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ABSTRACT: Natural membrane vesicles (MVs) derived
from various types of cells play an essential role in transporting
biological materials between cells. Here, we show that
exogenous compounds are packaged in the MVs by engineer-
ing the parental cells via liposomes, and the MVs mediate
autonomous intercellular migration of the compounds through
multiple cancer cell layers. Hydrophobic compounds delivered
selectively to the plasma membrane of cancer cells using
synthetic membrane fusogenic liposomes were efficiently
incorporated into the membrane of MVs secreted from the
cells and then transferred to neighboring cells via the MVs.
This liposome-mediated MV engineering strategy allowed
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hydrophobic photosensitizers to significantly penetrate both spheroids and in vivo tumors, thereby enhancing the therapeutic
efficacy. These results suggest that innate biological transport systems can be in situ engineered via synthetic liposomes to guide
the penetration of chemotherapeutics across challenging tissue barriers in solid tumors.
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he major obstacle in increasing the efficacy of anticancer
treatments lies in poor tumor penetration of therapeutic
agents."”” In solid tumors, high interstitial fluid pressure and
dysfunctional lymphatic system impede delivery of therapeutic
molecules into the deep parenchyma.’ Nanoparticle formula-
tions, including clinically approved PEGylated liposomal
doxorubicin (Doxil) and albumin-bound paclitaxel (Abraxane),
can alter the pharmacokinetics of drugs and take advantage of
the enhanced permeability of tumor vessels, thereby improving
tumor accumulation.*® Physiochemical properties, includin
size,%” surface charge,8 and attachment of targeting ligands9’1
have been optimized for enhanced tumor penetration
efficiency. However, a substantial quantity of therapeutic
compounds delivered systemically through the currently
available nanocarriers remains predominantly in the perivas-
cular region, reducing the overall therapeutic effect.
Membrane vesicles (MVs, 50—1000 nm in diameter),
including exosomes and microvesicles, are endogenous particles
secreted from many different cell types.'""'> MVs participate in
intercellular communications by delivering biological cargo to
target cells.'”*”" They also play a crucial role in the
development of cancer in that tumor-derived MVs mediate
cancer progression and metastasis by transferring biological
materials to local tumor-associated cells and remote tissues
vulnerable to metastasis.'*"'® Recently, researchers prompted
to isolate MVs from parental cells and further engineer them
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for therapeutic applications to leverage their endogenous origin
and ability to package biological cargo.’*>* However, the
isolation and engineering procedures could be laborious and
lead to damage of MVs. In contrary to such previous works
wherein the isolated MVs were used as drug carriers, the MVs
produced in the tumor microenvironment may be harnessed
and reconfigured in situ to our own design to carry exogenous
therapeutic compounds through multiple cell layers by taking
advantage of innate intercellular migration mechanisms. Herein,
we report that exogenous compounds can be efficiently
packaged into MVs by engineering the parental cells using
synthetic membrane fusogenic liposomes (MFLs) loaded with
the compounds, and the MVs secreted from the engineered
cells can autonomously migrate to surrounding cells, thereby
enabling intercellular translocation of the compounds through
multiple cell layers (Figure la). We also evaluated the
therapeutic potential of MV-mediated tissue penetration of
hydrophobic compounds in both spheroid and in vivo tumor
models.

MVs include portions of the membrane and cytosol of
parental cells. Thus, we first tested whether synthetic liposomes
engineered to fuse with the plasma membrane could be used to
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Figure 1. Incorporation of hydrophilic and hydrophobic compounds into membrane vesicles by engineering the parental cells via synthetic
liposomes. (a) Schematic showing that membrane vesicles (MVs) including exosomes and microvesicles mediate delivery of hydrophilic and
hydrophobic cargo to adjacent cells; (1) Membrane delivery of cargo by MFLs, (2) Secretion of cargo-loaded MVs from the cells and (3) MV-
mediated delivery of cargo to adjacent cells. MVB denotes a multivesicular body. (b) Confocal microscopic images of HeLa and CT26 cancer cells
treated with various synthetic nanoparticles coloaded with hydrophilic dye calcein (green) and hydrophobic dye Dil (red) for 30 min. Nuclei were
stained with Hoechst (blue). (c and d) Fluorescence intensities of Dil (c) and calcein (d) in equal quantities of MVs secreted from cells treated with
synthetic nanoparticles coloaded with Dil and calcein (MFL and NFL) or with Dil alone (PNP). MFL, NFL, and PNP denote membrane fusogenic
liposomes, nonfusogenic liposomes, and poly(lactic-co-glycolic acid) nanoparticles, respectively. Scale bar indicates S ym. Data represent averages =

SD (n = 3=S, ***P < 0.001 by ANOVA).

package hydrophobic compounds into the membrane and
hydrophilic compounds into the core of MVs (Figure 1a).
Liposomal formulations with membrane fusogenic capabilities
were prepared by varying lipid compositions and base lipids™
(Supplementary Figures S1 and S2). Membrane fusogenicity
was compared based on the degree to which the liposomal
membrane merged with the plasma membrane. The L2
formulation was selected for all subsequent experiments, as
they exhibited the highest membrane fusogenicity (Supple-
mentary Figure S1b), and in turn, the most effective
translocation of the hydrophobic/lipophilic dye 1,1’-dioctadec-
y1-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil)
from the liposomal membrane to the plasma membrane
(Supplementary Figures Slc and S2b).

Next, we examined intracellular delivery of cargo to cancer
cells using synthetic nanoparticles. Conventional cationic
liposomes (referred to here as nonfusogenic liposomes,
NFLs) and poly(lactic-co-glycolic acid) nanoparticles (PNPs),
which both carry payload into the cells via endocytosis, were
prepared alongside MFLs for comparison (Table 1). As
expected, NFLs fused less effectively with the plasma
membrane of cancer cells than did MFLs (Supplementary
Figure S3). Cancer cells were treated with synthetic nano-
particles coloaded with hydrophobic Dil and hydrophilic
calcein (for MFLs and NFLs) or loaded with the Dil alone
(for PNP) for 30 min. As a result, MFLs delivered the Dil to
the plasma membrane and calcein into the cytoplasm. In
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Table 1. Lipid Compositions and Physical Properties of
Synthetic Nanoparticles Used in This Study

lipid composition (molar

ratio)
surface
hydrodynamic charge®
nanoparticle® DMPC PEG—PE DOTAP size” (nm) (mV)
MFL 76.15 3.85 20 122.7 15.6
NFL 80 0 20 127.2 53.0
P-NFL 96.15 3.85 0 119.0 =54
PNP 99.5 —42.6

“MFL, NFL, P-NFL, and PNP denote membrane fusogenic liposomes,
nonfusogenic liposomes, PEGylated nonfusogenic ligosomes, and
poly(lactic-co-glycolic acid) nanoparticles, respectively. “Mean hydro-
dynamic sizes of the nanoparticles based on dynamic light scattering
measurements (n = 3). “Mean surface charges of the nanoparticles
based on zeta-potential measurements (n = 3).

contrast, NFLs and PNPs transferred both Dil and calcein into
the endosome/lysosomes (Figure 1b and Supplementary
Figures S3 and S4a). These results demonstrate that MFLs
enable codelivery of hydrophobic and hydrophilic compounds
into the cellular membrane and cytosol, respectively, largely
bypassing the endosome/lysosome pathway.

We subsequently assessed whether cargo delivered into the
subcellular regions of cancer cells via synthetic nanoparticles
could be translocated into MVs. Two days after nanoparticle
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Figure 2. Intercellular migration of hydrophilic and hydrophobic compounds mediated by membrane vesicles. (a—c) Confocal microscopic images
and fluorescence quantification of HeLa cells in the transwell filter (a), in the first lower chamber (b), and in the second lower chamber (c) after
treatments with double cargo-loaded liposomes in the transwell filter. Dil (red) and calcein (green) fluorescence intensity in each chamber after NFL
treatments were normalized to those in each chamber after MFL treatments. Nuclei were stained with Hoechst (blue). (d and e) Confocal and bright
field microscopic images of HeLa spheroids treated with double cargo-loaded nanoparticles (d) or treated with double cargo-loaded nanoparticles
followed by inhibitors (e). The spheroids were treated with MFLs or NFLs coloaded with Dil and calcein, or with PNPs loaded with Dil alone for 30
min and then washed (0 h). For (e), the nanoparticle-treated spheroids were further treated with agents to inhibit production of MVs (BAPTA-AM
or BFA). (f) Quantification of Dil migration in (d) and (e) to assess spheroid penetration of Dil delivered to the spheroid periphery by synthetic
nanoparticles. In each image, the mean distance that Dil migrated toward the center was measured based on Dil fluorescence. (g) Growth of
spheroids treated with synthetic nanoparticles or with synthetic nanoparticles followed by inhibitors. Scale bars indicate 5 ym in (a—c) and 200 ym
in (d—e). Data represent averages = SD [n = 4 in (a—c) *P < 0.05 using the nonparametric Mann—Whitney U test; n = S in (f), n = 10 in (g), ***P
< 0.001 by ANOVA].

treatment, MVs secreted from the cells were purified from the Figure SS). Notably, the hydrophobic compounds transferred
culture supernatant using an established ultracentrifugation to the plasma membrane via MFLs were minimally associated
protocol for exosome isolation.”® MFL treatment produced with the lysosomal pathway, incorporated into the Golgi
MVs loaded with higher quantities of both hydrophilic and membrane, which participates in exosome biogenesis,”> and
hydrophobic agents, when compared with NFL and PNP finally packaged into the membrane of MVs (Supplementary
treatments (Figure 1c and d). Other liposomal formulations, Figure S4). Interestingly, endothelial cells and macrophages
such as PEGylated nonfusogenic liposomes (P-NFLs, L4 showed ineflicient packaging of the hydrophobic compounds
formulation in Supplementary Figure S1) that are the muost into their MVs due to poor cellular uptake (endothelial cells)
common liposomal formulation for tumor-specific drug and membrane fusion (macrophages) of MFLs (Supplementary
delivery,** exhibited inefficient cargo incorporation into the Figure S$6), suggesting that the MFL-based intracellular
MVs due to their poor membrane fusion (Supplementary packaging favor the cancer cells. Nanoparticle treatment did
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Figure 3. Membrane vesicle-mediated delivery of hydrophobic photosensitizers for in vitro photodynamic therapy. (a) Confocal microscopic images
of cancer cells treated with liposomes loaded with the hydrophobic photosensitizer ZnPc (red). Nuclei were stained with Hoechst (blue). The scale
bar indicates S ym. (b) ZnPc fluorescence intensity from equal amounts of MVs produced from cells over a 48-h period after 30 min treatments with
ZnPc-loaded liposomes. (c and d) Photodynamic therapy of HeLa cells in the transwell filter (c) and the lower chamber (d) of a transwell after
treatment with ZnPc-loaded liposomes. Cell viability was analyzed by MTT assay. (e) Confocal microscopic images of HeLa tumor spheroids treated
with ZnPc-loaded liposomes. The spheroids were treated with ZnPc-loaded liposomes for 30 min, washed (0 h), and further incubated for 48 h. (f—
h) Photodynamic therapy of HeLa spheroids treated with ZnPc-loaded liposomes. Bright field microscopic images (f), preservation (g), and cell
viability (h) of the ZnPc-treated spheroids over a 48 h period of time after laser irradiations. Scale bars in (e) and (f) indicate 200 ym. Data represent
averages & SD [n =3—5in (b), n = 6—12 in (c and d), n = 6—9 in (h), ***P < 0.001 by ANOVA; n = 6—22 in (g) **P < 0.01 by chi-square test].

not influence amount and physiochemical properties of MVs
secreted (Supplementary Figure S7), indicating no cytotoxicity
induced by the nanoparticles.

After establishing intracellular loading of exogenous com-
pounds in the MVs, we examined MV-mediated intercellular
migration of compounds in both HeLa and CT26 cancer cells
using transwell systems (Figure 2a—c and Supplementary
Figure S8a—c). Cancer cells in the first transwell filter, treated
with synthetic liposomes coloaded with calcein and Dil for 30
min, were coincubated with fresh cells in the first lower
chamber for 48 h in order to observe cargo translocation. Cells
in the first lower chamber were then replated onto another
transwell filter without additional treatment and coincubated
with fresh cells in the lower chamber of the second transwell
system for 48 h. At 48 h post-treatment, the amount of calcein
remaining in the cells in the transwell filter was significantly
higher with the MFL treatment than with the NFL treatment,
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while that of Dil was similar to both treatments. In both lower
chambers, significantly higher quantities of Dil were trans-
located from the MFL-treated cells of the filter compared with
the NFL-treated cells. Higher quantities of calcein were also
observed in the first lower chamber cells of the MFL-treated
transwell. To further confirm that MVs mediated intercellular
migration of compounds, MVs were removed from the
supernatant collected from liposome-treated cells, and fresh
cells were treated with the MV-depleted supernatant. Neither
Dil nor calcein was observed in the treated cells (Supple-
mentary Figure S9), indicating that the intercellular trans-
location of compounds was mediated by cell-derived MVs.
These results indicate that hydrophobic compounds delivered
to the plasma membrane can be secreted from the cells by
effective incorporation into MV membranes and subsequently
transferred to adjacent cells. In contrast, the quantity of
hydrophilic compounds being transferred to neighboring cells
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Figure 4. Liposome-mediated engineering of MVs in the tumor microenvironment for tumor penetration of hydrophobic compounds and its
application for in vivo photodynamic therapy. (a) Fluorescence images of CT26 tumor sections 48 h after intravenous injection of Dil(red)-loaded
nanoparticles. Nuclei were stained with Hoechst (blue) and vessels with CD31 (green). Scale bar indicates S00 ym. * indicates an avascular region.
(b) Quantitative analysis of time-dependent migration of Dil in the tumor tissues after intravenous injection of Dil-loaded liposomes. (c)
Quantification of the ZnPc amount accumulated in the tumor 48 h after intravenous injection of ZnPc-loaded liposomes. (d) Tumor growth
inhibition by photodynamic therapy with MV-mediated penetration of ZnPc in CT26 tumors. No significant difference was observed in the starting
tumor volumes among groups (average volume of starting tumors: ~45 mm?). Solid and hollow arrowheads indicate liposome injection and laser
irradiation, respectively. (e) Histological observation of apoptotic cells in the tumors using TUNEL staining. Arrows indicate the direction of laser
irradiation used for photodynamic therapy. Scale bar indicates 200 ym. Data represent averages + SD [n = 3—S in (b), n = 6—10 in (d), ***P <

0.001 by ANOVA].

diminished with each transfer, possibly due to degradation via
the endosome/lysosome pathway.

Next, we chose a multicellular tumor spheroid model to
study MV-mediated penetration of compounds through
multiple cell layers, because this model mimics the three-
dimensional cell masses populated amid blood vessels in vivo.>®
HeLa or CT26 tumor spheroids were treated with liposomes
coloaded with Dil and calcein or with PNP loaded with Dil
alone for 30 min, and further incubated for 48 h. Substantial
migration of Dil from the periphery into the center was
observed in the MFL-treated spheroids when compared with
the NFL- and PNP-treated spheroids (Figure 2d—f and
Supplementary Figure S8d—f). In contrast, calcein was
primarily immobilized in the outer cell layers of both MFL-
and NFL-treated spheroids, although it was retained longer in
the cells of MFL-treated spheroids. If the MFLs themselves or
MVs secreted from the peripheral cells had penetrated to the
core of the spheroid, the calcein should also have been
observed in the center. However, only the Dil could be
observed, leading us to believe that the hydrophobic
compounds delivered by MFLs penetrate the spheroid by
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successive rounds of cellular uptake and subsequent MV
production, rather than spheroid penetration of MFLs or a
single round of MV production and their subsequent diftusion.
The intercellular migration of Dil in the MFL-treated spheroids
was significantly reduced either in the presence of inhibitors of
MV secretion (BAPTA-AM?*’ or brefeldin A*®) or by blocking
the expression of Rab GTPases that regulate exosome
secretion® or ADP-ribosylation factor 6 (ARF6) that regulates
microvesicle secretion® (Figure 2e—f, Supplementary Figure
S8e—f and S10a—b). Furthermore, marked penetration of Dil
was also observed in the spheroid treated with Dil-loaded MVs
(produced from the cells treated with Dil-loaded MFLs)
(Supplementary Figure S11). Collectively, the results from the
spheroid experiments in conjunction with the transwell studies
support the notion that MVs play a key role in intercellular
migration of exogenous hydrophobic compounds through
multiple cell layers. None of the treatments significantly
influenced the spheroid growth (Figure 2g, Supplementary
Figure S8¢g and S10c).

Since substantial intercellular migration of hydrophobic
compounds delivered to the plasma membrane was observed

DOI: 10.1021/n15047494
Nano Lett. 2015, 15, 2938—2944


http://dx.doi.org/10.1021/nl5047494

Nano Letters

in both cells and spheroids, we next assessed the therapeutic
potential of MV-mediated delivery of a hydrophobic photo-
sensitizer for photodynamic therapy (PDT). Cancer cells were
treated with liposomes loaded with the hydrophobic photo-
sensitizer zinc phthalocyanine (ZnPc) for 30 min, and MVs
were isolated from the treated cells over a 48 h period. Intrinsic
fluorescence of ZnPc delivered via MFLs was localized
primarily in the plasma membrane, while that delivered via
NFLs was localized presumably in endosomes (Figure 3a). As
expected, MFL treatment produced MVs loaded with
significantly higher quantities of ZnPc molecules compared
with the NFL treatment (Figure 3b). In the transwell
experiments, cells in the transwell filter treated with ZnPc-
loaded liposomes for 30 min were coincubated with fresh cells
plated on the lower chamber for 48 h. The cells in the filter and
lower chamber were then irradiated separately using a 660 nm
laser, and the cell viability was examined using MTT assay.
Cells in the filter exhibited similar phototoxicity regardless of
the liposome types treated, while cells in the lower chamber
displayed significantly higher phototoxicity with the MFL
+Laser treatment (Figure 3c—d and Supplementary Figure
S12a—b). Thus, we can deduce that MVs produced from MFL-
treated cells delivered higher quantities of ZnPc molecules to
adjacent cells than did those from NFL-treated cells.
Subsequently, tumor spheroids were treated with ZnPc-loaded
liposomes for 30 min and incubated for 48 h. Substantial
penetration of ZnPc was observed in the MFL-treated
spheroids compared with the NFL-treated spheroids (Figure
3e). For PDT, liposome-treated spheroids were irradiated using
a 660 nm laser, and examined for phototoxicity. In HelLa
spheroids, the MFL+Laser treatment caused significant
disintegration of the spheroids compared with the NFL
+Laser treatment (Figure 3f—g). In CT26 spheroids, the
spheroid size was significantly reduced by the MFL+Laser
treatment, but remained unchanged by the NFL+Laser
treatment (Supplementary Figure S12c—d). At 48 h (HeLa)
or 72 h (CT26) postirradiation, spheroids were trypsinized to
dissociate into individual cells, and the cell viability was
examined. In both spheroids, the MFL+Laser treatment
induced significantly higher phototoxicity compared with the
NFL+Laser treatment (Figure 3h and Supplementary Figure
S12e). Moreover, cell death was observed throughout the entire
spheroid after MFL+Laser treatment, but not after NFL+Laser
treatment (Supplementary Figure S13). Collectively, these
observations suggest that hydrophobic photosensitizers deliv-
ered to the plasma membrane of the outermost cell layer spread
throughout the entire spheroid over a 48-h period via
intercellular migration of MVs, resulting in significant
therapeutic effects under irradiation.

Having verified the MV-mediated intercellular migration of
hydrophobic compounds in transwell and spheroid systems, we
last examined its feasibility in tumors in vivo. To examine
tumor-penetrating delivery of hydrophobic compounds, Dil-
loaded nanoparticles were intravenously injected into mice
bearing CT26 tumors. At 24 or 48 h postinjection, the tumor
sections were imaged to observe time-dependent tumor
distribution of Dil. Histological analysis revealed that the Dil
delivered to the perivascular regions via MFLs migrated
dramatically toward the avascular region over time (Figure 4a
and b). Importantly, Dil fluorescence was detected throughout
the entire tumor at 48 h postinjection. In contrast, Dil delivered
via NFLs and PNPs accumulated predominantly near the blood
vessels where they remained throughout a 48 h period. No
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significant difference was observed among the vessel densities
in the tumors treated with various nanoparticles (Supporting
Information, Figure S14). A similar pattern of tumor
distribution of Dil was seen in MDA-MB-231 human breast
tumors 48 h postinjection. (Supplementary Figure S15). When
MFLs coloaded with calcein and Dil were intravenously
injected, the distribution of calcein and Dil in the tumor tissue
at 48 h after injection differed. Hydrophilic calcein remained at
the focal region, considered as the vessel area, but Dil diffused
through the broad tumor tissue as they did in the spheroid
model, implying that tumor-penetrating delivery of hydro-
phobic compounds is not mediated by the liposome itself, but
presumably mediated by MVs (Supporting Information, Figure
S16). The MFLs retained their size in the physiological
condition over an incubation period of 48 h without significant
leakage of the loaded Dil, deducing its solid stability during
circulation (Supplementary Figure S17).

For evaluation of PDT in vivo, CT26 tumors with an average
volume of about 45 mm® were irradiated with a single dose of a
660 nm laser 2 days after intravenous injection of ZnPc-loaded
liposomes, and their volumes were measured over 2 weeks. The
amount of ZnPc delivered to the tumor via MFLs was slightly
higher than that via NFLs (Figure 4c). The MFL treatment
induced a significant reduction in tumor growth after irradiation
compared with untreated, irradiated, and NFL-treated tumors
(Figure 4d). The NFL-treated tumors displayed a slight delay
of tumor growth the first few days postirradiation, but they
subsequently began growing at a rate similar to the untreated
tumors. TUNEL analysis using histological samples revealed
that MFL+Laser treatment induced significant apoptosis in the
irradiated region of tumor tissues compared with NFL+Laser
treatment (Figure 4e). The MFL treatment also exhibited
superior phototherapeutic effects compared with the P-NFL
treatment, although the P-NFLs were likely to deliver ~2-fold
greater quantity of photosensitizers to the tumor region
(Supplementary Figure S18). For all of the treatments
evaluated in this work, no significant loss in body mass was
observed.

This work demonstrated that MVs, a natural transport
system, can be in situ engineered via synthetic liposomes to
mediate intercellular migration of exogenous hydrophobic
compounds through multiple cell layers both in vitro and in
vivo. This MV-mediated delivery approach would significantly
improve the therapeutic eﬂicac?r of hydrophobic compounds in
poorly vascularized tumors.>*** This work provides new
insights to overcome the challenges associated with the delivery
and penetration of chemotherapeutics across cell and tissue
barriers.
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