6 or the allogeneic cell line C26. The exosomes 
were labeled using green fluorescent dye, PKH67 (Sigma-
Aldrich), according to the manufacturer’s protocol with minor 
modifications.23–25) Briefly, a suspension containing the same 
amount of exosomes was washed once with PBS by ultracen-
trifugation at 100000×g for 70 min. The exosome pellets were 
re-suspended in diluent C supplied in the package (Sigma-
Aldrich) and then mixed with an equal volume of the 2× 
dye solution in diluent C (2×10–6 M) for 5 min. The staining 
was stopped by the addition of an equal volume of exosome-
depleted FBS. The stained exosomes were recovered as pellets 
by ultracentrifugation at 100000×g for 70 min. The pellets 
were then re-suspended in equal volumes of conditioned 
culture medium. Exosomes uptake was examined via flow 
cytometry (Gallios, Beckman Coulter, CA, U.S.A.) and confo-
cal laser scanning microscopy (LSM 700, ZEISS) as described 
below. The liposome was incubated in exosome-depleted 
conditioned medium in the absence of cells. The collected su-
pernatant was sequentially centrifuged as described above to 
obtain liposome contaminant that contained liposome-bound 
proteins. The liposome contaminants were stained and their 
cellular uptake was evaluated as described below.

Flow Cytometry
Target cancer cells (B16BL6 or C26) were cultured at 

1.5×105 cells in 2 mL of culture medium using a 6-well plate 
followed by incubation for 24 h. Then, labeled exosomes 
and/or liposome contaminants were incubated with cancer 
cells in exosome-depleted conditioned medium at a final pro-
tein concentration of 3 µg/mL of exosome sample or its equiv-
alent of liposome contaminants. After 24 h post-incubation, 
the cancer cells were harvested, washed twice with PBS, and 
then examined by flow cytometry. The data were analyzed 
using Kaluza 1.2 software (Beckman Coulter).23,24)

Confocal Laser Scanning Microscopy
Target cancer cells (B16BL6 or C26) were precultured for 

24 h at a density of 3×104 cells in 200 µL of the exosome-
depleted conditioned medium using Lab-Tek II chamber slides 
(Thermo Fischer Inc.). Labeled exosomes and/or liposome 
contaminants were added into each well at a final protein 
concentration of 3 µg/mL of exosome sample or its equivalent 
of liposome contaminants. The cells were then incubated for a 
further 24 h. After aspiration of the culture medium, adhered 
cells were washed with PBS and then incubated for 5 min in 
the presence of Hoechst 33342 DNA dye (1.78 µM) (Ana Spec 
Inc., CA, U.S.A.). After aspiration, cells were washed twice 
with PBS and then let stand for 30 min to dry. The dried cells 
were fixed with Fluoromount/Plus (Diagnostic Biosystems). 



736� Vol. 41, No. 5 (2018)Biol. Pharm. Bull.

Slides were examined at 63x magnification via confocal laser 
scanning microscopy. The scanned images were processed 
using LSM-ZEN2012 software (ZEISS).23–25)

Statistical Analysis  All values were expressed as 
mean±standard deviation (S.D.) Statistical analysis was per-
formed via one way ANOVA tests (Tukey’s and Dunnett’s 
multiple comparisons tests) using Graphpad Prism 6.01 soft-
ware (GraphPad Software Inc., CA, U.S.A.). The level of sig-
nificance was set at p<0.05.

RESULTS

Effect of Incubation Time and Type of Cancer Cell Line 
on Exosome (Extracellular Vesicle) Secretion  To trace the 
effect of incubation time on extracellular vesicle secretion 
from cancer cell lines, four different types of cancer cells 
were cultured for 24, 48 and 72 h, and the extracellular vesi-
cles were then collected by Exoquick-TC™. Extracellular ves-
icle protein concentration was used as an indication of extra-
cellular vesicle yield. Figure 1 shows that extracellular vesicle 
secretion was detected in all cell lines and that the extracellu-
lar vesicle yield was increased with incubation time in all cell 
lines except for DLD-1. Extracellular vesicle release after 72 h 
was in the following descending order: B16BL6 cells followed 
by DLD-1 then C26 and finally MKN45 by 786.72±69.92, 
438.79±27.66, 393.05±33.24, and 376.10±72.96 µg/106 viable 
cells, respectively. These results manifest that all tested cancer 

cell lines can secret extracellular vesicles in both incubation 
time- and cancer cell-type-dependent manners with the high-
est level of extracellular vesicles secreted by B16BL6 cells 
following 72 h of incubation time.

Characterization of Exosomes (Extracellular Vesicles) 

Fig. 1. Relationship between Incubation Time and Yield of Exosomes 
(Extracellular Vesicles) from Four Different Cancer Cell Lines

The secreted exosomes (extracellular vesicles) were collected by Exoquick-TC™ 
after incubation of different cancer cell lines for the indicated times in exosome-
depleted culture medium. The protein amount in the collected fraction was deter-
mined via Bio-Rad DC® protein assay. Data are represented as the mean±S.D. 
(n=3). An one way ANOVA test (Tukey’s test) was applied for each type of cancer 
cell. * p<0.05, ** p<0.01 and *** p<0.001.

Fig. 2. Characterization of Exosomes (Extracellular Vesicles) Collected by Ultracentrifugation or Exoquick-TC™
Bio-Rad DC® protein assay was used to compare the protein amount of extracellular vesicles collected from B16BL6 cancer cells under liposomal stimulation (A) with 

that of their contaminants of liposome-bound proteins (B). Identification of exosome markers in the collected extracellular vesicles was via Western blotting (C). Data are 
represented as the mean±S.D. (n=3). An one way ANOVA test (Tukey’s test) was applied for each isolation method. *** p<0.001.
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Collected by Ultracentrifugation or Exoquick-TC™  To 
characterize the samples obtained by either sequential centrif-
ugations, the method widely used to obtain extracellular vesi-
cles,9) or by Exoquick-TC™,21) protein levels were taken as an 
indicator for exosome yield. Proteins were obviously detected 
in the obtained extracellular vesicles regardless of the collec-
tion method (Fig. 2A). Exoquick-TC™ was likely to recover a 
large amount of extracellular vesicles compared with sequen-
tial centrifugations. Incubation of cells with neutral bare lipo-
somes (NL) and cationic bare liposomes (CL) increased the 
protein amount in the collected extracellular vesicles regard-
less of the collection method (Fig. 2A). CL appeared to in-
crease the production of extracellular vesicles much more than 
NL. It is well known that liposomes are easily interacted with 
serum proteins26,27) and the liposomes can then be precipitated 
by ultracentrifugation, which is similar to our experimental 
condition. Accordingly, we investigated the possibility that 
liposome-bound proteins were being contaminated in the col-
lected extracellular vesicle fraction. As shown in Fig. 2B, the 
liposomes added into the exosome-depleted conditioned me-
dium were precipitated together with serum proteins regard-
less of the collection method. To exclude the contribution of 
liposome-bound proteins to the overall protein concentration 
in the assayed sample, the amount of liposome-bound protein 
was subtracted from the overall protein concentration of the 
collected extracellular vesicles in all experiments conducted 
in this study. Figure 2B also showed that the contamination 
was higher with Exoquick-TC™ than ultracentrifugation. This 
is inconsistent with the literature which indicated that the 

protein contamination is higher with ultracentrifugation due 
to the degradation of large proteins by the high speed cen-
trifugation and then precipitation with the collected exosome 
sample.10,11) Furthermore, to verify the existence of exosomes 
(extracellular vesicles) in the collected samples, the presence/
absence of major exosome markers, such as (CD63, CD81 and 
TSG101),28,29) in the collected samples was scrutinized using 
the corresponding antibodies (Fig. 2C). All the examined 
markers were detected in all the collected samples incubated 
in the presence or absence of liposomes. However, such mark-
ers were not detected in the liposome-bound proteins frac-
tion (data not shown). According to our current knowledge, 
the coexistence of exosomes and liposomes is novel to be 
investigated. Thus, other methods for exosome analysis like 
transmission electron microscopy (TEM), dynamic light scat-
tering (DLS) and nanoparticle tracking analysis (NTA) were 
unfortunately inconclusive to distinguish between exosomes 
and liposomes due to the similarity in their shape and size. 
Moreover, liposomes were already used as a model for exo-
somes in another study by Lane et al.30) Nevertheless, these 
results manifest that exosomes were efficiently obtained by ei-
ther sequential centrifugations or Exoquick-TC™ and that the 
incubation of cells with liposomes (NL and CL) increased the 
secretion of exosomes. For the following study, Exoquick-TC™ 
was chosen to collect exosomes due to its efficiency in col-
lecting larger amounts of them, which supported the detailed 
analysis of exosomes for this study.

Effect of Different HSPC-Based Liposome Preparations 
on Exosome Secretion  To further investigate the stimula-

Fig. 3. The Effect of Incubation with Different Liposome Preparations on Exosome Secretion from Different Cancer Cell Lines
The secreted exosomes were collected by Exoquick-TC™ after incubation of the four cancer cell lines, C26, B16BL6, MKN45 and DLD-1, for 48 h in the presence of 

different concentrations of different HSPC-liposome formulations. The protein amount in the collected fraction was determined via Bio-Rad DC® protein assay. Data are 
represented as the mean±S.D. (n=3). An one way ANOVA test (Tukey’s test) was applied for each liposome formulation within each cancer cell line. * p<0.05, ** p<0.01 
and *** p<0.001.
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tory effect of liposomes, the HSPC-based liposomes listed 
in Table 1 were incubated with different cancer cell lines for 
48 h. As shown in Fig. 3, exosome secretions from all cell 
lines were increased with increasing phospholipid concentra-
tion (dose) of either neutral or cationic bare liposomes (NL or 
CL). Cationic bare liposomes (CL1) showed stronger stimulant 
activity on exosome secretion than neutral bare liposomes 
(NL) under the same experimental conditions, which is con-
sistent with the results described earlier (Fig. 2). Among the 
tested cell lines, B16BL6 seems to be the most responsive 
cell line for liposomal stimulation in terms of exosome secre-
tion followed by MKN45, DLD-1 and finally C26. Surpris-
ingly, neither PEGylated NL nor PEGylated CL1 showed any 
stimulatory effect on exosome secretion, but these inhibited 
essential exosome secretion in a dose-dependent manner in 
some cell lines. This tendency was confirmed by the ultracen-
trifugation method (Supplementary Fig. S1). Taken together, 
these results show that bare liposomes have the ability to 
induce exosome secretion and that a cationic surface charge 
further increases the stimulatory effect of bare liposomes. On 
the other hand, it is likely that the PEGylation of these bare 
liposomes diminishes their stimulatory effect.

Effect of Cationic Lipid Type in Cationic Liposomes 
(CL) on Exosome Secretion  To gain further insight into 
the effect of the type of cationic lipids in the CLs of exosome 
secretion, C26 cells were selected due to having the lowest 
exosome yield, which required greater stimulation via pow-
erful cationic lipid. C26 cells were incubated for 48 h in the 
presence of various CL preparations (CL2, CL3 and CL4), 
as listed in Table 1. All the tested DOPE-based CLs caused 
bell-shaped stimulation on exosome secretion in response to 
liposomal dose (Fig. 4A). DOPE-based cationic liposomes, 
tested at just 0.06 mM, showed higher stimulation activity on 
C26 (1.55-, 2.49- and 1.34-fold increases for CL2, CL3 and 
CL4, respectively) (Supplementary Fig. S2) compared with 
HSPC-based cationic liposome (0.5 mM, CL1) (Fig. 3A). Such 
stimulatory effect of DOPE-based cationic liposomes was me-
diated in a liposomal dose-dependent manner. At a lower lipo-
somal dose, DOPE-based cationic liposomes could efficiently 
trigger exosomes secretion without significantly affecting cell 
viability (Fig. 4). On the other hand, at a higher liposomal 
dose, such stimulatory effect was substantially decreased (Fig. 
4A) presumably via decreasing cell viability (Fig. 4B). The 
highest increase in exosome yield harvested at 0.1 mM was 
from CL3 followed by CL2 with 3.17- and 2.63-fold increases, 
respectively, compared with untreated cells. CL4 produced the 
lowest increase in exosome secretion (only 1.39-fold), which 
could have been due to a lowered level of membrane fluidity 
caused by an increase in the cholesterol content from DC-
Chol in the liposomal membrane. Stimulation/inhibition ob-
served in HSPC-based liposomes was also observed in DOPE-
based liposomes (Supplementary Fig. S3). The dose-dependent 
stimulatory activity of cationic DOPE-based liposomes was 
inhibited by PEGylation as shown in Supplementary Fig. S3A 
(Exoquick-TC™) and Supplementary Fig. S3B (ultracentri-
fugation method). These results show that the stimulation of 
exosome secretion is affected by liposome lipid composition 
especially cationic lipid types in tandem with phospholipid 
types and cholesterol content.

Cellular Uptake of Harvested Exosomes  The role of 
exosomes in cell-cell communication is very important, partic-

ularly in the disease status of cells. Thus, exosome-based drug 
delivery is currently the focus of many studies, particularly 
in cancer therapy.6–8) In the present study, the cellular uptake 
of exosomes collected was studied either under normal condi-
tions (exo-N) or under stimulation with 1 mM CL1 (exo-S1) 
and 0.05 mM CL3 (exo-S2). In addition, the cross-reactivity of 
exosomes harvested from a mother tumor cell line (B16BL6) 
towards another tumor cell line (C26) was investigated.

Control exosomes (exo-N) were taken up by the mother 
cells (B16BL6) as well as by other cells (C26) (Figs. 5A, 5B). 
The exo-S2 harvested by CL3 was also taken up by both cell 
lines (B16BL6 and C26) (Figs. 5A, 5B). Interestingly, there 
was little uptake of exo-S1 by the cancer cells (Figs. 5A, 
5B). Compared with exo-N, exo-S2 was taken up by a higher 
percentage in both cancer cells (Fig. 5B). Notably, the uptake 
level of both exo-N and exo-S2 by mother cells (B16BL6) was 
higher than that by the C26 cells. Protein-bound liposome 
prepared with exosome-depleted conditioned medium showed 
very weak uptake signals with flow cytometry (negligible). 
The value was subtracted from the corresponding exosome 
sample. These observations were further emphasized when the 
exosomes inside target cells were visualized under LSM (Fig. 

Fig. 4. Effect of Different Cationic Liposomes on (A) Exosome Secre-
tion and (B) Cell Viability

The secreted exosomes were collected by Exoquick-TC™ after incubation of C26 
cancer cells for 48 h in the presence of different concentrations of different DOPE-
cationic liposome formulations. The protein amount in the collected fraction was 
determined via Bio-Rad DC® protein assay. Cell viability of the harvested C26 
cancer cells was evaluated via a Countess II automated cell counter by staining the 
cells with trypan blue after collecting the culture medium for exosome enrichment. 
Data are represented as the mean±S.D. (n=3). An one way ANOVA test (Dunnett’s 
test) was applied by comparing each phospholipid concentration with the control 
(untreated). * p<0.05, ** p<0.01 and *** p<0.001.
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6). LSM images showed that green-labeled exo-N and exo-S2 
were significantly internalized by the mother cells (B16BL6) 
as well as by other cancer cells (C26), while little faint green 
aggregations were detected in the case of exo-S1 (Fig. 6). The 
uptake of liposome associated with serum proteins from exo-
some-depleted conditioned medium was weak and negligible. 
It is likely that exosome uptake depends on the type of target 
cancer cell besides the type of liposomes used in stimulating 
exosome release.

DISCUSSION

Many studies have reported different stimulation models 
for exosome secretion from cells via manipulation of the cells, 
their receptors, the plasma membrane, or even intracellular 
electrolytes.31–33) These studies monitored only the stimulation 
action as a result of a specific condition or biological process. 
In the present study, it was demonstrated that in vitro incuba-
tion of bare liposomes with cancer cells enhances exosome se-
cretion from different types of cancer cells, resulting in an in-

creased yield of exosomes (Fig. 3). In particular, fluid cationic 
bare liposomes produced the greatest increase in exosome 
secretion at the optimum dose, which caused less cytotoxicity 
(Fig. 4). Thus, liposome-mediated stimulation of cancer cells 
could be a promising method to enrich exosome yield. Such 
an increased yield of exosomes supports the expansion of 
basic research regarding exosome analysis and their applica-
tion as drug delivery vehicles, although further preparation to 
increase the purity of exosomes may be needed. Interestingly, 
PEGylation to the bare liposomes inhibited exosome secretion 
(Fig. 3 and Supplementary Fig. S3). The suppressive effect 
of PEGylation might be considered a new benefit for using 
PEGylated liposomes in treating tumors, because it has been 
reported that exosomes play a controversial role in tumor 
progress by stimulating/suppressing the immune system.2,4) 
Therefore, PEGylated liposomes may subside the bimodal role 
of exosomes, particularly in tumor metastasis. These obser-
vations suggest that our approach may be a new strategy to 
stimulate/inhibit the secretion of exosomes derived from can-
cer cells if the physicochemical properties of liposomes can be 

Fig. 5. Flow Cytometry Analysis of Exosome Internalization
The percentage of cells taken up exosomes was evaluated by flow cytometry after incubation of PKH67-labeled exosomes collected by ultracentrifugation from B16BL6, 

for 24 h with mother cancer cells (B16BL6) and other cells (C26). Data are represented as one set (A) and the mean±S.D. (n=3) after subtracting the background (B). An 
one way ANOVA test (Tukey’s test) was applied within each type of cancer cell and also between the two types of cancer cells. * p<0.05, ** p<0.01 and *** p<0.001.
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correctly manipulated.
The underlying mechanism behind increased exosome 

secretion via stimulation of liposomes remains uncertain. Ra-
poso and Stoorvogel reported some different mechanisms for 
exosome release in a response to stimulation.33) For instance, 
the increased secretion of extracellular vesicles was triggered 
by stimulating p53 in tumor cells under stress conditions,34) 
via the activation of purinergic receptors, by changes in in-
tracellular Ca2+ levels or by causing a depolarization of the 
cell membrane, which occurs by positively charged ions such 
as K+.31–33) The stimulatory effect of neutral bare liposomes 
(NL) and cationic bare liposomes (CL), observed in this study, 
might have been caused by these mechanisms. The study to 
reveal the mechanism behind the stimulatory effect is in prog-
ress in our laboratory.

The observed strong stimulation caused by CL rather than 
NL (Figs. 3, 4), is notably related to the cationic lipid in CL. 
Many studies have reported that CLs induce cytotoxicity in a 
dose-dependent manner.15,35) Therefore, the stimulatory effect 
of CL might reflect its cytotoxicity; more stress due to CL is 
applied to cancer cells, which may produce more exosomes 
as a defensive mechanism.5) The higher stimulatory effects 

of CL2 and CL3 are probably due to their higher interaction 
with tumor cells via not only surface cationic charge but also 
membrane fluidity,36,37) as well as to subsequent cell dam-
age.35) It appears that membrane fluidity of liposomes also 
contributes to enhanced exosome secretion because both CL2 
and CL3 produced exosomes at a higher rate compared with 
CL4, which contains cholesterol (DC-Chol) that creates a 
solid-phase membrane.

Interestingly, PEGylation to the surface of liposome sup-
pressed secretion of exosome from the cells (Fig. 3 and 
Supplementary Fig. S3). The PEG conformation has a great 
effect on liposome-cell interactions; the mushroom structure 
of PEG on the surface of liposomes reduces nanoparticle–cell 
interactions, rather than the brush structure.38) In addition, 
the negative surface charge of PEGylated liposomes (Table 
1) reduces or prevents the interaction between liposomes and 
cells due to electronic repulsion between these nanoparticles 
and negatively charged cell membranes.38) However, these 
factors cannot account for the suppression of the exosome 
secretion by PEGylation that was observed in the present 
study. Uz et al. recently found that the PEGylation of gold 
nanoparticles altered the cell cycle and caused DNA damage 

Fig. 6. Confocal Laser Scanning Microscopy for Tracking Exosome Internalization
The uptake of exosomes by cancer cells was imaged by a confocal laser scanning microscope after incubation of PKH67-labeled exosomes collected by ultracentrifuga-

tion from B16BL6 cells, for 24 h with mother cancer cells (B16BL6) and other cells (C26). All images represent one set of triplicates. Exosomes were labeled with PHK67 
(green), and the DNA core was stained with Hoechst 33342 (blue). Scale bar indicates 20 µm.
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without apoptosis, which effectively disrupted cell division 
and replication. They showed that the effect was dependent on 
PEG grafting density and concentration; at a particular PEG 
grafting density (ca. 0.65 chains/nm2), none of these severe 
damages were observed.39) Literature studies have documented 
how the nanoparticles, which show no toxic effects according 
to classic toxicity test results, may severely disrupt cell-cycle 
steps, and cause DNA damage or apoptosis. Accordingly, the 
PEGylated liposomes in this study might have stimulated cells 
via liposome-cell collisions, which could have resulted in a 
suppression of exosome secretion. The mechanism behind this 
reaction will require further study.

The uptake of exosomes depends on many factors such as 
innate uptake ability of target cancer cell, characters of col-
lected exosomes and the interaction between exosome and 
target cancer including adhesion, fitting surface antigen and 
fusion. Many studies have already reported that any change 
in exosome characters significantly affect their cellular up-
take,40–42) which is consistent with our current observation 
(Fig. 5). The cellular uptake of exosomes obtained under 
normal and stimulated conditions extensively differed in a 
response to liposome type used in stimulation. The high-
est percentage of exosomes internalization was observed for 
exo-S2 followed by exo-N, while exo-S1 showed no detect-
able cellular uptake (Fig. 5). This might have been related to 
changes in the surface proteins of exosomes,43,44) which are re-
sponsible for cellular targeting and uptake. The similarities of 
the exosomal surface proteins with mother cells may explain 
the higher ability of B16BL6 to take up exosomes compared 
with the C26 cancer cell line. Further analysis of proteins in 
the collected exosome fraction is ongoing in our laboratory.

Liposomes have been widely used as carriers for chemo-
therapeutic agents and nucleic acids.12–14) Doxil®, doxorubi-
cin-containing PEGylated liposome, has been approved for 
clinical use.45) Recently, many studies have indicated that 
exosomes have specialized functions and play a key role in 
processes such as intercellular signaling and waste manage-
ment.2) Consequently, there is growing interest in the clinical 
applications of exosomes. In the present study, it was shown 
that liposomes have the ability to upregulate and/or downregu-
late exosome secretion in response to the surface modification 
of liposomes. After intravenous injection of long-circulating 
PEGylated liposomes, the liposomes reach solid tumors via an 
enhanced permeability and retention effect46) and might stimu-
late the tumor cells, resulting in a decrease in tumor-related 
exosome secretion in vivo. Exosomes are known to partially 
contribute to tumor metastasis.2,4) Therefore, chemotherapeutic 
agents containing PEGylated liposomes may provide a syn-
ergistic effect to tumor growth suppression as well as to the 
prevention of tumor metastasis.

In conclusion, our results show that in vitro incubation with 
liposomes enhances/suppresses exosome secretion derived 
from cancer cells. The stimulatory/inhibitory effect of lipo-
somes is dependent on their dose, surface charge, membrane 
fluidity, and PEG modification, as well as on the type and vi-
ability of treated cancer cells. Liposomal stimulation may be 
a useful strategy to increase exosome yield, although further 
preparation to increase the purity of exosomes may be needed. 
In addition, our approach may be a new strategy to stimulate/
inhibit the secretion of exosomes if the physicochemical prop-
erties of liposomes can be correctly controlled.
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