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G
enetic instability is a hallmark of the
transformation of normal cells to
become a malignant cell.1 By en-

abling the accumulation of mutations and
chromosomal aberrations, the cells can ac-
tivate signaling pathways leading to tumor

progression. However, hyper-activatedgrowth

signaling initially results in oncogenic stress,

which is detected at the cell cycle check-

points.2 Therefore, for tumors to develop, tu-

mor suppressor genes regulating cell cycle

checkpoints are lost by mutation. Classical

chemotherapeutic drugs work by inducing

DNA damage either directly or indirectly.3

Normal cells can respond to this by inducing

a DNA damage response, which results in cell

cycle arrest. Tumor cells, on the other hand,
have disrupted their cell cycle checkpoints
during tumorigenesis and cannot produce a
prolonged cell cycle arrest.4 This results in
the progression of the cell cycle with da-
maged DNA, which results in tumor cell
death. Therefore, a small therapeutic win-
dow exists whereby the tumor cells are
more sensitive to chemotherapy than nor-
mal cells. On the other hand, prolonged or
too aggressive treatment often results in
damage to normal cells of the intestine,
skin, and the hematopoietic system.5 This
limits the efficacy of classic cytostatic drugs
and results in poor overall survival of pa-
tientswith solid tumors. Therefore,methods
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ABSTRACT Exosomes, the endogenous nanocarriers that can deliver biolo-

gical information between cells, were recently introduced as new kind of drug

delivery system. However, mammalian cells release relatively low quantities of

exosomes, and purification of exosomes is difficult. Here, we developed

bioinspired exosome-mimetic nanovesicles that deliver chemotherapeutics to

the tumor tissue after systemic administration. The chemotherapeutics-loaded

nanovesicles were produced by the breakdown of monocytes or macrophages

using a serial extrusion through filters with diminishing pore sizes (10, 5, and 1 μm).

These cell-derived nanovesicles have similar characteristics with the exosomes

but have 100-fold higher production yield. Furthermore, the nanovesicles have natural targeting ability of cells by maintaining the topology of plasma

membrane proteins. In vitro, chemotherapeutic drug-loaded nanovesicles induced TNF-R-stimulated endothelial cell death in a dose-dependent manner.

In vivo, experiments in mice showed that the chemotherapeutic drug-loaded nanovesicles traffic to tumor tissue and reduce tumor growth without the

adverse effects observed with equipotent free drug. Furthermore, compared with doxorubicin-loaded exosomes, doxorubicin-loaded nanovesicles showed

similar in vivo antitumor activity. However, doxorubicin-loaded liposomes that did not carry targeting proteins were inefficient in reducing tumor growth.

Importantly, removal of the plasma membrane proteins by trypsinization eliminated the therapeutic effects of the nanovesicles both in vitro and in vivo.

Taken together, these studies suggest that the bioengineered nanovesicles can serve as novel exosome-mimetics to effectively deliver chemotherapeutics

to treat malignant tumors.
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decreasing systemic toxicity would improve treat-
ments for cancer patients.
One way of achieving reduced side effects is to

target delivery of the anticancer drug to the tumor.
Encapsulating the drug in a tumor targeting vehicle or
making a pro-drug that is specifically activated in the
lineage of the cancer cell could achieve this. In the
former case, significant efforts have been made to
develop nanotechnology for well-designed targeted drug
delivery system.6�8 Various types of nanocarriers such as
liposomes, nanoparticles, and polymeric particles have
been fabricated from various materials.9�11 Nanocarriers
have several advantages in drug delivery: high payload of
drugs, multiple drug loading, protection from drug de-
gradation, and enhancement of endocytosis.12 Moreover,
nanocarriers are especially potent in tumor treatment in
that they achieve passive targeting via enhanced perme-
ability and retention effect on leaky vasculature of
tumors.13 However, issues related to their artificial nature
can limit their effects and cause toxicology issues.14

In the present study, we have used our knowledge
on the naturally released nanosized extracellular vesi-
cles called exosomes to develop a method for safe and
efficient delivery system for cytotoxic drugs. Mamma-
lian cells actively release exosomes that have diameters
of 40�150 nm.15,16 Exosomes contain various proteins

andRNAs that havemany regulatory effects on recipient
cells.17�22 Exosomes can deliver their cargo to other
cells and can thereby change the phenotype of the
recipient cells. The multiple physiological roles of exo-
somes in intercellular communication can be explained
by their ability to carry genetic and proteomic informa-
tion between cells.17�22 Moreover, because exosomes
are nanosized and carry cell surface molecules, they
have a high capacity for penetrating the interstitia of
organs as well as a natural targeting capacity.23�26

However, most mammalian cells release relatively low
quantities of exosomes and purification of exosomes is
cumbersome, which results in a relatively low yield.27,28

Therefore, the generation of exosome-mimetic vesicles
with a substantially greater yield is attractive for the
developmentof future nanosizeddrugdelivery systems.
Here we developed bioengineered and bioinspired

cell-derived nanocarriers, coined as exosome-mimetic
nanovesicles (NV), to combine the characteristics of
cells and nanocarriers and applied to targeted delivery
of anticancer chemotherapeutics. By subjecting cells of
different origin to serial extrusion through filters with
diminishing pore sizes after the cells had been loaded
with chemotherapeutic agents, we generated high
quantities of exosome-mimetic NV carrying sheltered
drugs. Using this system, we investigated whether the

Figure 1. Generation of exosome-mimetic nanovesicles (NV) and chemotherapeutics-loaded NV. (A) Schematic illustration of
the procedure for the generation of NV and chemotherapeutics-loaded NV. (B) Quantification of doxorubicin packaged into
U937NVDox when 100, 200, or 400 μg/mL of doxorubicin was used in the cell suspension solution (n = 3 per dose). (C,D) The
yields of U937NV and U937EXO measured as the total protein (C) and particle number (D) from 1 � 107 U937 cells (n = 3,
respectively). EXO: exosomes.
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chemotherapeutic drugs were delivered more efficiently
when compared with the free drug alone, drug-loaded
nanosized exosomes, or drug-loaded microsized cells
using in vitro human endothelial cell model and in vivo

mouse tumor model.

RESULTS AND DISCUSSION

Production and Characterization of Exosome-Mimetic NV. To
obtain a pool of cell-derived NV and doxorubicin-
loaded NV, human U937 monocytic cells were har-
vested and serially extruded through a series of poly-
carbonate membranes with pore sizes of 10, 5, and
finally 1 μm in the absence or presence of various
concentrations of doxorubicin (Figure 1A). These vesi-
cles were termed U937NV and U937NVDox, respectively.
We purified U937NV and U937NVDox from the interface

between the 10 and 50% iodixanol layers in a two-
step OptiPrep density gradient ultracentrifugation.
Doxorubicin packaging into U937NVDox was dependent
on the drug concentration in the cell suspension
solution: 52.1 ( 5.3 ng, 214.5 ( 34.9 ng, or 332.4 (
44.2 ng of doxorubicin was associated with 1 μg of
U937NVDox (measured on the basis of total protein
concentration) when 100, 200, or 400 μg/mL of doxor-
ubicin was used, respectively (Figure 1B). In this study,
we used U937NVDox that were prepared by using
400 μg/mL of doxorubicin. Using 1 � 107 U937 cells,
we obtained 203 μg of total protein and 210 � 109

particles of U937NV (Figure 1C,D). However, we observed
that the same number of cells cultured for 24 h produced
only 1.74 μg of total protein and 2.00 � 109 particles of
exosomes (U937EXO). Thus, by deriving exosome-mimetic

Figure 2. Characterization of NV and doxorubicin-loaded NV. (A) Size distribution of U937NV, U937NVDox,
U937EXO, and

U937EXODox measured by nanoparticle tracking analysis. (B) Representative cryotransmission electron micrograph of U937NV,
U937NVDox,

U937EXO, and U937EXODox. Scale bars: 100 nm. (C)Western blot analysis of exosomalmarker proteins on U937NV and
U937EXO (20 μg of total protein). (D) Topology of plasma membrane proteins in the U937NV. After U937Cell and U937NV were
incubated with trypsin, each sample (20 μg of total protein) was analyzed by Western blotting using anti-LFA-1, Toll-like
receptor (TLR) 1, and CTLA-4 antibodies. Dox: doxorubicin; EXO: exosomes.
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NV through homogenization of cultured U937 cells, we
increased the yield of total protein and particle number
more than 100-fold higher than that of naturally pro-
duced exosomes.

Nanoparticle tracking analysis of the purified
U937NV and U937NVDox showed a size distribution with
a peak diameter of approximately 120�130 nm similar
to those of U937EXO and U937EXODox (Figure 2A). Ex-
amination of the purified NV and exosomes using cryo-
TEM revealed that they were closed vesicles devoid of
the parent cells, cellular debris, and protein aggregates
(Figure 2B). In addition, the purified U937NV contained
exosomal marker proteins including CD63, Tsg101,
moesin, and beta-actin (Figure 2C).29 All these results
suggest that cell-derived NV have similarity with exo-
somes in size, morphology, and protein contents.
Treatment of the intact U937NV with trypsin eliminated
extracellular domains of plasma membrane proteins
(LFA-1, Toll-like receptor 1, and CTLA-4) in the NV,
which shows that the NV has the same topology as the
parent cells (Figure 2D). Additionally, NV or doxorubicin-
loaded NV were reproducibly generated from adherent
cells such as the Raw264.7 (immortalized mouse macro-
phages; Figure S1, Supporting Information).

The introduction of doxorubicin into the NV, exo-
somes, and cells was determined by fluorescence micro-
scopy, as doxorubicin is autofluorescent.30 When NV,
exosomes, and cells were labeled with DiO green fluor-
escent membrane dye, only U937NVDox,

U937EXODox, and

U937CellDox were double-positive for both the red fluo-
rescence of doxorubicin and the green fluorescence of
DiO (Figure 3A,B,C). This result shows that the doxorubi-
cin is associated with the U937NVDox,

U937EXODox, and
U937CellDox. Furthermore, we determined the efflux
of doxorubicin from the U937NVDox,

U937EXODox, and
U937CellDox after the incubation up to 36 h in phosphate-
buffered saline (PBS): 42.2 ( 3.9%, 49.2 ( 2.1%, and
34.7 ( 1.9% of the doxorubicin was released within 6 h,
and doxorubicin release was saturated at 78.6 ( 5.7%,
85.9 ( 3.1%, and 53.6 ( 1.7% at 36 h, respectively
(Figure 3D).

In Vitro Targeted Delivery of Chemotherapeutic Drugs Using
NV. Extravasation of leukocytes including monocytes
into the inflamed tissues is vital for immune surveil-
lance and inflammation.31 The interaction between cell
adhesionmolecules (CAMs, for example, ICAM-1, VCAM-1,
and E-selectin) overexpressed on the inflamed endothe-
lium and counter-receptors for endothelial CAMs (for
example, LFA-1) on the circulating leukocytes plays critical
role in these leukocyte recruitmentprocesses.31,32 It iswell-
known that inflammatory cytokines including TNF-R in-
duce the cell surface expression of CAMs in vascular
endothelial cells.33 As reported, human umbilical vein
endothelial cells (HUVECs) treated with TNF-R demon-
strate significantly increased expression of ICAM-1, VCAM-
1, and E-selectin, which significantly increase the adhesion
of human U937 monocytic cells or mouse Raw264.7
macrophages to HUVECs (data not shown).We previously

Figure 3. Identification of doxorubicin on NV, exosomes, and cells. (A�C) Representative fluorescence microscopy images of
U937NV and U937NVDox (A),

U937EXO and U937EXODox (B), and
U937Cell and U937CellDox (C), labeled with DiO membrane dye. DiO

and doxorubicin are shown as green fluorescent signals and red fluorescent signals, respectively. Themerged signals for DiO
anddoxorubicin are indicatedby yellowfluorescence. Scale bars: 1 μmfor (A) and (B), 20μmfor (C). (D) Kinetics of doxorubicin
release from U937NVDox,

U937EXODox, and
U937CellDox as determined by incubation for up to 36 h in PBS (n = 3). Data are

presented as the mean ( SD. Dox: doxorubicin; EXO: exosomes.

A
RTIC

LE



JANG ET AL. VOL. 7 ’ NO. 9 ’ 7698–7710 ’ 2013

www.acsnano.org

7702

showed that U937NV (produced from the human U937
monocytic cells) harbor the counter-receptor(s) for en-
dothelial CAM(s), for example, LFA-1, on their surface
(Figure 2D). Therefore, we can speculate that U937NVDox
mediate targeted delivery of chemotherapeutic drugs to
TNF-R-treated endothelial cells expressing ICAM-1,
VCAM-1, and E-selectin on their cell surface. As ex-
pected, treatment of U937NVDox induced cell death
more efficiently in TNF-R-treated HUVECs compared
to untreated HUVECs (Figure 4A). However, U937NV
without doxorubicin (up to 50 μg/mL of total protein)
did not induce cell death in TNF-R-treated or untreated
HUVECs (Figure S2, Supporting Information). When
compared with U937NVDox,

U937EXODox resulted in simi-
lar cell death rates in TNF-R-treated HUVECs while
U937CellDox did not (Figure 4A). This result suggests
that nanosized U937NVDox or U937EXODox are more
cytotoxic on TNF-R-treated HUVECs than microsized
U937CellDox. Moreover, U937NVDox (5 μg/mL containing
1.5 μg/mL of doxorubicin) resulted in cytotoxicity
similar to that observed for 15 μg/mL of free doxo-
rubicin (Figure 4B), which suggests that U937NVDox have

a delivery efficiency that is approximately 10-fold higher
than that of free doxorubicin. Additionally, Raw264.7NVDox
(produced from themouse Raw264.7 macrophages) had
a cytotoxic effect in TNF-R-treated HUVECs that was
similar to that of U937NVDox originated from human
U937 cells (Figure S3, Supporting Information).

The addition of a cocktail of neutralizing antibodies
against ICAM-1, VCAM-1, and E-selectin effectively
reduced U937NVDox-induced cytotoxicity in TNF-R-trea-
ted HUVECs (Figure 4C). Application of trypsin to
U937NVDox, (which removes the extracellular domains
of counter-receptors for endothelial CAMs including
LFA-1 on NV), abolished the effect of the U937NVDox
(Figure 4D). This finding suggests that the presence of
counter-receptors for endothelial CAMs on the surface
of U937NVDox is important for targeted delivery of
doxorubicin to TNF-R-treated endothelial cells, which
express ICAM-1, VCAM-1, and E-selectin on their cell
surface.

Furthermore, NV loaded with other anticancer che-
motherapeutics were developed using 400 μg/mL of
5-FU, gemcitabine (Gemci), or carboplatin (Carbo). All

Figure 4. In vitro targeted delivery of chemotherapeutics using NV. (A) Concentration-dependent cytotoxic effect of
U937NVDox,

U937EXODox, and
U937CellDox on TNF-R treated and untreated HUVECs (n = 6/group). (B) Comparison of the

cytotoxic effect of U937NVDox (5 μg/mL of total protein) with that of varying doses of free doxorubicin on TNF-R-treated
HUVECs (n = 6/group). Note that 1.5 μg of doxorubicin is loaded into the U937NVDox (5 μg of total protein). (C) Preincubation
with a neutralizing antibody cocktail against ICAM-1 (10 μg/mL), VCAM-1 (30 μg/mL), and E-selectin (50 μg/mL) blocked the
cytotoxic effect of U937NVDox (5 μg/mL of total protein) on TNF-R-treated HUVECs (n = 6/group). (D) Effect of trypsin-treated
U937NVDox on TNF-R-treated HUVECs (n = 5/group). All samples were treated with 5 μg/mL of total protein. (E) Concentration-
dependent cytotoxic effect of U937NV5‑FU,

U937NVGemci, and
U937NVCarbo on TNF-R-treated anduntreatedHUVECs (n=6/group).

Data are presented as the mean ( SD *P < 0.05, **P < 0.01, *** P < 0.001. EXO: exosomes; Dox: doxorubicin; Gemci:
gemcitabine; Carbo: carboplatin.
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of these chemotherapeutics-loaded U937NV also in-
duced cell death in a concentration-dependent man-
ner, with higher potency in TNF-R-treated HUVECs
(Figure 4E). Together, these results demonstrated that
NV can harbor various chemotherapeutics and deliver
them to the target cells.

In Vivo Targeting of NV to Tumors in Mice. We assessed
the targeting ability of Raw264.7NV (produced from the
mouse Raw264.7 macrophages) to the tumor tissue
in vivo using BALB/c mice bearing subcutaneously
transplanted CT26 cells. Cy7 labeled-Raw264.7NV were
injected intravenously into CT26-tumor-bearing mice.
Whole-mouse imaging showed strong accumulation
of Cy7 fluorescence in the tumor area for intact
Raw264.7NV (Figure 5A). The distribution of Cy7 fluores-
cence in different organs in animals with and without
tumors is shown in Figure 5B,C. Strong accumulation of
Cy7 fluorescence was observed in tumors, but not in
the corresponding skin areas in mice without tumors.
Cy7 fluorescence was also observed in the spleen, liver,
kidney, and lung after Raw264.7NVCy7 injection, but not in
the heart, which is an organ sensitive to doxorubicin.34

It is known that tumor endothelium expresses
CAMs such as ICAM-1 in a significantly higher degree
than healthy tissue endothelium.35,36 As reported, we
observed that ICAM-1 was expressed in the trans-
planted CT26 tumor endothelium, but not in the skin,
liver, heart, and kidney (Figure S4, Supporting
Information). All these organs including tumor did
not express VCAM-1 and E-selectin (data not shown).
The distribution of autofluorescent doxorubicin

administered in Raw264.7NVDox or as a free drug is shown
for different organs in Figure 6. Importantly, the fluo-
rescence of doxorubicin administered in Raw264.7NVDox
was significantly increased in tumors, primarily in the
endothelium, but not in the skin andheart: doxorubicin
accumulated primarily in the nonendothelial parench-
yma of the liver and kidney. By contrast, doxorubicin
administered as a free drug appeared in the heart, liver,
and kidney but did not accumulate in the tumor tissue.
In addition, trypsinization of the Raw264.7NVDox, which
removed the extracellular domains of plasma mem-
brane proteins including LFA-1 on NV (Figure 2D),
significantly reduced the accumulation of doxorubicin
in tumors. All these findings suggest that exosome-
mimetic nanovesicles workwell for targeted delivery of
chemotherapeutics to malignant tumors.

Inhibition of Primary Tumor Growth by Raw264.7NVDox in a
Mouse Syngeneic Model. To determine the antitumor
activity of Raw264.7NVDox (produced from the mouse
Raw264.7macrophages), we utilized amodel ofmouse
CT26 colorectal cancer cell line introduced subcuta-
neously to immunocompetent BALB/c mice. Five days
after the introduction of the CT26 tumor cells, treat-
mentwith intravenous injection of Raw264.7NVDox (10 μg
of total protein) was commenced and resulted in
significant attenuation of tumor growth (Figure 7A,B).
In contrast, Raw264.7NV that did not contain doxorubicin
(10 μg of total protein) did not affect tumor growth
(Figure 7A,B). Neither a loss in body weight (Figure 7C)
nor a decrease in white blood cell count (Figure 7D)
was observed following Raw264.7NVDox or Raw264.7NV

Figure 5. In vivo targeting of Cy7-labeled Raw264.7NV to tumors in mice. (A�C) CT26 cells (mouse colon adenocarcinoma;
1 � 106 cells) were injected subcutaneously into BALB/c mice. Fourteen days later, the mice were treated by intravenous
injections of Cy7-labeled Raw264.7NV (50 μg of total protein) or PBS. Normal mice without tumors were used as the control.
After 12 h, the Cy7 fluorescence of the whole mouse body (A) or various tissues (B) was acquired by IVIS spectrum. Radiant
efficiencywasmeasured using Living Image 3.1 software andnormalized to tissueweight (C; n=4/group). Data are presented
as the mean ( SEM ** P < 0.01.
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treatment. The density of cells in the tumor that were
positive for the endothelial cell marker CD31was dose-
dependently reduced by the Raw264.7NVDox (Figure 7E).
The TUNEL and phosphohistone 3 staining of serially
sectioned tumor tissues showed that the Raw264.7NVDox
dose-dependently increased apoptosis in cells in the
vicinity of the tumor endothelium (Figure 7F) and reduced
the number of proliferating cells in the tumor when
compared with tissues in control mice (Figure 7G,H).

However, Raw264.7NVDox showed no in vitro cytotoxic
effect on CT26 cells (Figure S5, Supporting Information),
which do not express ICAM-1, VCAM-1, or E-selectin.36

Angiogenesis, the formation and growth of new blood
vessels from the pre-existing vasculature, is critical for
tumor growth.37�39 Although antiangiogenesis therapy
does not guarantee complete tumor regression, it is
considered a promising antitumor therapy.37,38 Taken
together, our results suggest that Raw264.7NVDox exhibit

Figure 6. In vivo doxorubicin distribution after Raw264.7NVDox injection. One million CT26 cells were injected subcutaneously
into BALB/c mice. Fourteen days later, the mice were treated by intravenous injections of Raw264.7NVDox (100 μg of total
protein), trypsin-treated Raw264.7NVDox (100 μg of total protein), free doxorubicin (30 μg), or PBS. Themice were sacrificed and
tissues were extracted. The extracted tissues were embedded in paraffin, sectioned, and analyzed by immunohistochemistry.
Endothelium is identified by the green fluorescence signal of CD31, and doxorubicin is identified by the red fluorescence
signal. Note that 30μgof doxorubicinwas loaded into Raw264.7NVDox (100μgof total protein).

Raw264.7NVDox (T): trypsin-treated
Raw264.7NVDox. Scale bars, 30 μm.
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the antitumor activity in vivo indirectly, through an
antiangiogenesis effect. However, we could not exclude
the possibility that Raw264.7NVDox adherent to the tumor
endothelium could continuously release doxorubicin in
the tumormicroenvironment. The detailedmechanisms
of antitumor activity caused by Raw264.7NVDox in vivo

require further elucidation.

Comparison of Antitumor Effects of Raw264.7NVDox with Free
Doxorubicin, Doxorubicin-Loaded Exosomes, Liposomal Doxoru-
bicin, Trypsin-Treated Raw264.7NVDox, and Doxorubicin-Loaded
Cells in a Mouse Syngeneic Model. We next compared the
therapeutic index of Raw264.7NVDox with free doxorubi-
cin, by comparing antitumor effects and effects on the
number of circulating white blood cells. Free doxor-
ubicin (3μg) at a dose equivalent to that of doxorubicin
loaded in 10 μg of the total protein of the Raw264.7NVDox
had no significant effect on tumor growth (Figure 8A,B).
Treatment with doxorubicin at a dose of 60 μg resulted
in an antitumor effect similar to that of Raw264.7NVDox
(10 μg of total protein), but reduced both white blood
cell counts (Figure 8C) and bodyweight (Figure 8D) com-
pared with the Raw264.7NVDox. Moreover, although the
injection of Raw264.7NVDox or doxorubicin resulted in the
accumulation of doxorubicin in the liver (Figure 6), any

hepatic toxicity was not observed following Raw264.7-

NVDox (10 μg of total protein) or doxorubicin (60 μg)
treatment (Table S1, Supporting Information). However,
the hepatic injury was observed after 24 h intravenous
administration of CCl4 (40% in corn oil), which is a well-
known liver toxic agent.40 These results thus argue that
doxorubicin administered by the NV can significantly
improve its therapeutic index.

Using immunocompetent BALB/c mice bearing
CT26 tumors, we further compared the antitumor activity
of doxorubicin-loaded NV and exosomes. In this study,
we used exosomes derived from the human U937
monocytic cells because mouse Raw264.7 macro-
phages release relatively low quantities of exosomes.
Studies show that human monocytic cells can adhere
to the mouse endothelium by the interaction between
mouse endothelial CAMs and their counter-receptors
on the human monocytes.41�45 Treatment of the mice
with U937NVDox resulted in antitumor effects similar to
the effects observedwith U937EXODox and

Raw264.7NVDox
(produced from the mouse Raw264.7 macrophages)
on tumor volume (Figure 8E) and tumor weight at the
end of the experiments (Figure S6A, Supporting
Information), whereas injections with the U937EXO,

Figure 7. Antitumor effects of doxorubicin-loaded NV in a mouse syngeneic model. (A�H) Antitumor effect induced by
Raw264.7NVDox (n = 10/group). Tumor volume was determined every second day (A), and tumor tissues were extracted and
weighed (B) at the end of experiments. Panels (C) and (D) show body weight and white blood cells (WBC) at the end of the
experiment, respectively. (E) The calculated CD31-positive area of the confocal microscopy images of tumor tissues stained
with CD31 (endothelium; n = 10/group). (F) H&E- and TUNEL-stained tumor tissues (arrows indicate endothelium). (G)
Representative confocalmicroscopy images of tumor tissues stainedwith phosphohistone 3 (PH3, green) andHoechst (blue).
(H) The calculated number of PH3-positive cells (n=10/group). Scale bars: 200μmfor (F) and 30 μmfor (G). Data are presented
as the mean ( SEM * P < 0.05, ** P < 0.01, *** P < 0.001. All P-values shown are vs PBS control. Dox: doxorubicin.
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which are not loaded with doxorubicin, had no sig-
nificant effects. These data show that the effects of
doxorubicin-loaded NV and exosomes treatment are
similar, suggesting (1) that the NV mimic the targeting
capacity of the exosomes, and (2) that NV can be used
as an alternative of exosomes as drug delivery systems.
This is important, since the yield of NV is approximately
100-fold higher than exosomes (Figure 1C,D). We
further compared the in vivo antitumor effects of
Raw264.7NVDox with doxorubicin-loaded whole Raw264.7
cells (Raw264.7CellDox), liposomal doxorubicin (LipoDox),
and trypsin-treated Raw264.7NVDox. The

Raw264.7CellDox,
LipoDox, and

Raw264.7NVDox (T) showed decreased anti-
tumor effects when compared with the Raw264.7NVDox
(Figure 8F and Figure S6B, Supporting Information),
despite the use of the same dose of doxorubicin in all
cases. This result suggests that (1) the antitumor effect
of nanosizedNVDoxwas significantly greater thanmicro-
sized CellDox, and (2) the presence of the membrane
proteins on the surface of the Raw264.7NVDox is important
for targeteddelivery of doxorubicin tomalignant tumors.

CONCLUSIONS

In this paper, we report a series of experiments to
describe the production and therapeutic effect of
bioinspired exosome-mimetic nanovesicles that were
loaded with chemotherapeutic drugs. The exosome-
mimetic nanovesicles loadedwith doxorubicin reduced
tumor growth to the same extent as 20-fold higher
doses of free drug but without systemic side effects.
We developed exosome-mimetic nanovesicles that

target endothelial cells by producing the nanovesicles
fromcells that harbor the counter-receptors for endothelial

CAMs, for example, LFA-1. Tumors demonstrate abnor-
mal angiogenesis, with rapidly proliferating endothelial
cells that express CAMs and support tumor growth.46

Chemotherapeutic-loaded nanovesicles generated
from macrophages and monocytes effectively bind to
endothelial cells, which result in delivery of the che-
motherapeutics and subsequent cell death. Importantly,
removal of the ligands to the endothelial CAMs by
trypsinization eliminated the therapeutic effects of the
nanovesicles both in vitro and in vivo. Liposomes devel-
oped from pure lipids that did not harbor targeting
proteins were inefficient in reducing tumor growth in
our models, even though they were loaded with the
same amount of the drug. Whole cells that contained
the same surface molecules as the exosome-mimetic
nanovesicles were also inefficient in treating tumors
in vivo, which suggests that the nano size of exosome-
mimetic nanovesicles is crucial to achieve effective
targeted delivery.
Exosomes harvested from the same cells that were

used to produce exosome-mimetic nanovesicles were
similarly effective in treating tumors in vivo, as has
been found previously using a stat-3 inhibitor.23 These
results suggest that membrane-derived nanovesicles
are efficient for the targeted delivery of chemothera-
peutics, regardless of whether they are produced
naturally or artificially from cells. However, the yield
of exosome-mimetic nanovesicles was more than 100-
fold higher than that of exosomes from the same
number of cells. To improve the antitumor activity of
exosome-mimetic nanovesicles, future treatmentsmay
utilize the combinations of nanovesicles containing
different targeting molecules, which may thus home

Figure 8. Comparison of antitumor effects of Raw264.7NVDox with free doxorubicin, doxorubicin-loaded exosomes, liposomal
doxorubicin, trypsin-treated Raw264.7NVDox, and doxorubicin-loaded cells in a mouse syngeneic model. (A�D) Comparison of
the antitumor activity of Raw264.7NVDox with that of varying doses of free doxorubicin (n = 5/group), and panels (C) and (D)
show white blood cells (WBC) and body weight at the end of the experiment, respectively. Note that 3 μg of doxorubicin is
loaded in Raw264.7NVDox (10 μg of total protein). See also Table S1 (Supporting Information) for hepatic injury analysis. (E)
Comparison of the antitumor activity of U937NVDox with that of U937EXODox (n = 5/group). (F) Comparison of the antitumor
activity of Raw264.7NVDox (10 μg of total protein)with that of

Raw264.7CellDox, liposomal doxorubicin, and Raw264.7NVDox (T) (n= 5/
group). Each injected treatment harbored 3 μg of doxorubicin. Data are presented as the mean( SEM * P < 0.05, ** P < 0.01,
*** P < 0.001. All P-values shown are vs PBS control. Dox: doxorubicin; EXO: exosomes.
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to both the endothelium and the tumor cells.47 Further-
more, this technology could prove beneficial for the
delivery of siRNA with improved yield, as siRNA-loaded
exosomes were found to be efficient in a previous
report.25 Exosome-mimetic nanovesicles could also be
used for theragnosis by loading with in vivo imaging
molecules and chemotherapeutics.48,49 Lastly, different
types of cells could be engineered to express specific
targeting molecules to enhance therapeutic antitumor

efficacy. However, the overall safety, systemic immune
response, and efficacy of exosome-mimetic nanovesi-
cles versus exosomes require further elucidation.
In conclusion, this report demonstrates a proof of

concept for the efficient treatment of tumors using
chemotherapeutics-loaded exosome-biomimicry, but
only when the source cells used express the appro-
priate targeting molecules on their surfaces, either
naturally or through genetic engineering.

METHODS
Cell Culture. Human umbilical vein endothelial cells (HUVECs)

were isolated from human umbilical cord veins and cultured as
described previously.50 The cells were grown in M199 medium
containing bFGF (3 ng/mL) and heparin (5 units/mL), and they
were used at passage six in all experiments. U937 cells, Raw264.7
cells, and CT26 cells were grown in RPMI 1640 medium, Dulbec-
co's Modified Eagle Medium, and Minimum Essential Medium,
respectively. All media were supplementedwith 10% FBS and 1%
Antibiotic-Antimycotic (Invitrogen). All cells not contaminated by
mycoplasma were cultured at 37 �C in a humidified atmosphere
of 5%CO2. Cell culture reagents were purchased fromGibco-BRL.

Animals. All experiments using animal models were ap-
proved by the Institutional Animal Care and Use Committee
at POSTECH, Pohang, Republic of Korea (approval number:
2011-01-0020). BALB/c was purchased from Jackson Laboratories.
The mice were bred in the pathogen-free facility at POSTECH.

Preparation of Nanovesicles (NV) and Chemotherapeutics-Loaded NV.
Cells were resuspended at a concentration of 5� 106 cells/mL in
phosphate-buffered saline (PBS) with or without chemothera-
peutics. Adherent cells were detached by scraping. The cell
suspension was sequentially extruded three times through 10,
5, and 1 μmpolycarbonatemembrane filters (Whatman) using a
mini-extruder (Avanti Polar Lipids). To form a step gradient, 50%
iodixanol (Axis-Shield PoC AS) was placed at the bottom of an
ultracentrifuge tube, overlaid with 10% iodixanol and the
extruded samples, and then ultracentrifuged at 100000g for
2 h at 4 �C. NV and chemotherapeutics-loaded NV were obtained
from the interface of the 50 and 10% iodixanol layers.

Preparation of Exosomes and Doxorubicin-Loaded Exosomes. Exo-
some-depleted FBS was prepared by ultracentrifugation at
150000g for 16 h at 4 �C.51 Exosomeswere isolated as previously
described with modifications.39 U937 cells were incubated in
RPMI medium containing 10% exosome-depleted FBS for 24 h.
Cells and debris were eliminated by serial centrifugation at 500g
for 10min and 3000g for 15min at 4 �C. Exosomeswere pelleted
by ultracentrifugation at 150000g for 2 h at 4 �C and resus-
pended in PBS. Protein was quantified using the Bradford assay
and adjusted to a concentration of 1 mg/mL with PBS. Half of
the isolated exosomes were incubated with 400 μg/mL of
doxorubicin for 2 h at 37 �C. A two-step OptiPrep density
gradient ultracentrifugationwas performed as described above.
Exosomes and doxorubicin-loaded exosomes were obtained
from the interface of the 50 and 10% OptiPrep layers.

Preparation of Doxorubicin-Loaded Cells. U937 or Raw264.7 cells
were resuspended at a concentration of 5� 106 cells/mL in PBS,
and incubated with 400 μg/mL of doxorubicin for 2 h at 37 �C.
Doxorubicin-loaded cells were harvested by centrifugation at
500g for 10 min at 4 �C.

Preparation of Doxorubicin-Loaded Liposomes. Liposomal doxo-
rubicin was prepared as previously described, with some
modifications.52 All lipids were purchased from Avanti Polar
Lipids. N-(Carbonyl-methoxypolyethylene glycol 2000)-1,2-dis-
tearoyl-sn-glycero3-phosphoethanolamine sodium salt (MPEG-
DSPE, 3.19 mg/mL), fully hydrogenated soy phosphatidylcho-
line (HSPC, 9.58 mg/mL), and cholesterol (3.19 mg/mL) were
dissolved in chloroform, mixed, and evaporated under a va-
cuum. The lipid film was sonicated with ammonium sulfate
(500 mM, pH 5.5) for 1 h at 56 �C using a 40-kHz Branson 2510

bath sonifier. Liposomes were subsequently extruded through
polycarbonate membrane filters with a pore size of 100 nm.
External ammonium sulfate was removed by dialysis against
PBS. Doxorubicin (200 μg/mL) was added to the liposome
preparation and incubated for 2 h at 37 �C. Free doxorubicin
was removed by dialysis against PBS.

Characterization of NV, Exosomes, and Cells. To quantify the
doxorubicin, 100 μL of doxorubicin-loaded NV, exosomes, and
cells (30 μg/mL of total protein) were placed into the wells of
96-well plates. Doxorubicin fluorescence was detected using a
Wallac 1420 VICTOR plate reader (Perkin-Elmer Life Sciences)
with excitation/emission at 488 nm/530 nm.53 The quantity of
doxorubicin was calculated using a standard curve of free
doxorubicin. For the doxorubicin release kinetics, U937NVDox,
U937EXODox, or

U937CellDox (40 μg of total protein) were sus-
pended in 0.1 mL of PBS, loaded into Slide-A-Lyzer MINI dialysis
units (molecular mass cutoff 10 kDa, Pierce), and dialyzed
against 1 mL of PBS at 37 �C. The supernatant was harvested
at 0, 3, 6, 12, 24, and 36 h. The doxorubicin released was
quantified by fluorescence as described above.

Cryotransmission electron microscope images were ob-
tained using a BIO-TEM installed at the Korea Basic Science
Institute. The purified NV and exosomes (4 μL containing 500
μg/mL of total protein) were applied to a glow-discharged
Quantifoil holey carbon grid (Spi Supplies) and subjected to
plunge-freezing into liquid ethane with a FEI Vitrobot system
(FEI). The frozen grids were then transferred to a FEI TECNAI G2
transmission electron microscope at liquid nitrogen tempera-
ture. Imageswere recorded at amagnification of 15 000�21 000
under low-dose (∼50 e/Å2) and 1�5 μm underfocus conditions
using a Gatan 4000 by 4000 CCD camera (Gatan).

The size and particle number of NV and exosomes were
assessed by nanoparticle tracking analysis using the Nanosight
LM10-HS system (NanoSight). NV and exosomes (500 ng/mL of
total protein) were dispersed in PBS andmeasured with camera
level 9 and a 405-nm wavelength laser. The chamber tempera-
ture was 25 �C and maintained automatically. Measurements
were obtained in triplicate, and each individual measurement
duration was 1 min. Data were analyzed using nanoparticle
tracking analysis software version 2.3with a detection threshold
of 5 (multiple), an autosetting of blur, aminimum track length of
10, and an autosetting for the minimum expected particle size.

To identify the colocalization of NV, exosomes, and cells
with doxorubicin, 50 μL of each sample (20 μg/mL of total
protein) was labeledwith DiO (1 μM, Invitrogen) fluorescent dye
and incubated overnight on a cover glass at 4 �C. Coated
samples were analyzed using an Olympus IX81 microscope.

In Vitro Cytotoxicity of Cells. All experiments were conducted in
10% FBS-containing medium. HUVECs (3 � 104 cells) were
plated onto a gelatin-coated cover glass and incubated for 16 h
in the presence or absence of TNF-R (10 ng/mL, R&D systems).
Chemotherapeutics-loaded NV or other appropriate samples
were added for 20 min and then exchanged for fresh media.
After 24 h, cells were washed once with PBS and incubated with
5 μM 5-chloromethylfluorescein diacetate (CMFDA, Molecular
Probes) in serum-free M199 medium for 1 h. After washing with
PBS, cells were fixed with 4% paraformaldehyde for 10 min and
observed with an Olympus IX81 microscope, and live cells were
counted. For treatment with neutralizing antibodies, TNF-R-treated

A
RTIC

LE



JANG ET AL. VOL. 7 ’ NO. 9 ’ 7698–7710 ’ 2013

www.acsnano.org

7708

HUVECs were incubated with a cocktail of anti-ICAM-1 (10 μg/mL),
anti-VCAM-1 (30 μg/mL), and anti-E-selectin (50 μg/mL) antibodies
or normal mouse IgG (90 μg/mL) for 30 min and then incubated
with U937NVDox (5 μg/mL of total protein) for 20 min. All antibodies
were purchased from R&D Systems.

Syngeneic CT26 Tumor Model and in Vivo Antitumor Effects. Male
BALB/c mice (5�6 weeks old) were engrafted subcutaneously
with 1 � 106 CT26 mouse colon adenocarcinoma cells in the
right flank. Tumor volume (mm3) was calculated as (width)2 �
(length)� 0.5, as described previously.54 At day 5, themicewere
randomly divided into several groups according to the experi-
mental protocol. Each subject was injected intravenously every
other day. At the end of the experiment (day 22 or 23), blood
was harvested by heart puncture, and the white blood cells
(WBCs) in the blood were counted after red blood cell lysis by
treatment with 1% HCl for 10 min at room temperature. The
tumor tissue was excised and weighed. Serum was obtained at
the end of the experiment (day 23), and the hepatic injury
markers were analyzed using the chemistry analyzer BS-290
(Mindray). As a positive control, the hepatic injury was observed
after 24 h intravenous administration of CCl4 (40% in corn oil).40

In Vivo Targeting in the CT26 Syngeneic Tumor Model. Raw264.7NV
were incubated with Cy7 monoNHS ester (5 μM, Amersham
Biosciences) for 2 h at 37 �C. Cy7-labeled samples were isolated
using the two-step OptiPrep density gradient ultracentrifugation
method.Cy7-labeled Raw264.7NV (50μgof total protein) were injected
intravenously to CT26 tumor-bearing mice. After 12 h, Cy7 fluores-
cence in the whole body of themice was acquired by IVIS spectrum
(Caliper Life Sciences). Mice were sacrificed, and Cy7 fluorescence
was quantified in tissues including the tumor, liver, heart, kidney,
spleen, lung, and small intestine. Radiant efficiency was measured
using Living Image 3.1 software and normalized by tissue weight.

To analyze the doxorubicin distribution in the mice, Raw264.7-

NVDox (100 μg of total protein), Raw264.7NVDox (T) (100 μg of total
protein), free doxorubicin (30 μg), and PBS were injected
intravenously into CT26-tumor-bearing mice. After 12 h, the
mice were sacrificed, and tissues were embedded in paraffin
and analyzed by immunohistochemistry.

Histological Analysis and Immunohistochemistry. Excised tissues
were fixed in 4% paraformaldehyde at 4 �C overnight, dehy-
drated with ethanol, and then embedded in paraffin. Tissues
were sectioned with a thickness of 4 μm, deparaffinized with
xylene, hydrated with ethanol and water, and stained with
hematoxylin and eosin (H&E) or terminal deoxyribonucleotidyl
transferase (TdT)-mediated biotin-16-dUTP nick-end labeling
(TUNEL). Imageswere acquiredusinganOlympusBX51microscope.

For immunohistochemistry, deparaffinized tissues were
blocked with 5% horse serum/0.02% Triton X-100 in TBS for 2 h
and incubated overnight at 4 �C with anti-CD31 (Santa Cruz
Biotechnology), anti-phosphohistone 3 (Upstate Biotechnology),
anti-ICAM-1 antibodies (R&D Systems). After treatment with Alexa
Fluor-conjugatedsecondaryantibodies for2hat roomtemperature,
cells were counterstained with Hoechst for 10 min. Images were
acquired using an Olympus FV1000 microscope. For evaluation of
the CD31-positive area on tumor tissue, 10 images were randomly
obtained from five independent tumor sections. The CD31-positive
area was quantified using ImageJ software (http://rsb.info.nih.gov/
ij/). For phosphohistone-3-positive cells, 10 areas were randomly
imaged, and live cells were counted using MetaMorph software.

Statistical Analysis. Statistical analysis was performed using
GraphPad Prism software (GraphPad Software). In vitro and
in vivo data are shown as the mean ( SD and mean ( SEM,
respectively. P-values were calculated using the unpaired two-
tailed Student's t test. Tumor volume measurement experi-
ments were analyzed using the paired two-tailed Student's
t test. P < 0.05 was considered to be significant.
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