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Purpose: Cell membrane-camouflaged nanoparticles (NPs) are drawing increasing attention
because their surfaces acquire some characteristics of the cell membranes, making them
a unique class of biomimetic materials for diverse applications. Modification of cell mem-
brane or combination of different types of membranes can enhance their functionality.
Methods: We prepared platelet and tumor cell membrane camouflaged -mangostin-loaded
NPs, which were synthesized with platelet—-C6 hybrid biomimetic coating, poly(lactic-co-
glycolic acid), and B-mangostin (B-PCNPs). Then, we evaluated their targeting ability and
anticancer activity against glioma in vitro and in vivo.

Results: Biomimetic coating enhanced active drug targeting and immune escape properties
of nanocarrier in C6 and THP-1 cells, respectively, which improved their cytotoxicity. -
PCNPs were characterized to study the inherent properties of both source cells. Compared
with bare B-NPs, B-PCNPs exhibited high tumor-targeting capability and induced apoptosis
of C6 cells in vitro. Similarly, intravenous administration of drug through B-PCNPs resulted
in enhanced tumor-targeting and exhibited excellent rate of inhibition of glioma tumor
growth in mice. Moreover, the blood circulation time of drug in mice in the B-PCNP
group was markedly prolonged and these mice exhibited better outcome than those in the p-
NP group.

Conclusion: These results provide a new strategy of utilizing PCNPs as carriers for drug
delivery, which improves the targeting efficiency and therapeutic efficacy of chemothera-
peutic agents for glioma therapy.

Keywords: glioma, hybrid membrane, biomimetic, B-mangostin, targeted delivery,

anticancer

Introduction

Glioblastoma multiforme (GBM) is the most common and aggressive malignant
tumor of the central nervous system, tumor-targeting capability.! Despite surgical
resection in conjunction with current adjuvant therapies, it remains highly lethal,
and the median survival period for GBM patients is only 14.6 months, with a 5-year
survival rate of approximately 5%.> To improve the chances of survival, chemother-
apy is often administered to patients as an adjuvant treatment.” During chemother-
apy, the blood-brain barrier (BBB) and blood-brain tumor barrier (BBTB)
constantly interact with the environment, which largely restricts efficient drug
delivery to the glioma and reduces the therapeutic effects of the intervention.*
Therefore, the development of therapeutic agents and delivery systems that can
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cross physiological and pathological barriers is urgently
needed for the treatment of glioma.

Nanoparticle (NP)-based drug delivery systems
have become a promising tool for improving the effec-
tiveness and delivery of therapeutic drugs to tumors.>®
Nonetheless, the poor passive targeting ability and
relatively short circulation time of nanocarriers limit

their clinical application.” Poly(lactic-co-glycolic acid)

(PLGA) is an excellent drug carrier owing to its bio-
compatibility, biodegradability, and safe degradation
products, and has been widely used in drug delivery.®
Studies have extensively documented the functionaliza-
tion of PLGA with various targeting ligands, such as
peptides, antibodies, and nucleic acids.” However,
nanomaterials are easily intercepted by macrophages,
resulting in poor immunocompatibility.'’
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Nature-inspired biomimetic nanocarriers are expected to
have improved drug delivery applications.'""' In recent years,
cell membranes from red blood cells,13 white blood cells,14
platelets,'> macrophages,'® and cancer cells'” have been used
to create nanocarriers. Cell membrane-based biomimetic nano-
materials, while retaining the bioengineering flexibility of the
core, can be functionalized with various strategies that endow
the nanomaterials with many desirable features.'®° To over-
come the functional limitations of using single-cell membranes
to enhance the functionality of nanomaterials, researchers have
developed specialized platforms to prepare hybrid membranes
for camouflaging NPs by fusing membranes from different
types of cells such as red blood cells and cancer cells,?' plate-
lets and red blood cells,* and cancer cells and macrophages.”
However, to the best of our knowledge, membranes from
platelets and glioma cells have not been used to fabricate
hybrid membranes. In this study, we developed tumor-
targeting NPs with excellent targeting and immune escape
capabilities by fabricating platelet and glioma hybrid mem-
branes to enhance the efficacy of cancer therapy.

Compared with traditional chemotherapeutics, natural fruit
extracts have less toxicity, high drug compliance, and favorable

antitumor efficiency.®*2¢

B-Mangostin, a xanthone isolated
from the pericarp of Garcinia mangostana Linn, has several
bioactivities and pharmacological properties.”” p-mangostin
has anticancer activity against diverse cancer types including
hepatocellular ~ carcinoma,”® melanoma,”® and cervical
cancer.>” Our previous study showed that -mangostin, the
major component of Garcinia mangostana L. extract, has
excellent anti-proliferative effects in C6 glioma cells, which
result from oxidative damage-induced cell death through
PI3K/AKT/mTOR pathway inhibition.*' However, aqueous
solubility, tumor selectivity or targeting, and BBB penetration
rate of B-mangostin does not meet clinical requirements.

Considering the above, we synthesized P-mangostin-
loaded platelet-C6 glioma cell hybrid biomimetic mem-
brane camouflaged-PLGA NPs (B-PCNPs) for targeting
cancers. We then studied the effects of the biomimetic
properties, namely the interface potential and biological
activity, of B-PCNPs, through systematic evaluation both
in vitro and in vivo in a xenograft mouse model and an
orthotopic glioma model.

Materials and Methods

Materials
Rat glial cell line C6, mouse hippocampal neuronal cell line
HT22, and human monocytic leukemia cell line THP-1 were

obtained from the Chinese Academy of Sciences Cell Bank;
Garcinia mangostana L. (Thailand); PLGA was purchased
from Lactel Absorbable Polymers; platelet-rich plasma was
provided by volunteers; BALB/c nude mice were obtained
from Shanghai SLAC Laboratory Animal Co., Ltd.; manni-
tol, sucrose, Tris-HCL, MgCl,, KCL, DiD, DiO, Dil, paraf-
ormaldehyde, phosphate buffered saline (PBS), and phorbol
myristate acetate were obtained from Sigma Aldrich; protease
inhibitor cocktail was procured from Bimake, Shanghai;
BCA protein assay kit and CCK8 assay kit were supplied
by Beyotime, China; fetal bovine serum (FBS) and penicil-
lin—streptomycin were purchased from Gibco, USA; DMEM
and RPMI 1640 were obtained from Hyclone, Shanghai.

Preparation of -Mangostin-Loaded NPs
(B-NPs)

Ten kilograms of fresh Garcinia mangostana L. were sepa-
rated and chopped, and dried for a week. The peel was
pressed into a powder, and B-mangostin (13.4 mg) was
obtained by chromatography (Table S1; Figure S1-3).

B-NPs were prepared using an ultrasonic emulsification-
solvent evaporation method. PLGA (20 mg) dissolved in
ethyl acetate (500 pL), and f-mangostin (2 mg) dissolved in
DMSO (200 pL), were mixed and used as the organic
phase. The mixture was poured into 2 mL 1.5% polyvinyl
alcohol (PVA) and subjected to ultrasonic treatment on ice
for 10 min to form colostrum. Then, 2 mL of 0.5% PVA
was added and the mixture was subjected to ultrasonic
treatment on ice for another 10 min to form an emulsion.
The formed emulsion was stirred (1000 rpm) for 5 h at
room temperature until the organic solvent was completely
evaporated. The resulting emulsion was centrifuged at
18,000 g for 15 min at 4°C to collect yellow-colored NPs,
which were washed three times, and stored at —80°C.

Extraction of Platelet Membrane (PLTM)
and Cé6 Cell Membrane (C6M)

Human platelet membranes were derived from platelet-
rich plasma provided by volunteers. For purified platelet
membranes, the obtained platelets were centrifuged at 4°C
and 100 g for 15 min. The supernatant was centrifuged at
4°C and 800 g for 20 min. Then, a lysis buffer (25 mM
sucrose, 75 mM mannitol, 1 mM KCI, 10 mM Tris/HCI, 1
mM MgCl,) and protease inhibitors (1000x) were added,
and the mixture was incubated on ice for 15 min.
Subsequently, platelets were repeatedly frozen and thawed
five times. After the last freeze-thaw cycle, platelets were
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processed in an ultrasonic crusher for 5 s, and the process
was repeated five times at intervals of 5 s. Platelets were
then centrifuged at 21,000 g for 10 min, resuspended in
PBS, and stored in a refrigerator at —40°C.

C6 cells (1x107) were suspended in 5 mL of a lysis
buffer containing 50 puL protease inhibitor cocktail. After
incubation in an ice bath for 20 min, the cells were
repeatedly frozen and thawed five times. Then, the cell
lysate was centrifuged at 2000 g for 15 min at 4°C, and the
collected supernatant was further centrifuged at 21,000
g for 30 min. Finally, the white precipitate containing the
plasma membrane was stored at —40°C for subsequent
experiments.

Preparation and Characterization of

Hybrid Membrane-Coated NPs (PCNPs)
DiD (10 mg/mL) and DiO (10 mg/mL) were added to PLTM
and C6M suspensions, respectively, and incubated for 1 h at
room temperature on a laboratory shaker. These mixtures
were centrifuged at 4°C and 21,000 g for 10 min to remove
free dyes, and to obtain DiD-labeled PLTM and DiO-labeled
C6M. From each of these dye-labeled membrane solutions,
500 pL was taken, mixed, and pushed 11 times using the
liposome extruder. Another 500 pL of each solution was
mixed to obtain PLTM&C6M solution. Finally, the two
solutions were placed on glass slides and imaged under
a confocal laser scanning microscope (CLSM).

The platelet membrane dissolved in 1 mL PBS and
0.1 pL 10 mg/mL DiD (excitation/emission = 644/663
nm) and Dil (excitation/emission = 549/565 nm) dis-
solved in DMSO were incubated on a shaking bed at
room temperature. After 1h, the resulting solution was
centrifuged thrice at 4°C and 21,000 g for 10 minutes to
remove the free dye. Concentrations of membrane pro-
teins were measured by BCA assay kit. C6M was added
to PLTM at following weight ratios respectively: 5:1,
3:1, 1:1, and 0:1. The mixture was repeatedly (11
times) passed through 400 nm and 200 nm polycarbonate
membrane to fuse cell membranes. By adding 100 ul
solution into 96 well plate, the results were determined
by enzyme reader at the excitation wavelength of 525
nm, between 550 nm and 750 nm emission band, the
fluorescence spectrum of the sample was read every 10
nm, and the fluorescence curve was drawn.

The composite cell membrane solution (PLTM-C6M)
obtained was mixed with the B-NPs and incubated overnight.
Then, this solution was pushed through polycarbonate

membranes of 400 nm and 200 nm 11 times by using
a liposome extruder to obtain membrane-coated NPs loaded
with B-mangostin. Hydrodynamic size and zeta potential of
the prepared membrane-coated NPs were characterized
using a zetasizer. For transmission electron microscopy
(TEM), 0.2 mg/mL sample (10 pL) was dropped onto
a carbon-coated grid after cleaning it with plasma. The grid
was then rinsed with deionized water and 2% uranyl acetate
solution in water (10 pnL) was dropped on the grid for 2 min
and removed using a filter paper. The staining step was
repeated three times prior to imaging with TEM at 200 KV.

In vitro Stability of NPs and Drug Release
from B-PCNPs

To evaluate their stability, PCNPs were suspended in
water, 1XPBS, and 10% fetal bovine serum at a final
concentration of 1 mg/mL. After one week, size of NPs
was determined using zetasizer to identify aggregation.
For evaluation of drug release, B-NPs or B-PCNPs were
placed in a dialysis bag (MWCO = 12-14 kDa), which
was put in 30 mL of release medium (H,O, PBS, and 10%
FBS) containing 0.1% Tween 80 was added to a 50 mL
centrifuge tube. The in vivo physiological environment
was simulated by placing the centrifuge tube on a shaker
set at 37°C and 200 rpm. After a predetermined time (0, 2,
4, 8, 24, 48, 72, 96, 120, 144, and 168 h), all solutions
were extracted and replaced with 30 mL of the same
solution. The absorbance of the released P-mangostin
was measured at 360 nm using a microplate reader.

Active Targeting and Immune Escape
Characteristics of PCNPs

Cellular uptake of NPs in C6 cells and macrophages was
quantitatively analyzed by laser scanning confocal micro-
scopy (LSCM) and flow cytometry. For this study, NPs were
fluorescently labeled by incorporating 0.1 wt% DiD into the
PLGA cores. C6 cells were seeded on a 6-well plate (5 x 10°
per well) and cultured for 12 h, whereas THP-1 cells were
maintained in RPMI 1640 medium supplemented with 10%
FBS and 1% penicillin—streptomycin at 37°C and 5% CO,.
Cells were differentiated into macrophage-like phenotype
cells by culturing them with 100 ng/mL phorbol myristate
acetate (PMA) for 48 h. Cell culture media were then
(PLGA
Nanoparticles), PNPs (Platelet cell membrane coated
PLGA nanoparticles), CNPs (C6 cell membrane coated
PLGA nanoparticles), and PCNPs (Platelet-C6 hybrid cell

replaced with fresh media containing NPs
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coated PLGA After 4
h incubation, cells were washed twice with PBS and fixed

membrane nanoparticles).
with pre-cooled 4% paraformaldehyde in PBS for 15 min,
labeled with DAPI for 15 min, and then washed thrice with
PBS. Finally, 10 puL of an anti-fluorescence quenching agent
was added cells were observed using CLSM. For quantita-
tive measurement, adherent cells were trypsinized into
a single cell suspension, suspended in 0.5 mL of PBS
(0.01M, pH 7.4), and analyzed by flow cytometry.

In vitro Antitumor Activity

We evaluated the cytotoxicity of the prepared nanoscale
systems against C6 cells and mouse hippocampal neuronal
HT22 cells by using an in vitro CCK8 assay kit. First, we
evaluated the toxicity of PCNPs on HT22 cells. Briefly,
HT22 cells were seeded in 96-well plates (1.0 x 10 cells
per well) and cultured in a CO, incubator for 24 h. The
culture medium was aspirated, and cells were then incu-
bated with 100 puL culture medium containing PCNPs at
different concentrations (2, 4, 8, and 16 mg/mL) for 24
h. The wells without samples were considered the control
group, whereas the wells without cells and samples were
considered the blank group. Before CCKS8 assay, culture
medium in each well was removed and cells were washed
three times with 1xPBS. CCKS8 (10 pL) was then added to
each well, and the plates were incubated in an incubator
for 1-4 h. Absorbance was measured at 562 nm using
a microplate reader, and cell survival was calculated.
CCKS assay was also used to evaluate the cytotoxicity of
B-mangostin-loaded NPs coated with different cell mem-
branes in C6 cells. Briefly, C6 cells were seeded in 96-well
plates at 1.0x10* cells per well and cultured for 24
h. Then, the NP solutions (NPs, PNPs, CNPs, PCNPs)
loaded with different concentrations of PB-mangostin (5,
10, 15, 20, and 25 pg/mL) were added and cells were
incubated for 24 h; the wells without samples were con-
sidered the control group, whereas the wells without cells
and samples were considered the blank group. Cell viabi-
lity was evaluated as described above.

In vivo Antitumor Activity in

Subcutaneous Glioma Model

All animals were raised in a specific pathogen-free envir-
onment. This project was approved by the Medical Ethics
Committee of Zhejiang Provincial People’s Hospital. We
acknowledge that the project was performed according to
international, national, and institutional rules for animal

experiments, clinical studies, and biodiversity rights. C6
cell suspension in exponential growth phase was collected
and used to develop a subcutaneous tumor model in mice.
Cell density was adjusted to obtain a final concentration
of 5x10° cells/mL after mixing the cell suspension with
Matrigel at 2:1. Sixty BALB/c nude mice (male; 4-week-
old; 18-22 g) were randomly divided into six groups of
10 mice each. The above prepared C6 cell suspension
(200 pL) was injected into the subcutaneous tissue of
the right back of each nude mouse. When the tumor
volume reached approximately 80-100 mm?>, the mice
were treated with PBS, f-mangostin, 3-NPs, B-PNPs, (-
CNPs, and B-PCNPs every other day at the same dose
(5 mg/kg, 200 uL) for seven days. The weight and tumor
growth of the nude mice were monitored every two days
after the first injection. The tumor length and diameter
were measured using a Vernier caliper, and the volume
according to the vV =
(lengthxwidth?)/2. On the 18th day, the mice were sacri-
ficed for biochemical and pathological analyses and tox-

was calculated formula

icological evaluation. Tumors were stripped, weighed,
and photographed.

In vivo Imaging

After administration of NPs, healthy BALB/c nude mice were
imaged using the EXplore Optix MX animal imaging system
to visualize the distribution of NPs in vivo and their accumu-
lation in the brain regions. Excitation and emission wave-
lengths used for imaging were 580 nm and 692 nm,
respectively. To establish the C6 intracranial orthotopic glio-
blastoma mouse model, mice were anesthetized using 3.5%
chloral hydrate (1.5 mL/100 g body weight). The head (the
area to be inoculated) was cleaned with 70% ethanol and
opened with a sterilized scalpel. C6 cell suspension (500
uL; 1x10° cells in 10% DMEM) was injected into the stria-
tum at a depth of 3 mm from the dural surface. Twenty days
after the orthotopic glioma model was established, the mice
were randomly divided into four groups and each mouse was
injected with 200 uL of DiD-labeled NPs, PNPs, CNPs, and
PCNPs via the tail vein. At 24 h after injection, the mice were
anesthetized with isoflurane and imaged from the back.

In vivo Antitumor Activity in Orthotopic
Glioma Model

All animal experiments were conducted following the guide-
lines approved by the Laboratory Animal Management and
Ethics Committee of Zhejiang Provincial People’s Hospital.
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An orthotopic glioma model was established according to the
above method. Seven days after the model was established,
mice were randomly divided into six groups (PBS, B-
mangostin, B-NPs, B-PNPs, B-CNPs, and B-PCNPs) and
administered the same dose and injection as the mice with
the subcutaneous tumor. The overall survival was monitored
in all groups. On the 20th day after modeling, one mouse was
randomly selected from each group, and the brains and major
organs were sampled for H&E staining. The remaining mice
in each group were observed until their death.

Statistical Analysis

All statistical tests were performed in GraphPad Prism 8§
software. For comparison between the groups, unpaired
t-test was used. Results of more than three independent
repeated experiments were expressed as mean + SEM.
Statistically significant differences between groups were
considered at P < 0.05 (denoted by *), P < 0.01 (denoted
by **), and P < 0.001 (denoted by ***).

Results
PLT-Cé6 Hybrid Cell Membrane

Characterization

As shown in Figure 1A, when the ratio of C6 membrane in
the PLT-C6 hybrid membrane was increased, fluorescence
recovery was observed until 590 nm; thereafter, increased
in comparison with the PLT membrane, there was
a recovery of fluorescence at 590 nm, whereas the fluor-
escence gradually decreased until 670 nm. This indicated
weakening of the FRET interaction in the hybrid PLT-C6
membrane due to the interspersing of the two membrane
materials. We then fabricated a PLT-C6 hybrid membrane
by using PLT cell membrane labeled with DiD and C6 cell
membrane labeled with Dil at 1:1 mass ratio. The PLT cell
membranes labeled with DiD appeared red and the C6
glioma membranes incubated with Dil appeared green.
The mixture of the dye labeled PLT and C6 membranes
exhibited distinct red and green light spots. However,
when membranes were fused to form a hybrid membrane,
a significant merging of the fluorescent signals derived
from DiD and Dil was observed (Figure 1B). These results
suggest the successful fusion of the natural PLT membrane
and C6 cell membrane.

Preparation and Characterization of PCNPs
NPs were wrapped in PLTM, C6M, and PLTM-C6M using
a cell membrane extrusion method to obtain PNPs, CNPs,

and PCNPs, respectively.’> The TEM images (Figure 1C)
of PCNPs negatively stained with uranyl acetate appeared
as hollow and spherical particles with a diameter of around
130 nm and a uniform ~10-nm-thick outer shell, indicating
the presence of a hybrid membrane; these results were
consistent with those obtained by dynamic light scattering
(DLS) analysis of particle size (Figure 1F). DLS analysis
showed that the PCNPs were larger than the bare core NPs
(131.7 nm vs 121.9 nm; Figure 1D). Moreover, their sur-
face zeta potential changed from —43.9 mV to —10.3 mV
after the hybrid membrane coating (Figure 1E), confirming
the presence of a charged outer membrane layer similar to
that of the PLT-C6 hybrid membrane. Successful extrac-
tion of the membranes was confirmed by the presence of
protein markers specific to the membranes of the platelets
and C6 glioma cells in the hybrid PLT-C6 membrane
(Figure 1G). These results show that the PLT-C6 hybrid
membrane was successfully prepared and coated onto the
PLGA NPs.

Active Targeting and Immune Escape
Characteristics of PCNPs

Confocal laser-scanning microscope images (Figure 2A)
showed that DiD was mainly localized in the cytoplasm of
the C6 glioma cells after incubation of the cells with DiD-
PCNPs for 4 h. Moreover, cells incubated DiD-PCNPs
showed brighter red fluorescence than the NP-treated cells.
Cell uptake of DiD in C6 cells was further investigated by
using flow cytometry (Figure 2B and C). DiD fluorescence
intensity in the C6 cells treated with DiD-PNPs and DiD-
CNPs was approximately 1.9 times stronger than that of
cells treated with bare DiD-NPs. Similarly, DiD fluorescence
intensity in C6 cells treated with DID-PCNPs was approxi-
mately 3.1 times stronger than in cells treated with bare
DiD-NPs, indicating that PLT-C6 hybrid cell membrane-
coated NPs have good target recognition capabilities. To
evaluate their immune escape properties, internalization of
DiD-PCNPs by macrophages was studied by CLSM ima-
ging. A very low level of red fluorescence was observed in
C6 cells treated with DiD-PCNPs (Figure 2D). Notably, this
fluorescence signal was weaker than that observed in the
DiD-NP-treated group. Quantitative analysis by flow cyto-
metry indicated that the fluorescence intensity in the DiD-
NP group was 2.3-fold stronger than that of DiD-PCNP
group (Figure 2E and F), confirming the good immune
escape ability of PCNPs.
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Figure | Fabrication and physicochemical characterization of PCNPs. (A) Platelet membrane was doped with a pair of FRET membrane probes and fused with increasing
amounts of C6 cell membrane. The recovery of fluorescence emission from the donor was monitored at the lower emission peak (525 nm, PLTM: C6M = platelet membrane
protein to Cé cell membrane ratio). (B) Laser scanning confocal microscopy images of either a mixture of PNPs and CNPs or of the PCNPs (red = Cé cell membrane, green
= platelet membrane; scale bar = [0 um). (C) Representative TEM images of bare PLGA cores and PCNPs, negatively stained with uranyl acetate (scale bar = 100 nm).
(D and E) Z-average size and surface zeta potential of bare PLGA cores, PNPs, CNPs, and PCNPs, as measured by DLS. (F) Z-average size of bare PLGA cores and PCNPs.
(G) Protein content visualization of |: platelet, 2: Cé cells, 3: PNPs, 4: CNPs, and 5: PCNPs, run on SDS polyacrylamide gel electrophoresis at equivalent protein
concentrations followed by Coomassie Brilliant Blue staining. Data are represented as mean * S.D of three independent experiments.

Drug Loading and in vitro Release of 3-

Mangostin by PCNPs

Bare core PCNPs and B-PCNPs were synthesized as out-
lined in Figure S4. The encapsulation efficiency (EE) and
loading content (LC) of the B-mangostin-loaded PCNPs
are summarized in Figure 3A and B. Although the highest
LC (15.1%) was achieved when the mass ratio of f-
mangostin: PLGA-NPs was 1:3, the EE was only 75.6%,
leading to wastage of B-mangostin. A good balance was
achieved at 1:4 ratio, with LC and EE of 13.08% and
82.3%, As in Figure 3C, B-
mangostin-loaded NPs were stable in H,0, PBS, and
10% FBS, with a particle size of approximately 190+5
nm and PDI <0.1. The in vitro release profiles of (-

respectively. shown

mangostin loaded into NPs and PCNPs were investigated
in 10% FBS (Figure 3D). The B-NPs showed a burst drug
release in the initial 8 h of the experiment, and reached
a cumulative release of 50.4 + 6.7% after 24 h. This can be

attributed to their porous structures. However, in case of -
PCNPs, this burst release was inhibited, which can be
ascribed to the blockage of B-mangostin release due to
presence of hybrid membrane around the particles.

In vitro Anticancer Activity

Next, the in vitro therapeutic effects of B-PCNPs were evalu-
ated. First, the CCK8 assay results demonstrated the biocom-
patibility of PCNPs (Figure 3E) and antitumor efficacy and
targeting ability of B-PCNPs against C6 glioma cells
(Figure 3F). At a B-mangostin concentration of 10 pg/mL,
C6 glioma cells treated with B-PCNP showed significantly
low viability (17.0%), whereas the viability of C6 glioma
cells treated with B-NPs was relatively high (47.54%). Next,
we studied induction of apoptosis in C6 cells treated with -
PCNPs. C6 cells were incubated with DMEM, -NPs, B-PNPs,
B-CNPs, and B-PCNPs for 24 h, stained with Annexin V-FITC/
PI, and analyzed by flow cytometry. PI and FITC are known to
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Figure 2 Homotypic targeting and immune escape ability of B-PCNPs. (A) Confocal fluorescence imaging of dye-labeled bare PLGA cores (NPs), PNPs, CNPs, and PCNPs
after incubation with Cé cells (red = nanoparticles, blue = nuclei; scale bars = 20 um). (B and C) Binding of fluorescently labeled bare NPs, PNPs, CNPs, and PCNPs to Cé
glioma cells, as analyzed by flow cytometry. (D) Confocal fluorescence imaging of dye-labeled NPs, PNPs, CNPs, and PCNPs after incubation with THP-1 cells (red =
nanoparticles, blue = nuclei; scale bars = 20 pm). (E and F) The uptake of fluorescently labeled NPs, PNPs, CNPs, and PCNPs when incubated with human macrophage-like
cells, as analyzed by flow cytometry. Data are represented as mean + S.D of three independent experiments; *P < 0.05, **P < 0.001.

interfere with each other in the apoptosis assay; therefore,
unstained C6 cells and C6 cells stained with Annexin V or PI
only were also processed for compensation. Compared with
the control groups, B-PCNPs strongly induced apoptosis of C6
cells. After 24 h of incubation with B-PCNPs, approximately
half of C6 cells were in the late apoptotic stage (Figure 3G,
upper right quadrant, Annexin V, PI+). However, in other
groups, the percentage of late apoptotic C6 cells was signifi-
cantly lower. Overall, these studies showed that B-PCNPs
possess excellent in vitro antitumor effect on C6 cells, which
makes them a promising candidate for in vivo chemotherapy.

In vivo Antitumor Activity in
Subcutaneous C6 Glioma Model

Based on the encouraging results of in vitro antitumor activ-
ity of B-PCNPs, a subcutaneous C6 glioma model was used
to investigate the antitumor efficacy of B-PCNPs in vivo.

PBS, free B-mangostin, B-NPs, B-PNPs, B-CNPs, and (-
PCNPs were injected into tumor-bearing mice through the
caudal vein. All formulations were prepared to provide the
same [-mangostin dosage of 5 mg/kg. As shown in
Figure 4A, free B-mangostin exhibited little inhibition of
tumor growth due to drug resistance, whereas B-NPs, B-
PNPs, B-CNPs, and B-PCNPs suppressed the tumor growth
to different degrees. The change in body weights of mice in
each treatment group was consistent with the change trend
observed in mice of the PBS group (Figure 4B). No obvious
toxic reactions or deaths were observed during the experi-
ment, assuring a good safety profile. After sacrifice at the
end of the experiment, the tumor tissue was examined after
cardiac perfusion with 4% paraformaldehyde (Figure 4C and
D); the size of the tumor was in the order PBS > free B-
mangostin > B-NPs > -PNPs > 3-CNPs > f-PCNPs. Based
on these findings, it can be suggested that the PLT-C6
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Figure 3 In vitro antitumor activity of different nanoparticles. (A and B) B-Mangostin loading capacity and encapsulation efficiency of PCNPs when B-mangostin
concentrations were 75, 150, 225, 300, and 375 pg/mL. (C) Z-average size of PCNPs over 7 days in H,O, PBS, and 10% FBS. (D) B-Mangostin release from B-NPs and -
PCNPs in 10% FBS. (E) CCK8 assay was used to measure HT22 cell viability after treatment with different concentrations of PCNPs. (F) CCK8 assay was used to measure
C6 cell viability after treatment with different concentrations of B-PCNPs. (G) Cé cell apoptosis was measured using flow cytometry. Data are presented as mean + S.D of

three independent experiments.

hybrid membrane coating on the surface of PLGA NPs
could enhance their uptake by cancer cells, resulting in
accumulation of the formulation in the tumors. We also
performed immunofiuorescent TUNEL staining assay to
assess tumor cell apoptosis (Figure 4E). Although apoptotic
(green) cells were seen in all groups of mice that received -
PNPs, B-CNPs, or B-PCNPs, apoptosis was much more
evident in the B-PCNP treatment group. These results indi-
cate that B-PCNPs can act as an effective drug delivery

platform for tumor suppression.

In vivo Antitumor Activity in Orthotopic
Glioma Model

An orthotopic glioma-bearing mouse model was used in this
study (Figure 5A). To investigate the ability of NPs to cross the
blood-brain barrier, in vivo distribution of NPs and their accu-
mulation in the brain were measured 24 h after administration
(Figure 5B and C). Bare NPs could hardly be detected in the
brain due to the existence of the BBTB. However, membrane

wrapped NPs showed increased accumulation in glioma

because PCNPs could traverse the BBTB by receptor-
mediated transcytosis.

Kaplan—Meier plots were used for survival analysis to
investigate the in vivo anti-glioma efficacy of B-PCNPs in
orthotopic C6 glioma-bearing mouse model. Mice were
randomly divided into six groups and treated with PBS,
free B-mangostin, B-NPs, B-PNPs, B-CNPs, and B-PCNPs
at a single dose of 5 mg/kg B-mangostin, which was admi-
nistered 10 days after implantation of the C6 cell suspension.
At this stage, the BBTB is considered as the main obstacle
for nanocarriers. As depicted in Figure 5D, free B-mangostin
exhibited only a mild therapeutic effect. Similarly, because
of the short half-life and poor specific targeting ability,
a limited improvement in efficacy was observed in 3-NP, B-
PNP, and B-CNP groups. Notably, compared to the 26-day
median survival time of the untreated group, B-PCNPs sig-
nificantly prolonged median survival time to 33 days (B-
PCNPs vs all other groups, p < 0.05). Brain glioma sections
from each group were stained with hematoxylin and eosin
(H&E) to observe the tumor growth (Figure S5E).
Furthermore, to evaluate the in vivo biocompatibility and
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Figure 4 p-Mangostin-loaded nanoparticles inhibited the growth of glioma cells in a subcutaneous tumor model of Cé cells. (A) Relative tumor volume, (B) body weight,
and (C) tumor weight in mice receiving different treatments. (D) Images of tumors in each tested group. (E) Images of tumor tissue sections after treatment with different
nanocarriers and drug; sections were subjected to H&E staining, immunohistochemical detection, and TUNEL assay (scale bar = 200 pm). Data are presented as the mean *

S. D. of three independent experiments; **P < 0.01, ***P < 0.001.

safe of the B-PCNPs, heart, liver, spleen, lung, and kidneys
were collected after sacrifice and imaged after H&E staining
(Figure S5). No differences were observed between the
control group receiving PBS and the animals treated with -
PCNPs, suggesting the safety of B-PCNPs for in vivo med-
ical applications.

Discussion

Glioma, a common intracranial malignant tumor of the
human central nervous system, is highly invasive and has
poor prognosis.>* BBB and BBTB are the biggest obstacles
that hamper the delivery of several drugs to gliomas, thus
limiting their efficacy.***> Development and discovery of
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Figure 5 B-Mangostin-loaded nanoparticles inhibit the growth of glioma cells in an orthotopic glioma model. (A) Schematic diagram of glioma model. (B) Representative
fluorescence images of orthotopic Cé glioma mouse models from different groups. (C) Quantitative fluorescence signal intensity in the brain. (D) Survival rate curves for
each test group. (E) Images of tumors and H&E stained brain sections from all groups on day 20. Data are presented as the mean * S. D. of three independent experiments;

*P < 0.05, P < 0.01, **P < 0.001.

novel and efficient drug delivery systems that can traverse
the BBB and target the intracranial tumors are highly desired
for the treatment of malignant glioma.

In recent years, a number of different strategies have
been developed and tried to overcome the BBB and
deliver relevant drugs to brain tumors.®?’ Lu et al
developed a disulfide bond-conjugated prodrug polymer
(CPT-S-S-PEG-iRGD@IR780 micelles) consisting of
camptothecin (CPT), polyethylene glycol (PEG), and
iRGD peptide, which could effectively cross barriers to
reach the glioma site; moreover, they reported that anti-
tumor effect was significantly enhanced when tumors
were irradiated by laser.*® Drug targeting to tumors is
highly dependent on the density of expression of specific
receptors on the surface of tumor cells.>® Keeping this in
mind, we developed hybrid cell membrane-coated NPs.
The core NPs were formulated using FDA-approved
biodegradable polymer PLGA and were loaded with f-
mangostin extracted and purified from mangosteen,
which has previously shown good biocompatibility and

bioactivity against glioma cells. These NPs were then
coated with platelet-C6 hybrid membranes for efficient
treatment of glioma.

TEM images showed that the platelet-C6 hybrid mem-
brane-camouflaged NPs (PCNPs) prepared in this study had
an average diameter of 130 nm, with approximately a 10-nm-
thick outer shell indicating the presence of a hybrid membrane
on NP surface. SDS-PAGE results showed that the surface
proteins of cell membranes were completely retained on the
nanocarriers, which agrees with the results of previous
studies.*® Several studies have shown that antitumor responses
are associated with the adaptive immune system, which affects
the delivery of drugs by immunocytes.*"** Flow cytometry
and confocal microscopy were used to evaluate the endocyto-
sis of NPs, which plays a significant role in the immune escape
property. We found that PCNPs were taken up by THP-1 cells
to a much lesser extent than NPs, PNPs, and CNPs; however,
PCNPs were easily taken up by C6 cells. Moreover, PCNPs
had prolonged blood circulation time and showed enhanced
tumor targeting (Figure S6). Fluorescence imaging showed
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that accumulation of nanocarriers in the brain glioma at 24
h after tail vein injection of PCNPs was 2.6-fold higher than
that in cells treated with NPs. This higher accumulation was

that
43,44

similar  to reported recently for camouflaged
nanocarriers.

Apoptosis is programmed cell death, which plays a critical
role in maintaining normal development and cell
homeostasis.*> The induction of apoptosis in tumor cells is
a promising approach for tumor therapy.*® Our previous stu-
dies have shown that the apoptosis of glioma cells by f3-
mangostin treatment is accompanied by BAX mitochondrial
distribution, oligomerization, and caspase 3 activation.”’
Physical and chemical properties of B-mangostin can be effec-
tively improved by encapsulation into NPs. CCK8 assay
showed that B-PCNPs significantly inhibited the proliferation
of C6 glioma cells as compared with that by both bare core
NPs and single cell membrane-coated NPs. B-PCNPs induced
the highest level of apoptosis in C6 cells, indicating that the
delivery of B-mangostin, mediated by hybrid membrane-
coated NPs, increased its efficacy of inducing cell apoptosis.
This was also consistent with the results of the TUNEL assay.

In C6 subcutaneous tumor mouse model, the average
tumor volume of B-PCNP group (232.3+49.7 mm®) on the
18th day of dosing was significantly smaller than that of
the untreated group (945.3+£199.0 mm?). To further evalu-
ate the antitumor effect of f-PCNPs in a clinically relevant
model, we transplanted C6 cells into the right striatum to
The

untreated mice had a median survival of 26 days, which

establish an orthotopic glioma mouse model.

was in agreement with a previous study by Zing et al.’
Zing found that the median survival was 27 days in the
anti-PD-1 antibody arm and 28 days in the radiation arm;
however, treatment with B-PCNPs prolonged the survival
to 33 days in our study. Thus, we have successfully devel-
oped hybrid biomimetic camouflaged NPs with multiple
targeting capabilities and efficient delivery of f-mangostin
to the tumor site. The developed NPs potently inhibited
tumor growth without causing systemic adverse effects.

Conclusion

We generated platelet—cancer cell hybrid membrane-
coated hollow PLGA NPs loaded with B-mangostin.
These B-PCNPs showed enhanced anticancer efficacy
against glioma cells through homotypic cell targeting and
immune escape. Long-term inhibition of tumor growth and
metastasis was achieved owing to the characteristics of the
hybrid membrane, and sustained clearance of the tumor
cells observed. The high

by p-mangostin was

biocompatibility and excellent efficacy of B-PCNPs make
them highly promising candidates for glioma treatment.
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