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Development of exosome-based delivery systems is still facing some formidable challenges, including the
lack of standardized isolation and purification methods, non-large-scale production and low drug-loading
efficiency. Inspired by biomimetic technologies, we turned to the design of artificial chimeric exosomes
(ACEs) constructed by integrating cell membrane proteins from multiple cell types into synthetic
phospholipid bilayers. For benchmarking, hybrid membrane proteins derived from red blood cells (RBCs)
and MCF-7 cancer cells were selected as models. The resulting ACEs were engineered much like
“Emperor Qin's Terra-Cotta Warriors”, simultaneously equipped with armor (anti-phagocytosis capability

from RBCs) and dagger-axes (homologous targeting ability from cancer cells). ACEs demonstrated
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Accepted 23rd November 2018 higher tumor accumulation, lower interception and better antitumor therapeutic effect than plain
liposomes in vivo, alongside large-scale standardized preparation, stable structure, high drug-loading

DOI: 10.1035/cBsc03224¢ capacity and custom-tailored functionality, highlighting the suitability of ACEs as promising alternatives

rsc.li/chemical-science of exosomes in clinical applications.

1. Introduction

Exosomes are nanosized and membrane-enclosed extracellular
vesicles derived from most cells, which are found in blood,
saliva and other biological fluids." They carry diverse biomol-
ecules, including proteins, mRNAs, miRNAs, DNA and lipid
molecules, carrying information related to their source cells.*”
Generally, exosomes are regarded as important mediators of
intercellular communication and thus play critical roles in
regulating many physiological and pathological processes,
including immune responses, inflammation, infection and
tumor growth.*™*

Furthermore, as natural vesicles, exosomes hold great
promise to become ideal delivery systems for biomedical
application.”” Up to now, several exosome-based vehicles
derived from stem cells,**** dendritic cells***” and cancer
cells have emerged for delivery of therapeutic nucleic
acids,? proteins® and drugs.>**® Self-derived exosomes provide
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multiple advantages over traditional synthetic delivery vehi-
cles,?”*® such as limited immunogenicity, intrinsic cell targeting
properties, enhanced stability in circulation and innate
biocompatibility.*® In particular, the presence of CD47 on exo-
somes plays a key role in evading phagocytosis and increasing
accumulation in tumor tissue.** CD47 is a transmembrane
protein overexpressed on the surface of red blood cells (RBCs),
which is capable of interacting with its receptor signal regula-
tory protein alpha (SIRPa) present on macrophages.*® The
binding interaction between CD47 and SIRPa initiates the
“don't eat me” signal to protect RBCs or exosomes from clear-
ance.****?* Additionally, exosome-based vesicles, or membrane-
derived vesicles, demonstrated a homologous targeting ability
as a result of inheriting homologous surface adhesion proteins
from their source cells.**?° Despite these advantages, some
challenges still need to be overcome before exosome-based
vesicles can be used for broad applications. First, it is difficult
to achieve standardized isolation and purification at a suitable
clinical grade.*”** Another challenge is the lack of approaches
for efficient loading of drugs or genes into exosomes.**™**

In consideration of these challenges, the design and fabri-
cation of artificial exosome-mimetic nanovesicles would be of
great interest.* However, studies on artificial exosomes are still
very rare. Herein, to address the aforementioned limitations of
exosomes, we designed artificial chimeric exosomes (ACEs)
using a combined bottom-up and top-down approach
(Scheme 1).***” It is well known that exosomes have a phos-
pholipid bilayer structure similar to that of nanoliposomes. Due
to the special nature (hydrophobicity) in the transmembrane
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Scheme 1 Schematic illustration of the design of biomimetic ACEs for
anti-phagocytosis and targeted cancer therapy. ACEs were con-
structed by integrating cell membrane proteins from multiple cell
types into synthetic phospholipid bilayers.

domain of cell membrane proteins, we hypothesize cell
membrane proteins would be embedded into phospholipid
bilayers during the nanoliposomes assemble. Along this line,
we constructed nanometer scale ACEs by integrating cell
membrane proteins from multiple cell types into synthetic
phospholipid bilayers. In this case, hybrid membrane proteins
derived from RBCs and MCF-7 cancer cells were selected as
models. Membrane proteins from RBCs contain high CD47
levels, which are capable of inhibiting phagocytosis, while those
from MCF-7 cancer cells contain specific adhesion proteins,
which can adhere to homologous cancer cells. Meanwhile, the
FDA-approved fluorescent dye indocyanine green (ICG) and
doxorubicin (DOX) were loaded into ACEs as a traceable fluo-
rescent probe and a model drug, respectively.**** The resulting
ACEs were engineered like “Emperor Qin's Terra-Cotta
Warriors”, the Terra-Cotta Army said to protect the tomb of
China’'s first emperor, which is an apt metaphorical reference.
The ACEs were simultaneously equipped with armor (anti-
phagocytosis capability from RBCs) and dagger-axes (homolo-
gous targeting ability from cancer cells). Importantly, such
ACEs can be easily custom-tailored and produced on a large-
scale with standardized preparation, stable structure and high
drug-loading capacity, making them promising as the alterna-
tive of exosomes in clinical medicine.

2. Results and discussion

2.1. Preparation and characterization of ACEs

As a proof of concept, biomimetic ACEs were developed by
integrating hybrid RBCs and MCF-7 cell membrane proteins
into synthetic phospholipid bilayers. To better demonstrate the
advantage of hybrid functionalities of ACEs, we fabricated
artificial RBC exosomes (AREs) and artificial MCF-7 cell exo-
somes (AMEs) by integrating single-membrane protein formu-
lations and liposomes without any membrane proteins. As
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observed by transmission electron microscopy (TEM) and
dynamic light scattering (DLS), ACEs were obtained with
spherical morphology and homogeneous size (~100 nm)
similar to exosomes (40-150 nm) (Fig. 1a and b). The
morphology and size of liposomes, AREs and AMEs were
consistent with ACEs (Fig. S1-S37). In Fig. 1c, the zeta potentials
of AREs, AMEs and ACEs were uniform (~—17 mV) and more
positive than that of liposomes (~—24 mV), possibly a result of
the shielding effect of membrane proteins towards the negative
charge of the phosphate groups. Topographical analysis by
atomic force microscopy (AFM) validated the size of vesicles as
measured with DLS and TEM. Also, the AFM images presented
increased surface roughness of ACEs compared with liposomes,
suggesting the presence of hinged structures in their bilayers
(Fig. 1d and e).

Incorporation of the hybrid membrane proteins within the
bilayers of ACEs was then examined by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting. Compared with AMEs and AREs, ACEs had a profile
that represented the union of two single-cell protein formula-
tions. As expected, AMEs and AREs had protein profiles that
largely mirrored the corresponding source cell proteins (Fig. 1f).
To analyze specific protein markers, Western blotting analysis
was carried out (Fig. 1g). CD47,*" a marker of self on RBCs, was
present on RBCs, AREs and ACEs, and also, to a lesser degree,
on AMEs and MCF-7 cells. EpCAM, Galectin 3 and N Cadherin
are important cellular adhesion molecules®**~** on MCF-7 cells,
and all were present on MCF-7 cells, ACEs and AMEs, but not on
RBCs and AREs. ACEs simultaneously present both RBC-
specific and MCF-7 cells-specific markers. Furthermore, the
simultaneous presence of RBCs membrane proteins and MCF-7
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Fig. 1 Physicochemical characterization and membrane protein
composition analysis of ACEs. (a) TEM images of ACEs, negatively
stained with 3% phosphotungstic acid. (b) Hydrodynamic diameter and
(c) zeta potential of liposomes, AREs, AMEs and ACEs (means +SD, n =
3). AFM images of (d) liposomes and (e) ACEs reveal the presence of
hinged structures on the surface of ACEs. (f) Protein content visuali-
zation of (1) RBCs, (2) AREs, (3) ACEs, (4) AMEs and (5) MCF-7 cells. (g)
Membrane protein characterization by Western blotting analysis of (1)
RBCs, (2) AREs, (3) ACEs, (4) AMEs and (5) MCF-7 cells. (h) In vitro DOX-
release behaviour at 37 °C (means + SD, n = 3).
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cell membrane proteins on each individual ACE was examined
by high-sensitivity flow cytometer (HSFCM). RBCs membrane
proteins and MCF-7 cell membrane proteins were respectively
labelled with TAMRA-SE dyes and FITC dyes before the prepa-
ration of ACEs. The flow cytometry data showed most of each
individual ACE simultaneously contained RBCs membrane
proteins and MCF-7 cell membrane proteins (over 98%), sug-
gesting that ACEs was not merely a mixture of AREs and AMEs
(Fig. S41). The incorporation efficiency of membrane protein on
AREs, AMEs and ACEs was similar and determined to be about
45% using the BCA assay kit (Table S17). To further demon-
strate that the membrane proteins integrated into the phos-
pholipid bilayers still retained primary biological ability, we
used transferrin receptor (TfR) as a model. ACEs and liposomes
were respectively incubated with transferrin-conjugated gold
nanoparticles (5 nm), followed by TEM imaging (Fig. S57).
Results showed that gold nanoparticles could interact with TfR
on the surface of ACEs, suggesting that they retained bio-
functionality. Ultimately, the assays carried out here indicated
that we had successfully fabricated the biomimetic ACEs that
mimicked the morphological and physiological composition of
exosomes.

Next, we carried out a series of assays to investigate the
ability of ACEs as drug carriers. DOX encapsulation efficiencies
of liposomes, AREs, AMEs and ACEs were respectively 93.6 +
1.2%, 91.2 £ 2.0%, 91.4 + 2.3% and 90.7 + 1.8%, and the ICG
encapsulation efficiencies of liposomes, AREs, AMEs and ACEs
were respectively 90.2 + 0.8%, 83.4 + 1.3%, 84.1 £+ 0.9% and
83.9 + 1.1% (Table S1t). These results demonstrated that the
incorporation of membrane proteins did not have a significant
impact on drug-loading ability. The release profiles of DOX from
all groups were investigated in PBS of pH 7.4 at 37 °C. AREs,
AMEs and ACEs presented similar release profiles in PBS and
a slight delay compared with liposomes (Fig. 1h). Then, we
investigated vesicle stability in PBS (pH 7.4) and 20% FBS
media. DLS analysis revealed that all vesicles were stable
without significant change in vesicle size within 24 hours
(Fig. S6t). These results demonstrated that ACEs could effec-
tively achieve drug loading and drug release.

2.2. Intracellular uptake and cytotoxicity of ACEs

In an effort to investigate homologous targeting ability, the
intracellular uptake of DOX-loaded ACEs in MCF-7 cells (target
cells) and HeLa cells (control cells) was studied (Fig. 2a). In
MCF-7 cancer cells, the fluorescence intensity of cells treated
with ACEs was much stronger than that of the liposome-treated
group, indicating that the hybrid membrane proteins on the
surface of ACEs remarkably increased the cellular uptake of
vesicles (Fig. S71). To confirm the crucial role of MCF-7 cancer
cell membrane proteins in facilitating internalization with
MCF-7 cells, the intracellular uptake of AREs and AMEs in MCF-
7 cancer cells was evaluated. The AMEs-treated group exhibited
fluorescence intensity similar to that of the ACEs-treated group
and obviously enhanced fluorescence intensity compared with
that of the AREs-treated group, suggesting that the enhanced
internalization of ACEs was caused by membrane proteins of
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Fig. 2 Intracellular uptake and cytotoxicity of ACEs. (a) In vitro DOX
fluorescence imaging of ACEs in MCF-7 cells, Hela cells, and
RAW?264.7 cells after 2 h incubation. The nucleus was stained with
Hoechst 33342 (blue). The vesicles were loaded with DOX (red). (b)
Semiquantitative intracellular uptake of ACEs determined by the
averaged DOX fluorescence intensity of each cell (means + SD, n = 5).
In vitro cytotoxicity of different nanovesicles (c) without DOX and (d)
with various concentrations of DOX after 24 h incubation with MCF-7
cells (means + SD, n = 3).

the MCF-7 cells. In HeLa cells, none of the treated groups
showed significant increase of red fluorescence (Fig. S87). These
results further demonstrated that membrane proteins of MCF-7
cells could selectively facilitate the uptake of ACEs by the source
cancer cells. The intracellular uptake of ACEs was then quan-
tified by the fluorescence intensity of DOX (Fig. 2b). In MCF-7
cells, the fluorescence intensity of the ACEs-treated group was
about 3.3-fold higher than the fluorescence intensity of lipo-
somes- or AREs-treated groups after incubation for 2 h. In
contrast, neither ACEs nor AMEs exhibited their advantages to
HeLa cells compared to liposomes and AREs. Collectively, these
results show that ACEs had successfully inherited homologous
targeting ability from cancer cells, which was consistent with
AMEs, and had much better targeting ability to MCF-7 cells than
liposomes and AREs in vitro.

Anti-phagocytosis capability was also investigated via escape
from macrophage RAW264.7 cells (Fig. S9T). Compared with
liposomes and AMEs, ACEs showed lower cellular uptake,
which was similar to that of AREs, possibly owing to the fact that
CD47 from RBCs could suppress the uptake by macrophage
cells in the mononuclear phagocyte system (MPS). These results
proved that ACEs and AREs had successfully inherited anti-
phagocytosis capability from RBCs, leading to more effective
escape from macrophage phagocytosis than either liposomes or
AMEs in vitro.

The biocompatibility and antiproliferative effects of ACEs
were investigated in MCF-7 cells. Without DOX, all vesicles
exhibited negligible cytotoxicity in the detected concentrations,
indicating the good biocompatibility of vesicles (Fig. 2c). After
loading with DOX, all vesicles exhibited dose-dependent
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cytotoxicity and could effectively inhibit the growth of cancer
cells (Fig. 2d). It was notable that the viability of MCF-7 cells in
the ACEs- and AMEs-treated groups was lower than that in the
liposomes- and AREs-treated groups when DOX concentration
exceeded 0.1 pg mL ™, which could have resulted from higher
cellular uptake by MCF-7 cells.

2.3. Invivo biodistribution and pharmacokinetics of ACEs

After confirming ACEs with enhanced cellular uptake by
homologous targeting and reduced macrophage phagocytosis
at the cellular level, the biodistribution and pharmacokinetics
of ACEs in vivo were evaluated. Fluorescent ICG dyes were
loaded into all groups to serve as traceable fluorescent probe for
in vivo fluorescence imaging in MCF-7 tumor-bearing nude
mice. As shown in Fig. 3a, the liposomes-treated group showed
no obvious fluorescence signals in tumor after 8 h. In contrast,
the AREs- and AMEs-treated groups exhibited obvious fluores-
cence signals in tumor after 8 h, indicating that AREs and AMEs
had acquired enhanced tumor accumulation. As expected, the
fluorescence intensity of tumor in the ACEs-treated group was
obviously stronger than that of the other treated groups, indi-
cating that ACEs exhibited higher tumor accumulation. To
further investigate the in vivo biodistribution of all vesicles at
24 h post-injection, the tumor and major organs of mice were
collected, and DOX concentration in different tissues was
examined by HPLC analysis. As shown in Fig. 3b, liposomes
achieved a small amount of tumor accumulation, but a large
amount of that accumulated in liver and kidney. Compared
with liposomes, AREs obtained a 2.1-fold increased tumor
accumulation, a 40% reduced liver accumulation and a 31%
reduced kidney accumulation. On the other hand, AMEs
showed a 2.5-fold increased tumor accumulation, a 15%
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Fig. 3 In vivo biodistribution and pharmacokinetics of ACEs after
intravenous injection. (a) Time-lapse fluorescence imaging of ACEs in
breast tumor-bearing nude mice. (b) Biodistribution of DOX at 24 h
after intravenous administration of ACEs to breast tumor-bearing nude
mice at the dose of 6 mg kg~* (means =+ SD, n = 3). (c) Blood retention
profiles of DOX after intravenous administration of ACEs in mice at the
dose of 6 mg kg~! (means + SD, n = 3).
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reduced liver accumulation, and a 12% reduced kidney accu-
mulation compared with liposomes. Importantly, ACEs finally
obtained a 3.4-fold increased tumor accumulation, a 37%
reduced liver accumulation and a 36% reduced kidney accu-
mulation compared with liposomes. These results proved that
ACEs had achieved high tumor accumulation and low inter-
ception in MCF-7 breast tumor xenograft models, further
demonstrating the advantage of hybrid functionalities in ACEs.

Subsequently, we performed pharmacokinetics studies to
compare the blood retention time among all vesicles. Blood
samples were collected at different intervals after a single
intravenous injection of liposomes, ACEs, AREs and AMEs (DOX
dose of 6 mg kg™ ', n = 3), respectively. Plasma concentrations of
DOX were determined using HPLC. As illustrated in Fig. 3c,
ACEs and AREs displayed similar blood circulation time curves
and significantly enhanced blood retention compared with
liposomes and AMEs. AREs and ACEs at 24 h post-injection,
respectively, exhibited blood retentions of 10.4% and 9.1% ID
g, which were much higher than those of liposomes and
AMESs (2.9% and 3.8% ID g™, respectively). We next calculated
the pharmacokinetic parameters by Drug and Statistics software
(DAS, version 3.2.2) using a two-compartment model to fit. The
pharmacokinetic profile of AREs and ACEs showed significantly
longer elimination half-life (¢,/,5), slower clearance rate (CL),
smaller elimination rate constant (K;,), and higher area under
the curve (AUC) compared with those values of liposomes and
AMEs (Table S27).

2.4. In vivo antitumor efficacy of ACEs

To verify the in vivo therapeutic effect of ACEs as drug delivery
nanovehicles, different DOX-loaded nanovesicles (liposomes,
AREs, AMEs and ACEs) and PBS were intravenously injected
every 3 days for a total of five treatments into MCF-7 tumor
xenograft models with initial tumor volume of 80 mm?. In vivo
therapeutic data showed that tumor growth inhibition was
observed in all drug-treated groups, but that the tumor volume
of mice treated with ACEs increased more slowly than that of
other control groups (Fig. 4a and c). At 18 d after treatment with
AREs and AMEs, the tumor volume increased to ~965 and ~721
mm?, respectively, values smaller than that of the liposomes-
treated group (~1260 mm®). In marked contrast, the smallest
tumor volume was observed in the ACEs-treated group (~307
mm?®), demonstrating that enhanced DOX accumulation in
tumor had substantially improved the antitumor -efficacy
resulting from ACEs targeted delivery. To further confirm the
antitumor effect of all groups, we conducted hematoxylin and
eosin (H&E) staining of tumor tissues at day 18 after treatment.
The results showed that more obvious damage of tumor was
seen in the ACEs-treated group compared with that seen in the
other treated groups, suggesting excellent anticancer efficacy of
ACEs at the animal level (Fig. 4d). Furthermore, the body
weights of mice in all treated groups showed no significant loss
(Fig. 4b), and the H&E stained histological images of heart, liver,
spleen, lung and kidney exhibited no noticeable organ damage
or inflammatory lesion (Fig. S101), suggesting the low toxicity of
all treatments.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Invivo antitumor efficacy of ACEs to tumor-bearing nude mice.
(a) Tumor growth curves of different groups after treatments (means +
SD, n = 5; t-test, *p < 0.05, **p < 0.01). (b) Changes of body weight
with increasing time (means + SD, n = 5). (c) Representative tumor
photos and (d) H&E stained tumor sections from tumor-bearing mice
after treatment with (1) PBS, (2) liposomes, (3) AREs, (4) AMEs and (5)
ACEs (scale bar: 200 pm).

3. Conclusions

In summary, we developed the first example of biomimetic
artificial chimeric exosomes (ACEs) for anti-phagocytosis and
targeted cancer therapy. ACEs were constructed by integrating
cell membrane proteins from multiple cell types into synthetic
phospholipid bilayers, which mimicked the morphological and
physiological composition of exosomes. In this work, ACEs
represented combined anti-phagocytosis capability from RBCs
and homologous targeting ability from cancer cells, resulting in
increased tumor accumulation, decreased interception by MPS
and enhanced antitumor therapeutic effect in an animal model.
Furthermore, to meet the demand of individualized treatment,
this facile and simple construction strategy allows the integra-
tion of multiple functionalities into ACEs as needed. On the
other hand, artificial chimeric exosomes can be easily custom-
ized, providing a controlled system with which to study protein
functions and interactions within cells. Ultimately, with their
large-scale standardized preparation, stable structure, high
drug-loading capacity and custom-tailored functionality, ACEs
will provide a suitable and promising alternative of exosomes in
clinical applications.
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