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Abstract Extended circulation of anticancer nanodrugs in blood stream is essential for their clinical

applications. However, administered nanoparticles are rapidly sequestered and cleared by cells of the

mononuclear phagocyte system (MPS). In this study, we developed a biomimetic nanosystem that is able

to efficiently escape MPS and target tumor tissues. The fabricated nanoparticles (TM-CQ/NPs) were

coated with fibroblast cell membrane expressing tumor necrosis factor (TNF)-related apoptosis inducing

ligand (TRAIL). Coating with this functionalized membrane reduced the endocytosis of nanoparticles by

macrophages, but increased the nanoparticle uptake in tumor cells. Importantly, this membrane coating

specifically induced tumor cell apoptosis via the interaction of TRAIL and its cognate death receptors.

Meanwhile, the encapsulated chloroquine (CQ) further suppressed the uptake of nanoparticles by macro-

phages, and synergized with TRAIL to induce tumor cell apoptosis. The vigorous antitumor efficacy in

two mice tumor models confirmed our nanosystem was an effective approach to address the MPS chal-

lenge for cancer therapy. Together, our TM-CQ/NPs nanosystem provides a feasible approach to precisely

target tumor tissues and improve anticancer efficacy.
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1. Introduction

In the past decade, nanodrugs have shown considerable advances
for cancer therapy1e3. However, despite the successful application
of several nano-formulations, such as Doxil and Abraxane, most
nanodrugs failed for clinical translation due to their insufficient
tumor accumulation, and consequently, compromised anticancer
efficacy4,5. The mononuclear phagocyte system (MPS), formed by
resident macrophages in the liver and spleen, has been demon-
strated to sequester the majority of administered nanoparticles,
leading to impeded delivery of therapeutics to the tumor site and
even systemic toxicity6e8. To evade the fast clearance of nano-
particles by macrophages, multiple strategies have been proposed
to engineer stealth nanoparticles9,10, the most notable being
pegylation by introducing polyethylene glycol (PEG) on nano-
particle surfaces11,12. Nonetheless, pegylation inevitably reduces
tumor cell uptake, combined with potential side effects induced by
over-injection of pegylated nanoparticles13. Therefore, develop-
ment of effective and safe methods to escape the MPS clearance is
critical for the clinical translation of nanodrugs.

Biomimetic nanoparticles based on cell membrane-coating
technique have emerged as a novel platform for drug delivery,
providing new opportunities to address the MPS challenge for
prolonged circulation of injected nanoparticles14e16. Basically,
the coated cell membrane presents CD47 or other complement
regulators to protect the nanoparticles from phagocytosis and
subsequent clearance by the MPS17,18. Further, cell membrane-
coated nanoparticles tend to mimic the properties of the source
cells for acquiring additional functions, such as homologous
targeting19,20. To date, numerous cell membranes have been
investigated for the development of nanotherapeutics to bypass
macrophage uptake and clearance21. For instance, nanoparticles
coated with red blood cell (RBC) membrane displayed extended
systemic circulation in preclinical studies14,22,23. However, these
membranes are only designed to improve the circulation or tar-
geting effect of nanoparticles without direct therapeutic
functions.

Considering the enhanced potential of nanoparticles to accu-
mulate in the tumor tissue by membrane coating, the functional-
ization of cell membrane with the expression of therapeutic
proteins may generate potent anticancer effect. Tumor necrosis
factor (TNF)-related apoptosis inducing ligand (TRAIL) serves as
a promising therapeutic protein, which selectively induces tumor
cell apoptosis by binding to its cognate death receptor DR4 or
DR5 overexpressed on the surface of tumor cells24,25. Neverthe-
less, the clinical application of recombinant TRAIL has been
limited by its short circulation half-life, inefficient tumor accu-
mulation26, and potential hepatotoxicity27,28 induced by the non-
targeted distribution of administered TRAIL in the liver. Our
previous investigation29e32 has demonstrated that TRAIL
expressed by tumor-associated fibroblasts induced apoptosis of
neighboring tumor cells. Importantly, fibroblast membrane-coated
nanoparticles have the potential to target tumor sites with the
presentation of adhesion proteins33,34. Thus, biomimetic nano-
particles coated with TRAIL-expressing fibroblast membrane
could be an ideal candidate for tumor ablation, while simulta-
neously overcoming the delivery obstacles for both uncoated
nanoparticles and TRAIL protein.

Of note, most strategies for overcoming the MPS barrier rely
on the surface modification of nanoparticles to decrease the
interaction with macrophages, with little emphasis placed on
resident macrophage modulation to reduce nanoparticle internal-
ization35,36. Chloroquine (CQ), a clinically approved antimalarial
agent and autophagy inhibitor, has been shown to specifically
reduce nanoparticle uptake in macrophages37,38, providing an
alternative for addressing this barrier. However, the non-specific
distribution and the dose-related side effect restrict its further
application in clinic.

In this study, we find that LX2 (human hepatic stellate cells)
membrane-coated nanoparticles (M-NPs) showed improved blood
circulation compared with non-coated poly lactic-co-glycolic acid
(PLGA) nanoparticles (NPs), while CQ further inhibited the MPS
uptake and significantly improved the accumulation of M-NPs in
tumors. In addition, we stably expressed the tumor specific
apoptotic protein TRAIL on the membrane of LX2 cells, and found
CQ could further improve the apoptotic effect of TRAIL in tumor
cells. Based on these findings, we developed CQ-encapsulated NPs,
which were coated with TRAIL-expressing fibroblast membrane,
named TM-CQ/NPs (see Scheme 1). This nanosystem presented
dramatic antitumor activity in both orthotopic liver and intraperi-
toneal tumor models, indicating the therapeutic potential of our
macrophage-evading and tumor-targeted cancer therapeutic
strategy.
2. Materials and methods
2.1. Materials

Poly (D,L-lactic-co-glycolic acid) (lactide:glycolide 75:25 PLGA,
MW 4000‒15,000 Da), chloroquine (CQ), poly (vinyl alcohol)
(PVA, MW 13,000‒23,000) and Rhodamine B (83689) were
purchased from Sigma‒Aldrich (St. Louis, MO, USA). 1,10-
Dioctadecyltetramethyl indotricarbocyanine iodide (DiR, 125964,
PerkinElmer, Shanghai, China) was bought from PerkinElmer.
2.2. Cell lines and animals

The human hepatic stellate cell line LX2 and human hep-
atocarcinoma cell line Huh7 were kindly provided by Dr. Yanning
Liu (The First Affiliated Hospital, Zhejiang University School of
Medicine, Hangzhou, China). The murine ascites macrophage cell
line RAW264.7 and murine colon carcinoma cell line CT26 were
purchased from American Type Culture Collection (ATCC,
Rockefeller, MA, USA). LX2, Huh7 and RAW264.7 were main-
tained in glucose Dulbecco’s modified Eagle Medium (DMEM,
Gibco, Grand Island, CA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco), 100 units/mL penicillin, and 100
units/mL streptomycin. CT26 cells were cultured in RPMI 1640
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Scheme 1 Schematic of the preparation of TM-CQ/NPs for macrophage-evading and effective cancer therapy. (A) Fabrication of TM-CQ/NPs.

Firstly, CQ/NPs were prepared by single-emulsion. Then, lentivirus vector of TRAIL(Lv-TRAIL-ZSGREEN) was constructed and LX2 cells were

transfected to stably express TRAIL-ZSGREEN. TRAIL-ZSGREEN-expressing LX2 cell membrane was extracted from LX2-TRAIL-ZSGREEN

cells by sonication and super-centrifugation. Finally, TM-CQ/NPs was fabricated by extruding LX2-TRAIL-ZSGREEN cell membrane onto the

CQ/NPs. (B) Circulating nanoparticles encountered the MPS and most of them were sequestrated in Kupffer cells. TM-CQ/NPs showed reduced

Kupffer cell uptakes and enhanced tumor accumulations. CQ not only inhibited the uptake of membrane-coated nanoparticles in Kupffer cell, but

also synergized with TRAIL to induce apoptosis of tumor cells.
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(Gibco) with 10% FBS (Gibco). All the cell lines were cultured at
37 �C in a humidified incubator with an atmosphere of 5% CO2.

All animal experiments were approved by Zhejiang University
Experimental Animal Welfare and Ethics Committee under Insti-
tutional Animal Care and Use Committee guidelines. Female ICR
strain mice, BALB/c mice and BALB/c athymic mice (6�8 weeks
old) were housed and maintained in accordance with the institu-
tional guidelines of the Zhejiang Academy of Medical Science.

2.3. Liver perfusion and isolation of Kupffer cells

The experiment was performed according to the manufacturer’s
protocol. Briefly, BALB/c nude mice or ICR mice were anes-
thetized with a 16G catheter inserted into the portal vein, followed
by the liver perfused with warm D-Hank’s buffer. Once the liver
began to blanch, the inferior vena cava was quickly cut to allow
outflow of blood and relieve pressure in the liver. The solution was
then changed to D-Hank’s buffer with collagenase type IV. The
perfused liver was slowly taken out and placed in ice-cold D-
Hank’s buffer. Solid parts of the liver were discarded after the cell
suspension was filtered through a 100 mm sterile cell strainer. The
filtered cells were centrifuged, the cloudy supernatant (containing
liver non-parenchymal cells) and the precipitation (containing
liver parenchymal cells) were separated. Parenchymal and non-
parenchymal cells were washed three times and resuspended with
MACS buffer (#130-091-376 and #130-091-222, Miltenyi, Ber-
gisch Gladbach, Germany). The non-parenchymal cells were
incubated with anti-F4/80 MicroBeads (#130-110-443, Miltenyi)
and mixed gently. After refrigerated for 10 min at 4 �C, the non-
parenchymal cells were proceeded to magnetic separation with LS
Columns (Miltenyi) according to the manual. The magnetically
labeled Kupffer cells were flushed out of the column, as the col-
umn was moved from the magnetic field of MACS Separator
(Miltenyi). Kupffer cells were seeded to confocal dishes or 12-
well plates and maintained in DMEM supplemented with 10%
FBS.

2.4. Generation and characterization of TRAIL-ZSGREEN
overexpressing cell line

To establish the cell line stably expressing TRAIL-ZSGREEN
fusion protein, LX2 cells were transfected with a lentivirus vector
that expresses TRAIL-ZSGREEN and further screened with G418.
TRAIL expression on the LX2-TRAIL-ZSGREEN cell membrane
was then analyzed by immunoblotting analysis and flow cytometry.

2.5. Preparation of cell membrane nanovesicles

LX2 cells were harvested and washed with cold phosphate buffered
saline (PBS) for three times. Then, the cells were suspended in a hy-
potonic lysing buffer (pH7.4) containing 1 � phenylmethylsulfonyl
fluoride (PMSF, 36978, Thermo Fisher, Waltham, MA, USA) and
phosphatase inhibitor cocktail (78420, Thermo Fisher). Cells were
lysed on a shaker at 4 �C for 4 h. Cell lysate solutionwas centrifuged at
1000�g for 10 min at 4 �C three times and the pellet was discarded.
Then the supernatant solution was centrifuged at 10,000�g for another
30minwithpellet discarded.The supernatantwas further centrifugedat
100,000�g for 60 min at 4 �C to collect the pellet. To prepare cell
membranenanovesicles, theobtainedcellmembrane suspended inPBS
were then passed through a Mini-Extruder (Avanti Polar Lipids, Bir-
mingham, AL, USA) with 0.2 mm polycarbonate porous membrane
(Whatman, Maidstone, England) to produce uniform nanovesicles.
Membrane protein concentration was quantified by BCA protein assay
kit (Beyotime Biotechnology, Shanghai, China).

2.6. Preparation and characterization of membrane-coated NPs

PLGA nanoparticles (NPs) were prepared according to a pub-
lished method with modifications39e41. Briefly, PLGA was dis-
solved in dichloromethane to 10 mg/mL. The solution was added
dropwise to 3 mL of deionized water. The mixture was then stirred
at room temperature for 4 h. The resulting nanoparticles were
washed with deionized water for three times. For the preparation
of CQ/NPs, 200 mg PLGA and 20 mg CQ were dissolved in
20 mL dichloromethane and sonicated until they were completely
dissolved. After that, the organic solution was added to 20 mL
PVA solution (4%, w/v) with sonication for 5 min to form emul-
sion. Then, the obtained emulsion was added dropwise into
200 mL PVA solution (1%, w/v), while the solution was homog-
enized with a homogenizer (IKA, Staufen, Germany). The hard-
ened particles were centrifuged at 9000 rpm for 30 min (Pico17,
Thermo Fisher, Waltham, MA, USA) and washed three times with
deionized water. For in vitro cell uptake studies, Rhodamine B was
loaded into nanoparticles at a content of 0.4% (w/w). Briefly,
10 mg PLGA and 40 mg Rhodamine B were dissolved in 2 mL
dichloromethane. The organic solution was added to 10 mL PVA
solution (1%, w/v) with sonication for 5 min to form emulsion.
The emulsion was then stirred at room temperature for 4 h. The
obtained nanoparticles were washed with deionized water for
three times. For in vivo biodistribution studies, DiR with a 748 nm
excitation/780 emission fluorescence profile was loaded into
nanoparticles at a content of 2% (w/w). Briefly, 10 mg PLGA and
200 mg DiR were dissolved in 2 mL dichloromethane. Then, the
solution was added dropwise to 10 mL PVA solution (1%, w/v)
with sonication for 5 min to form emulsion. After stirring at room
temperature for 4 h, DiR/NPs were washed with deionized water.
PLGA nanoparticles were coated with cell membrane nano-
vesicles via extrusion through a 0.2 mm polycarbonate porous
membrane using a Mini-Extruder.

The size and distribution of nanoparticles were measured by
dynamic light scattering (DLS) on a Zetasizer Nano ZS particle
sizer (3600, Malvern Instruments Ltd., Malvern, England). The
morphology images of the cell membrane nanovesicles, PLGA
nanoparticles, and membrane-coated nanoparticles were recorded
using a transmission electron microscope (TEM, JEOL JEM-
1010, Hitachi, Tokyo, Japan) with phosphotungstic acid. CQ/NPs
were dissolved in methyl alcohol and ultrasonized for 20 s. The
EP tube containing dissolved CQ/NPs was placed in the fume
hood overnight to evaporate the solvent. Then, methyl alcohol was
added to dissolve CQ fully. The dispersion was centrifuged at
13,500 rpm for 10 min at 4 �C (Pico17, Thermo Fisher). The
supernatant was collected to analyze the concentration of CQ by
HPLC. The drug encapsulation efficiency (EE) is defined as the
weight percentage of CQ in CQ/NPs compared to the initial
feeding amount of CQ. The drug loading efficiency (DLE) is
calculated from the mass of incorporated CQ divided by the
weight of CQ/NPs.

2.7. Crystal violet assay

CT26, Huh7, and RAW264.7 cells were treated with M-NPs, TM-
NPs, CQ/NPs or TM-CQ/NPs nanoparticles after 24 h of plating.
Nanoparticles were dissolved in PBS and added to cells at a final
PLGA concentration of 180 mg/mL or membrane protein
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concentration of 16.7 mg/mL. Cell viability was determined after
24 h of treatment. Viable cells were stained with crystal violet and
images were obtained by a digital camera (EX30, Sunny intelli-
gent technology, Ningbo, China).

2.8. Protein expression analyses

Cells were treated with TM-NPs, CQ/NPs or TM-CQ/NPs nano-
particles for 24 h at the concentration mentioned in crystal violet
assay. Cells were lysed and the resulting lysates were centrifuged
at 10,000 rpm for 10 min at 4 �C (Pico17, Thermo Fisher). The
supernatants were collected and the protein concentration was
quantified and normalized by BCA protein assay. Proteins were
separated on 10% SDS-PAGE (P0455M, Beyotime, Shanghai,
China), and transferred to PVDF membranes (EMD Millipore,
Billerica, MA, USA). The membranes were blocked with 5% BSA
for 1 h and immunoblotted with antibodies against TRAIL
(ab10516, 1: 1000 dilution, v/v, Abcam, Cambridge, UK), b-
tubulin (AF5012, 1: 5000 dilution, v/v, Beyotime, Shanghai,
China), Naþ/Kþ ATPase (A01483, 1: 1000 dilution, v/v, Gen-
Script, Nanjing, China), PARP (#9532, 1:1000 dilution, v/v, Cell
signaling Danvers, MA, USA), cleaved-PARP (#5625, 1:1000
dilution, v/v, Cell signaling Danvers) or GAPDH (ab8245, 1:5000
dilution, v/v, Abcam). Following incubation with the secondary
antibodies, proteins were visualized with enhanced chem-
iluminescence reagent (P0018S, Beyotime, Shanghai, China).

2.9. Cellular internalization

For confocal microscopy detection, cells in 1 mL of growth me-
dium were seeded onto glass-bottom dishes at the density of
1 � 105 cells per well. Huh7 and LX2 cells were incubated with
Rhodamine B-labeled NPs or M-NPs at the concentration of
100 mg/mL. RAW264.7 and Kupffer cells were incubated with
nanoparticles at the concentration of 10 mg/mL. For CQ pretreated
groups, Huh7 and Kupffer cells were first treated with 50 mmol/L
of chloroquine for 24 h before the addition of nanoparticles. At
certain time points (10 min and 6 h), the medium was discarded
and the cells were washed three times with PBS. Cells were
visualized with confocal microscopy after incubated with Hoechst
33342 for 20 min. For flow cytometric assay, cells were seeded in
12-well plates at a density of 5 � 105 cells/well and cultured for
24 h in 2 mL of DMEM containing 10% FBS. Then the experi-
ments were carried out in the same conditions as confocal imag-
ing. At timed intervals, cells were washed with PBS and digested
by trypsin, and then centrifuged at 1000 rpm for 3 min (Pico17,
Thermo Fisher) to remove the trypsin. The collected cells were
resuspended in 0.5 mL PBS and cellular uptake was examined by
flow cytometry (FACSCalibur, Becton Dickinson, Franklin Lakes,
NJ, USA). Every 10,000 cells were counted to determine
Rhodamine B-positive cells at the FL2 channel. FlowJo software
was used for analysis.

2.10. Effects of endocytosis inhibitors on cellular uptake of
nanoparticles

The cellular uptake of Rhodamine B-labeled NPs or M-NPs by
Huh7, LX2 and Kupffer cells was analyzed by flow cytometry. Cells
were grown in a 12-well plate at a density of 5 � 105 cells per well
for 12 h. Cells were pretreated with cytochalasin D (5 mmol/L),
chlorpromazine (30 mmol/L), chloroquine (50 mmol/L), filipin
(7.5 mmol/L) or wortmannin (5 mmol/L) for 1 h following the
addition of Rhodamine B-labelled nanoparticles (100 mg/mL) for
further incubation. The Rhodamine B-positive cells were analyzed
by flow cytometry at different time intervals and the results were
analyzed using Flowjo software.

2.11. Blood clearance and biodistribution of nanoparticles

Female ICR mice were randomly grouped. For the chloroquine
treated group, a dose of 40 mg/kg/day chloroquine phosphate with
intraperitoneal injection over 3 days was used before the bio-
distribution studies. DiR-labeled NPs and M-NPs (10 mg/mL,
200 mL) were injected intravenously. At timed intervals, blood and
major organs were collected and the fluorescence was detected by
an IVIS imaging system (PerkinElmer, Shanghai, China). The
excitation and emission wavelengths were set to 710 and 760 nm,
respectively.

2.12. Anti-tumor study

For anti-tumor study in CT26 intraperitoneal mouse model,
BALB/c mice were intraperitoneally inoculated with CT26 cells
stably expressing luciferase (1 � 106 cells). After two weeks, the
tumor-bearing mice were randomly divided into 4 groups (n Z 3).
Mice received four intraperitoneal injections of PBS, TM-NPs,
CQ/NPs or TM-CQ/NPs as scheduled. For TM-NPs, CQ/NPs
and TM-CQ/NPs-treated groups, an equivalent dose of CQ
(20 mg/kg) or cell membrane vesicles was used. In vivo luciferase
bioluminescence was monitored every 3 days with IVIS.
D-Luciferin in 100 mL PBS was intraperitoneal injected and after
5 min the mice were imaged. Body weights were recorded on
Days 0, 4, 7, 10 and 13. Mice were sacrificed on Day 13. Tumors
were excised and weighed.

For anti-tumor study in Huh7 orthotopic tumor model, Huh7
cells stably expressing luciferase (2 � 106 cells) were injected into
the right liver lobe in BALB/c athymic nude mice. To be specific,
a subcostal incision was made on skin and peritoneum to expose
the liver. The liver lobe was inoculated with cells in chilled
matrigel solution (matrigel:PBS Z 1:1, v/v, 356234 Becton
Dickinson) using an insulin syringe (31 G, Becton Dickinson).
The peritoneum and external skin were closed with an absorbable
6‒0 suture with a continuous stitch. After two weeks of inocu-
lation, grouped mice (n Z 7 or 8) were treated with PBS, TM-
NPs, CQ/NPs or TM-CQ/NPs through i.v. injection as sched-
uled. For TM-NPs, CQ/NPs and TM-CQ/NPs-treated groups,
equivalent dose of CQ (20 mg/kg) or cell membrane vesicles was
used. Bioluminescence imaging was used to monitor the tumor
growth and the body weight in each group was recorded along
with the treatment. Mice were sacrificed on Day 15. Tumor tissue
and major organs (heart, liver, spleen, lung and kidney) were
harvested for histological examinations. Long-term survival was
also conducted on mice bearing Huh7 orthotopic tumors with
different treatments (n Z 4 or 5).

2.13. Nanoparticle accumulation in CT26 intraperitoneal tumor

For the chloroquine pretreated group, a dose of 40 mg/kg/day
chloroquine phosphate was intraperitoneally injected over 7 days.
BALB/c mice were intraperitoneal inoculated with CT26 tumor cells
(1 � 106 cells). In vivo distribution studies were performed two
weeks after inoculation. DiR-labeled NPs or M-NPs (10 mg/mL,
n Z 5) was injected into the tumor-bearing mice by intraperitoneal
injection. Then, mice were sacrificed at 6 h. Tumors in abdominal



Figure 1 LX2 membrane-coated PLGA nanoparticles (M-NPs) showed decreased endocytosis in macrophages and improved blood circulation.

(A) Schematic illustration of the fabrication of M-NPs. The LX2 cell membrane was isolated for PLGA nanoparticle (NP) coating to form M-NPs.

(B) TEM images of NPs and M-NPs. Both were stained with phosphotungstic acid. Scale bar Z 200 nm. (C) Detection of protein corona on NPs

and M-NPs by SDS-PAGE. (D) In vitro cell uptake of NPs and M-NPs in RAW264.7 macrophages detected by confocal microscopy and flow

cytometry. Confocal microscopy images were acquired after the cells were incubated with NPs or M-NPs for 1 h. The red fluorescence indicated

Rhodamine B-labeled nanoparticles, and cell nuclei (blue) were stained with Hochest33342. Scale bar Z 25 mm. The mean fluorescence intensity

(MFI) in the cells was also quantitatively analyzed by flow cytometry at 1 h of the addition of nanoparticles. A total of 10,000 cells were counted

per TRAIL and data are presented as the mean � SD (n Z 3). (E) In vivo blood circulation analysis of NPs or M-NPs in ICR mice (n Z 3). At

each timed interval, blood samples were collected from the orbit venous plexus and placed in a 96-well black plate for IVIS imaging. (F) Non-

specific accumulation of NPs and M-NPs in the liver after 6 h of intravenous administration via the tail vein (n Z 3).
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cavity were excised, washed and homogenized. Fluorescence signals
were recorded using IVIS.

2.14. In vivo nanoparticles distribution in hepatic cell
populations in Huh7 orthotopic tumor model

Two weeks after tumor cell inoculation, the Huh7 tumor-bearing
mice were used for nanoparticle distribution analysis. For the
chloroquine pretreated group, chloroquine phosphate at a dose of
40 mg/kg/day was intraperitoneally injected for 3 continuous
days. In vivo distribution studies were performed with i.v. injec-
tion of Rhodamine B-labeled nanoparticles (10 mg/mL, n Z 5).
Mice were anesthetized for abdominal incision. Then, the liver
was perfused and parenchyma cells and non-parenchyma cells
fractions were separated through centrifugation at 50�g for 5 min
at 4 �C. Cells were resuspended with MACS buffer and mixed
with each Miltenyi MicroBeads (#130-110-187 or #130-110-443,
Miltenyi) and mixed gently. Parenchyma cells and non-
parenchyma cells were proceeded to magnetic separation ac-
cording to the manual. Therefore, parenchyma cells were divided
into tumor cells and other parenchymal cells. Non-parenchyma
cells were divided into Kupffer cells and other non-parenchymal
cells. For flow cytometry, Rhodamine B positive events were
detected with a 488 nm wavelength laser and a 585/42 optical
filter. Gating strategy for nanoparticle positive events was set
based on the nanoparticle untreated group.
2.15. Safety evaluation

ICR mice were randomly divided into four groups (n Z 5) and
received various treatments. Two important hepatic indicators
(ALT: alanine aminotransferase, AST: aspartate aminotransferase)
and BUN for kidney functions (blood urea nitrogen) were
analyzed using a blood biochemical autoanalyzer (TEK8500 VET,
TECOM, Nanchang, Jiangxi, China).
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2.16. Nanoparticle protein corona analysis

CQ/NPs or TM-CQ/NPs were added to 1 mL of 10% mouse serum
in PBS, rapidly mixed, and incubated at 37 �C for 6 h. Particles
were washed with PBS to remove unbound proteins. After
washing, the pellet was resuspended under shaking at 1200 rpm
(Pico17, Thermo Fisher) in 50 mL reducing loading buffer over-
night to desorb the proteins from the NPs surface. Hereafter, the
samples were centrifuged again and 20 mL of each sample was
reserved for SDS-PAGE electrophoresis. The resulting gel was
fixed (79% water, 1% orthophosphoric acid, 20% methanol), and
stained with a Coomassie Brilliant Blue R-250 solution overnight.
The destained gel image was recorded.

2.17. Statistics and reproducibility

Statistical analyses were performed by two-tailed Student’s t-test
(two groups) or Analysis of Variance (ANOVA) (more than two
groups) applying GraphPad Prism v7.03 software (Graphpad, San
Diego, CA, USA). The data are expressed as mean � SD. For all
experiments, statistical difference was considered to be significant
if P value was less than 0.05 (*P < 0.05, **P < 0.01,
***P < 0.001). Graphs were generated with GraphPad Prism
v7.03 software or Microsoft Office Professional Plus 2016
(Microsoft, Redmond, WA, USA). All measurements were taken
from distinct samples. Cultures of cell lines, mice (of matched
age) and tumor samples were randomly allocated to the experi-
ments. Collection of animal samples was not performed with
blinding, but identical liver and tumor samples were used for
further investigation.

3. Results and discussion

3.1. LX2 cell membrane coating improved the blood circulation
of PLGA nanoparticles

Particle size and surface modifications have impact on the opsonin
adsorption of nanomaterials and subsequent phagocytosis, which
can further affect the blood circulation of nanoparticles42e45. In
this study, we used PLGA, an US Food and Drug Administration
(FDA)-approved co-polymer, as a model to fabricate nanoparticles
with different sizes to investigate the optimal particle size for long
blood circulation. PLGA nanoparticles were referred to as NPs. As
shown in Supporting Information Fig. S1A, the sizes of three
nanoparticles measured by dynamic light scattering (DLS) were
130, 180 and 350 nm, respectively. Besides, transmission electron
microscopy (TEM) images showed spherical structure with similar
morphology (Fig. S1A). To investigate the blood circulation of
these nanoparticles, NPs were first labeled with a fluorescent dye
1,10-dioctadecyl-3,3,30,30-tetramethylindotricarbo-cyanine iodide
(DiR) via physical encapsulation (Fig. S1B). Blood circulation
time was then measured by intravenously injecting the nano-
particles into mice and detecting the fluorescence intensity of DiR
in the blood at certain time intervals. As shown in Figs. S1C and
D, blood was collected at 2, 30 min, 1, 2, 4 and 6 h after particle
administration to evaluate systemic nanoparticle concentration.
Fig. S1D showed that the blood circulation half-life of NPs of
350 nm was 1.93 h, which was dramatically shorter than that of
NPs of 130 nm (2.85 h) and 180 nm (2.47 h). These observations
are consistent with previous reports42,46. PLGA nanoparticles of
130 and 180 nm presented comparable blood circulation.
Considering the potential of increased drug loading for larger
NPs47,48, we chose 180 nm NPs for further studies.

The circulation time of nanoparticles with a designated size
can be further impacted by their surface modifications49. Cell
membrane coating has been demonstrated to be one of the stra-
tegies to camouflage the nanoparticles for prolonged blood cir-
culation 50. Here, we prepared cell membrane nanovesicles from
human hepatic stellate cells (LX2) for PLGA nanoparticle coating
to further improve their blood circulation. LX2 cells are activated
fibroblasts, expressing surface protein N-cadherin33,51, for the
heterotypic adhesion with tumor cells. This property could make
LX2-membrane-coated NPs (M-NPs) target tumor sites homoge-
neously20 and heterogeneously. To prepare the M-NPs, LX2
membrane was first extracted and purified, followed by
membrane-particle fusion via extrusion (Fig. 1A). To characterize
the M-NPs, the particles were visualized with TEM after uranyl
acetate staining. The acquired images showed a typical core shell
structure with spherical morphology and the size was approxi-
mately 200 nm, indicating successful cell membrane coating
around the PLGA cores (Fig. 1B).

To investigate the protein adsorption of NPs and M-NPs, par-
ticles were exposed to fetal bovine serum (FBS) and adsorbed
proteins were separated by SDS-PAGE. As shown in Fig. 1C, in
comparison to the corona of NPs, the M-NPs yielded a protein
pattern consisting of less protein bands with considerably lower
intensity. To determine whether M-NPs showed increased resis-
tance to elimination by MPS, we used a macrophage cell line
(RAW 264.7) to simulate MPS clearance in vitro by evaluating the
cellular uptake of NPs and M-NPs. RAW264.7 cells were cultured
with Rhodamine B-labeled NPs or M-NPs for 60 min, followed by
visualization with confocal microscopy. Compared to the cells
treated with NPs, reduced fluorescent signals can be observed in
the group treated with M-NPs. Consistent with the confocal mi-
croscopy results, the mean fluorescence intensity (MFI) in M-NPs-
treated cells also significantly decreased in comparison with NPs
treated group, indicating reduced macrophage uptake of LX2
membrane-coated nanoparticles (Fig. 1D). DiR-labeled NPs and
M-NPs were further intravenously injected into ICR mice to
evaluate the systemic circulation time. At designated time points
following the injection, the peripheral blood of mice was collected
for fluorescence signal detection. As shown in Fig. 1E, the fluo-
rescence signals in NPs group were nearly undetectable after
30 min, whereas the fluorescence in M-NPs group can be still
observed after 2 h of injection, indicating superior blood retention
of M-NPs. The non-specific accumulation of both nanoparticles in
the liver was also detected by IVIS imaging, which showed that
M-NPs had reduced tendency to accumulate in the liver compared
with NPs (Fig. 1F).

3.2. Chloroquine treatment showed superior suppression of M-
NPs endocytosis in macrophages than tumor cells

Cancer therapy requires cell-specific localization of nanoparticles
to improve the therapeutic efficacy and reduce systemic toxicity.
To investigate the tumor-specific accumulation of M-NPs, an
orthotopic hepatocellular carcinoma (HCC) model was established
by intrahepatic injection of Huh7 tumor cells in mice (Fig. 2A).
NPs and M-NPs were first labeled with the fluorescent dye
Rhodamine B. Subsequently, the distribution of two nanoparticles
in different cell types in the liver was determined at 10 min post-
injection by measuring the Rhodamine B signal via flow cytom-
etry. As shown in Fig. 2B, Kupffer cells showed the highest MFI



Figure 2 Chloroquine exhibited superior suppression of M-NPs endocytosis in macrophages than tumor cells. (A) Schematic diagram of the

establishment of hepatocarcinoma cell orthotropic model and cell sorting. (B) Mean fluorescence intensity (MFI) of each hepatic cell type at 10 min

post-injection. (n Z 5). (C) Effect of endocytosis inhibitors on M-NPs uptake in Kupffer cells and tumor cells. Kupffer cells and Huh7 cells were

pretreatedwith each inhibitor for 0.5 h and then culturedwithRhodamineB loadedM-NPs (RhodamineB-equivalent dose, 0.13mg/mL) in 10%serum

medium for 2 h at 37 �C followed by flow cytometry detection. A total of 10,000 cells were collected and data are presented as themean� SD (nZ 3).

(D) Effect of chloroquine on inhibiting cellular uptake of M-NPs. Kupffer and Huh7 cells treated with 50 mmol/L chloroquine for 2 h at 37 �C were

incubatedwithRhodamineB-labeledM-NPs for 2 h and the fluorescence intensity in cells was detected by flowcytometry.A total of 10,000 cellswere

collected and data are presented as themean� SD (nZ 3). Quantitative analysis of the uptake of NPs andM-NPs with or without CQ pretreatment in

(E) Kupffer and (F) Huh7 cells by flow cytometry. Cells were incubated with NPs orM-NPs for 1 h. A total of 10,000 cells were collected and data are

presented as themean�SD (nZ 3). (G)Confocalmicroscopy images demonstrating the cell internalization of nanoparticles inKupffer and (H)Huh7

cells. Cells were incubated with NPs and M-NPs for 1 h. The red fluorescence indicated Rhodamine B-labeled nanoparticles, and cell nuclei were

stained in blue with Hochest33342. Scale bar Z 25 mm *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.
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compared with other cell types in both NPs and M-NPs-treated
groups. The results give evidence that among all liver cell types
Kupffer cells play the most important role in nanomaterial
sequestration. Specifically, Kupffer cells in M-NPs group dis-
played reduced MFI compared with the NPs group (492.4 � 34.70
vs. 550.6 � 52.83), indicating decreased sequestration of nano-
particles by the MPS. However, tumor cells in NPs and M-NPs
groups exhibited weak and almost equal fluorescence signals,
which suggests that the LX2 membrane coating strategy was yet
insufficient to increase the tumor accumulation of systemically
delivered PLGA nanoparticles.

The remained sub-optimal tumor accumulation was possibly
due to the insufficient (w10%) inhibition of macrophage entrap-
ment of M-NPs. Therefore, a promising approach to improve the
distribution of M-NPs in the tumor was to further decrease
macrophage uptake of M-NPs and promote tumor cell endocytosis
of the particles. We first hypothesized that Kupffer cells and tumor
cells may possess distinct endocytosis pathways for nanoparticle
uptake. If so, efforts can be devoted to selectively inhibiting the
endocytosis of Kupffer cells without disturbing the nanoparticle
uptake of tumor cells. To investigate the endocytosis of Kupffer
cells, we isolated Kupffer cells (F4/80þ) by using magnetic-
activated cell sorting1 from mouse livers (Supporting
Information Fig. S2). The endocytosis pathway study was then
performed by using DiR-labeled M-NPs. Well-established small
molecule inhibitors were used to suppress specific pathways of
particle uptake. As shown in Fig. 2C, filipin (an inhibitor of
caveolae-mediated endocytosis) and wortmannin (a micro-
pinocytosis inhibitor) showed marginal effect to inhibit the uptake
of M-NPs in both Kupffer cells and Huh7 tumor cells, whereas
chlorpromazine (an inhibitor of clathrin-mediated endocytosis)
and cytochalasin D (a broad-spectrum inhibitor of actin-dependent
uptake) decreased the internalization of M-NPs (w50%) in the
two cell lines. These results demonstrated that the engulfment of
M-NPs in both Kupffer cells and Huh7 was mainly through
clathrin-mediated endocytosis, suggesting that blocking the
internalization of nanoparticles in macrophages but not tumor
cells by using inhibitors for a specific endocytosis pathway can
easily fail. Nevertheless, chloroquine (CQ), an FDA-approved
antimalarial drug, has been reported to potently suppress nano-
particle uptake in macrophages without reducing the nanoparticle
internalization in non-phagocytic cells, which therefore serves as a
promising candidate to improve the tumor accumulation of
delivered nanoparticles37. Compared to chlorpromazine, CQ was
more effective in preventing the uptake of M-NPs in Kupffer cells,
suggesting that additional mechanisms beyond suppression of
clathrin-mediated internalization may be involved. Tumor cells
take up nanoparticles by pinocytosis, including macropinocytosis,
clathrin-mediated, caveolin-mediated and clathrin/caveolae-
independent endocytosis52, whereas macrophages uptake nano-
particles not only through pinocytosis, but also via phagocy-
tosis52,53. As an autophagy inhibitor, CQ prevents lysosome
acidification and decreases LC3-associated phagocytosis54. Thus,
the inhibition of phagocytosis by CQ could result in the superior
uptake reduction of nanoparticles in macrophages. Prior to
assessing the specificity of CQ in inhibiting nanoparticle inter-
nalization in Kupffer and tumor cells, cell viability assays were
performed to determine the toxicity of this agent (Supporting
Information Fig. S3). Finally, CQ at a non-toxic concentration
(50 mmol/L) was used for cell treatment to study its endocytosis
inhibition in different cell lines. Consistent with previous inves-
tigation, CQ was more effective in preventing nanoparticle uptake
in macrophages (Kupffer and RAW264.7) than tumor cells (Huh7
and CT26) (Fig. 2D and Supporting Information Fig. S4).

The impacts of cell membrane coating and CQ pretreatment on
nanoparticle uptake in vitro were then investigated by flow
cytometry in Kupffer cells and Huh7. Results showed that Kupffer
cells treated with M-NPs presented reduced fluorescence intensity
of Rhodamine B compared to NPs treated cells, indicating sup-
pressed uptake of nanoparticles (Fig. 2E). In contrast, M-NPs-
treated Huh7 cells exhibited increased nanoparticle uptake in
comparison with NPs treated cells (Fig. 2F). Notably, CQ pre-
treatment decreased M-NPs internalization in both cell lines.
However, Huh7 cells pretreated with CQ still showed improved
nanoparticle uptake when treated with M-NPs in comparison with
NPs treated cells. The confocal microscopy detection further
confirmed these results (Fig. 2G and H), which suggests that the
combination of LX2 membrane coating and CQ treatment may
provide a feasible approach for improving the tumor targeting of
systemic delivered nanoparticles.

3.3. Chloroquine treatment improved the biodistribution of M-
NPs and increased their internalization in tumor cells

We next investigated the effect of CQ treatment on nanoparticle
biodistribution. For this study, 12 mice were randomly separated
into 3 groups with 4 mice for each group. Two groups were
administered intravenously with DiR-labeled NPs and M-NPs,
respectively, whereas the mice in the third group were treated with
CQ (40 mg/kg/day) for 3 days via intraperitoneal injection, fol-
lowed by the administration of DiR-loaded M-NPs. After 6 h of
injection, major organs and blood were collected and homoge-
nized to evaluate the distribution of nanoparticles by measuring
the fluorescence signals (Supporting Information Fig. S5). As the
fluorescence in the liver of M-NPs-treated group decreased
compared with NPs treated mice, a corresponding increase in
signal was observed in the blood. Notably, mice with CQ treat-
ment showed the least fluorescence intensity in the liver and the
highest signal in the blood (Fig. 3B). These results indicated that
the combination of LX2 membrane coating and CQ-based
macrophage preconditioning was efficient to decrease the
sequestration of nanoparticles by the MPS for prolonged blood
circulation.

Subsequently, we investigated the effect of the combination
strategy on tumor accumulation of nanoparticles by using an
orthotopic hepatocellular carcinoma (HCC) model. We first
established the HCC tumor by intrahepatic injection of Huh7 cells
stably expressing luciferase, followed by the treatment of CQ for
continuous 3 days and the administration of DiR-labeled M-NPs
(Fig. 3C). As shown in Fig. 3D, tumor sites (circled with white
lines) were identified by bioluminescence, and the fluorescence
intensity in the tumor was further quantified with ImageJ. It is
worth noting that compared with NPs treated mice, M-NPs-treated
mice (with or without CQ pretreatment) showed decreased
nanoparticle uptake in the tumor area (Fig. 3E). Based on the
tumor cell targeting potential of LX2 membrane coating, this
result could be attributed to the reduced nanoparticle internaliza-
tion in tumor-associated macrophages, which can constitute up to
50% of the cell population in some solid tumors55e57. As such,
detailed nanoparticle distribution was determined in different liver
cell types in vivo, including tumor cells, hepatocytes, Kupffer cells
and other cell types. We first determined the portion of each cell
type among the entire liver cell population (Supporting
Inforamtion Fig. S6A). Cell sorting results indicated the tumor



Figure 3 Chloroquine treatment improved the biodistribution of M-NPs and increased their internalization in tumor cells. (A) Quantification of

the distribution of NPs and M-NPs with or without CQ pretreatment in major organs and (B) blood by measuring the fluorescence intensity of

homogenized tissues at 6 h post-injection. (C) Schematic diagram of CQ treatment and nanoparticle administration in the hepatocarcinoma cell

orthotropic tumor bearing mice. (D) IVIS fluorescence and bioluminescence images of livers collected at 6 h post-injection of nanoparticles.

Tumor sites were marked with white lines based on bioluminescence detection. (E) Quantification of MFI in the tumor sites. (F) Representative

flow plots and (G) quantitative analysis of nanoparticle uptake in Kupffer cells of livers that were collected from tumor bearing mice at 6 h post-

injection of nanoparticles. (H) Representative flow plots and (I) quantitative analysis of nanoparticle uptake in tumor cells of livers that were

collected from tumor bearing mice at 6 h post-injection of nanoparticles. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.
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bearing liver tissues contain 44.62�3.27% of hepatocytes,
7.06�1.14% tumor cells, 12.51�0.75% of Kupffer cells and
35.80�2.02% of other cell types. We next analyzed the percentage
of Rhodamine B-positive cells in Kupffer cells and tumor cells
after the injection of different nanoparticles. As shown in Fig. 3F
and G, M-NPs and CQ þ M-NPs treatment significantly reduced
the nanoparticle uptake in Kupffer cells. In contrast, CQ þM-NPs
group showed dramatically enhanced tumor cell uptake of nano-
particles compared with the NPs group (Fig. 3H and I). These
results demonstrated that alteration of nanoparticles physico-
chemical properties cannot single-handedly solve the delivery
obstacles. The combination of nanoparticle design and MPS
modulation could be an effective strategy for improved site-
specific drug delivery.

3.4. TRAIL-expressing cell membrane-coated CQ-loaded PLGA
nanoparticles (TM-CQ/NPs) selectively induced tumor cell
apoptosis

For therapeutic purpose, we developed a flexible approach to
express TRAIL onto the cell membrane to selectively induce
tumor cell apoptosis. We first established the LX2-TRAIL-
ZSGREEN cell line, with TRAIL-ZSGREEN fusion protein
expressed on the membrane of LX2 cells. To confirm the suc-
cessful establishment of the cell line, we used confocal micro-
scopy imaging and showed that the engineered cells were positive
for ZSGREEN expression (Fig. 4A). Western blotting results
demonstrated that cell membrane isolated from LX2-TRAIL-
ZSGREEN cells but not normal LX2 cells expresses TRAIL,
which confirmed the anchoring of TRAIL on the membrane of
engineered LX2 cells (Fig. 4B). In addition, as shown in
Supporting Inforamtion Fig. S7, we found the stable expression of
TRAIL-ZSGREEN did not affect the transmembrane proteins
CD47 and N-cadherin. N-cadherin is involved in the heterotypic
adhesion between fibroblasts and tumor cells33, which plays an
important role in tumor-site targeting. Meanwhile, the display of
“don’t eat me” signal CD47 on both LX2 and LX2-TRAIL-
ZSGREEN cell membrane could reduce macrophage uptake58. In
addition, fibroblast membrane wrapping reduced the protein
corona on nanoparticles (Fig. 1C) and may result in decreased
macrophage uptake59. M-NPs and TM-NPs presented comparable
blood circulation. Thus, expressing TRAIL-ZSGREEN on LX2
cell membrane didn’t affect the blood circulation of M-NPs
(Supporting Information Fig. S8).

To fabricate TM-CQ/NPs, CQ/NPs were prepared by single
emulsion followed by the coating of TRAIL-expressing cell
membranes via extrusion. CQ/NPs exhibited drug loading effi-
ciency about 8.5%, along with 76.3% drug encapsulation effi-
ciency. Representative TEM images of TM-CQ/NPs showed a
typical core-shell structure with an average diameter of around
200 nm (Fig. 4C). We also measured the hydrodynamic diameter
and polydispersity of CQ/NPs and TM-CQ/NPs using DLS to
verify that they are monodisperse and stable. As shown in Fig. 4D,
the hydrated size of TM-CQ/NPs was approximately
221.3�13.1 nm. The coated nanoparticles exhibited an increase in
diameter of 17.2 nm compared to CQ/NPs. As shown in Fig. 4E,
uncoated CQ/NPs possessed similar surface charge around �3 mV
in different buffers. However, the coated nanoparticles had a zeta
potential of �23.5 mV in deionized water, while �8.4, �9.3 and
�8.6 mV in PBS, NaCl and Hanks buffer, respectively. The
changes in surface charge states indicated that CQ/NPs were
successfully coated with LX2 membranes. These experimental
results suggested that CQ/NPs are superior carriers with good drug
encapsulation, and desirable particle size.

CQ released slowly from CQ/NPs in PBS (pH7.4 and 6.8)
containing 1% Tween. Besides, the release rate of CQ was
accelerated in acid buffer (pH 4.5) due to the acid-triggered
cleavage of ester bonds of PLGA (Fig. 4F). For the blood clear-
ance study, the CQ plasma concentrations at different time in-
tervals after i.v. administration of CQ/NPs or TM-CQ/NPs were
measured using HPLC. Compared to CQ/NPs, TM-CQ/NPs
remarkably prolonged the circulation of CQ in blood stream
(Fig. 4G). In addition, the biodistributions of CQ in CQ/NPs and
TM-CQ/NPs were determined in ICR mice after a single i.v. in-
jection of CQ/NPs or TM-CQ/NPs at an equivalent CQ dose of
40 mg/kg (Fig. 4H). As expected, membrane coating decreased
the CQ liver concentration from 31.1 � 4.1 to 9.1 � 0.9 mg/g but
increased the blood concentration from 3.4 � 0.1 to
7.3 � 1.42 mg/g.

To validate the tumor-selective apoptotic effect of TRAIL on
TM-CQ/NPs, we determined the cytotoxicity of M-NPs, TM-NPs,
CQ/NPs, M-CQ/NPs and TM-CQ/NPs in CT26, Huh7 and
RAW264.7 cell lines by crystal violet staining. Of note, treatment
of tumor cells with TM-NPs and TM-CQ/NPs significantly
decreased the cell viability, whereas CQ/NPs and M-CQ/NPs
showed marginal effect to inhibit tumor cell growth. More
importantly, TM-CQ/NPs exhibited enhanced efficacy to inhibit
tumor cell growth compared to TM-NPs, suggesting that incor-
porated CQ synergized with TRAIL to induce tumor cell
apoptosis. This superior therapeutic efficacy of TM-CQ/NPs can
attribute to inhibited protective autophagy60 and upregulation of
death receptors by CQ61, resulting in increased sensitivity of
tumor cells to TRAIL. As expected, all treatments had no obvious
cytotoxicity on the non-transformed RAW264.7 cells (Fig. 4I).
Consistent with the results of cytotoxicity assay, treatment with
TM-CQ/NPs caused increased processing of poly-ADP-ribose
polymerase (PARP) cleavage in CT26 and Huh7 cells compared
to TM-NPs treatment, and other treatments showed no obvious
PARP cleavage (Fig. 4J). These results demonstrated that TM-CQ/
NPs were efficient in selectively inducing tumor cell apoptosis.

3.5. TM-CQ/NPs suppressed tumor growth in multiple tumor
models

The HCC tumor model in nude mice was first used to evaluate the
antitumor effect of TM-CQ/NPs. Huh7 cells stably expressing
luciferase were employed to establish the model for non-invasive
detection of tumor growth and metastasis using an IVIS imaging
system. The treatment schedule is presented in Fig. 5A. After 14
days of tumor cell inoculation, mice were randomly grouped,
following treatments with PBS, TM-NPs, CQ/NPs, or TM-CQ/
NPs as scheduled. The plasma half-life of CQ in ICR mice was
46.6 h62. Four injections were given in the antitumor study. After
the first injection, the CQ released from nanoparticles could
maintain effective concentration in vivo for the upcoming treat-
ments. In addition, our previous study indicated that Nano-CQ
showed longer blood circulation and enhanced tumor accumula-
tion than free CQ63. Tumor growth was monitored by IVIS im-
aging (Fig. 5B). While TM-NPs and CQ/NPs showed limited
antitumor efficacy, TM-CQ/NPs significantly inhibited the tumor
growth (Fig. 5C). In addition, the overall survival analysis indi-
cated that the TM-CQ/NPs treatment improved the median



Figure 4 TM-CQ/NPs selectively induced tumor cell apoptosis in vitro. (A) Establishment of LX2 cell line stably expressing TRAIL-zsgreen

fusion protein on the cell membrane. Cell nuclei (blue) were stained with Hochest33342. Scale bar Z 25 mm. (B) Detection of TRAIL in whole

cell lysate and cell membrane of LX2 or LX2-TRAIL-zsgreen cells by Western blot. b-Tubulin and ATP1A1 were used as the loading controls.

(C) TEM images of TRAIL-expressing-LX2 membrane (TM), CQ loaded PLGA nanoparticles (CQ/NPs) and TM coated CQ/NPs (TM-CQ/NPs).

All samples were stained with phosphotungstic acid. Scale bar Z 200 nm. (D) DLS measured diameter of CQ/NPs and TM-CQ/NPs in PBS

buffer. (E) Zeta potential measurements of CQ/NPs and TM-CQ/NPs in deionized water, PBS, 0.9% NaCl and Hanks buffer (pH7.4). (F)

Determination of release behavior of CQ in CQ/NPs (nZ 3). (G) Quantitative analysis of blood circulation of nanoparticles by measuring the CQ

concentration in whole blood (n Z 3). (H) CQ concentration in main organs of ICR mice at 6 h post-intravenous administration of CQ/NPs and
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Figure 5 TM-CQ/NPs inhibited the tumor growth in orthotropic HCC tumor model. (A) Schematic illustration of intravenous dosing schedule

of different formulations (PBS, TM-NPs, CQ/NPs and TM-CQ/NPs) in Huh7 tumor-bearing nude mice. (B) Representative bioluminescence

images of Huh7 tumor-bearing mice during the treatment. At the end of the treatment livers from tumor bearing mice were collected and bright

field images were acquired with tumors marked with yellow arrows. (C) Tumor growth monitored by IVIS imaging after different treatments. (D)

Kaplan-Meier survival curves of nude mice after treatments (nZ 4 or 5). (E) Images of dissected tumors and the average tumor weight at the end

of different treatments (n Z 3). (F) Immunofluorescence staining (LC3, p62, and cleaved-PARP) and TUNEL assay of tumor tissues from mice

with different treatments. *P < 0.05, ns, not significant.
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survival (99 days) compared with PBS group (54 days) (Fig. 5D).
Tumors dissected from tumor bearing mice in TM-CQ/NPs group
also exhibited the lowest tumor weight compared to other
TM-CQ/NPs (n Z 5). (I) Crystal violet staining of CT26, Huh7 and RAW

NPs, M-CQ/NPs and TM-CQ/NPs) for 24h. Scale bar Z 200 mm. (J) Analy

treatment with different nanoparticles (TM-NPs, CQ/NPs and TM-CQ/NP
treatments, which confirmed its prominent therapeutic efficacy
(Fig. 5E). Immunofluorescence staining was performed to deter-
mine the in vivo anticancer mechanism. Elevated expression of
264.7 cells treated with different nanoparticles (M-NPs, TM-NPs, CQ/

sis of full-length and cleaved PARP in CT26 and Huh7 cells after 24 h

s). GAPDH was used as the loading control.



Figure 6 TM-CQ/NPs suppressed the tumor growth in intraperitoneal tumor model. (A) Schematic illustration of dosing and IVIS imaging

schedules for different treatments. (B) Bioluminescence images of CT26 tumor-bearing mice during the treatment. (C) Tumor growth monitored

by IVIS imaging after different treatments. (D) Body weight curves of tumor-bearing mice (n Z 3). (E) Dissected intraperitoneal tumor nodules

after sacrifice of mice. (F) The average tumor weight at the end of the treatment (n Z 3 or 5). (G) Representative images of tumor nodules

distribution in mesentery. The asterisks represent tumor nodules. (H) Detection and (I) quantitative analysis of the tumor accumulation of NPs and

M-NPs with or without CQ pretreatment in the CT26 intraperitoneal tumor model (n Z 5). Fluorescently labeled nanoparticles were injected

intravenously into the tumor-bearing mice and tumors were collected, homogenized, and quantified for fluorescence 24 h post injection.

*P < 0.05, **P < 0.01.
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LC3B and p62 in tumors from CQ/NPs and TM-CQ/NPs treated
mice was observed, indicating effective suppression of autophagy.
Importantly, tumors from TM-CQ/NPs treated mice displayed
increased cleaved-PARP compared with those in TM-NPs-treated
mice, which was consistent with the in vitro findings. TUNEL (a
biomarker for apoptosis) assay confirmed that TM-CQ/NPs
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elicited the strongest apoptotic effect compared with other treat-
ments (Fig. 5F).

An intraperitoneal tumor model was further employed to
evaluate the antitumor effects of TM-CQ/NPs. The intraperitoneal
tumor model was generated by i.p. inoculation with CT26 cells
expressing luciferase (CT26-luci). Mice received four i.p. in-
jections of PBS, TM-NPs, CQ/NPs or TM-CQ/NPs as scheduled
(Fig. 6A). Tumor burden was recorded using bioluminescence
imaging (Fig. 6B). The tumor growth in TM-CQ/NPs treated mice
was significantly slower than that of the PBS, TM-NPs or CQ/NPs
group (Fig. 6C) without obvious body weight changes (Fig. 6D).
As shown in Fig. 6E and F, the average tumor weights in the TM-
CQ/NPs group (0.32 � 0.21 g) was much lower than those in the
PBS (2.70 � 1.86 g), TM-NPs (4.82 � 3.21 g), and CQ/NPs
(3.43 � 1.34 g)-treated groups. TM-CQ/NPs treatment exhibited
less scattered tumor nodules on the mesentery compared to other
treatments (Fig. 6G).

Importantly, the effect of CQ pretreatment on (DiR-labeled)
M-NPs accumulation in tumors was evaluated in mice bearing
CT26-luci intraperitoneal tumors. Notably, compared with NPs
treated group, CQ þ M-NPs group showed improved tumor
accumulation of nanoparticles (Fig. 6H and I), which may account
for the significant effects on tumor growth inhibition of TM-CQ/
NPs.

3.6. TM-CQ/NPs exhibited no obvious toxicity

The potential toxicity of nanoparticles remains a major concern for
clinical translation. Here, H&E staining was performed to evaluate
the histological abnormality of major organs including heart, liver,
spleen, lung, and kidney after different treatments. TM-CQ/NPs
group showed no obvious histological abnormalities, demonstrating
that TM-CQ/NPs did not induce drastic side effects (Supporting
Inforamtion Fig. S9A). Considering the accumulation of nano-
particles in the liver and the potent hepatotoxicity of TRAIL, hep-
atorenal functions and blood routine analysis in ICR mice were
performed after various treatments. The results showed that the
alanine aminotransferase (ALT), serum aspartate aminotransferase
(AST), and blood urea nitrogen (BUN) remained constant for all
treatment groups (Fig. S9B). Besides, no abnormal changes in the
complete blood count were observed in each group (Fig. S9C),
indicating that no severe toxicity was induced following these
treatments.

4. Conclusions

In this study, we not only developed a strategy to overcome the
MPS barrier for tumor-targeted delivery via combining bio-
mimetic coating with macrophage modulation, but also reported
an easily-produced method to prepare an apoptosis inducing
nanosystem specifically targeting tumor cells. The key factors
involved in the nanosystem design include: 1) Membrane of
fibroblast cells was firstly used as a coating material to evade
macrophage uptake of nanoparticles, but to facilitate the endo-
cytosis of nanoparticles in tumor cells. 2) The tumor specific
apoptosis-inducer TRAIL was expressed on the coated membrane,
endowing the membrane with selective antitumor capability. 3)
The encapsulated CQ remodeled macrophages to further reduce
the uptake of upcoming nanoparticles, while CQ synergized with
TRAIL to trigger vigorous antitumor effect.
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