Acta Pharmaceutica Sinica B 2023;13(1):359—371

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

ORIGINAL ARTICLE

All-stage targeted therapy for the brain »™
metastasis from triple-negative breast cancer

updates

Zimiao Luo™’, Sunyi Wu™’, Jianfen Zhou™", Weixia Xu™’,
Qianzhu Xu™"“, Linwei Lu”, Cao Xie™’, Yu Liu™’, Weiyue Lu®"%%*

“Department of Pharmaceutics, School of Pharmacy, Key Laboratory of Smart Drug Delivery, Fudan University,
Shanghai 201203, China

®Department of Integrative Medicine, Huashan Hospital, Institutes of Integrative Medicine of Fudan University,
Shanghai 200041, China

“Minhang Branch, Zhongshan Hospital and Institute of Fudan-Minghang Academic Health System, Minghang
Hospital, Fudan University, Shanghai 201199, China

dState Key Laboratory of Medical Neurobiology, Collaborative Innovation Center for Brain Science, Fudan
University, Shanghai 200032, China

Received 21 February 2022; received in revised form 28 March 2022; accepted 30 March 2022

KEY WORDS Abstract  Brain metastasis is a common and serious complication of breast cancer, which is commonly
associated with poor survival and prognosis. In particular, the treatment of brain metastasis from triple-
negative breast cancer (BM-TNBC) has to face the distinct therapeutic challenges from tumor heterogeneity,
circulating tumor cells (CTCs), blood—brain barrier (BBB) and blood—tumor barrier (BTB), which is in un-
met clinical needs. Herein, combining with the advantages of synthetic and natural targeting moieties, we
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PVAP peptide; develop a “Y-shaped” peptide pVAP-decorated platelet-hybrid liposome drug delivery system to address
Nanocrystal; the all-stage targeted drug delivery for the whole progression of BM-TNBC. Inherited from the activated
Cabazitaxel; platelet, the hybrid liposomes still retain the native affinity toward CTCs. Further, the peptide-mediated tar-
Targeted drug delivery; geting to breast cancer cells and transport across BBB/BTB are demonstrated in vitro and in vivo. The resul-
Drug delivery system tant delivery platform significantly improves the drug accumulation both in orthotopic breast tumors and

brain metastatic lesions, and eventually exhibits an outperformance in the inhibition of BM-TNBC compared
with the free drug. Overall, this work provides a promising prospect for the comprehensive treatment of BM-
TNBC, which could be generalized to other cell types or used in imaging platforms in the future.
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1. Introduction

Cancer metastasis to brain remains a fatal clinical reality in
most cases, resulting an estimated survival time of several
months in spite of palliative treatments'. Among all breast
cancer subtypes, triple-negative breast cancer (TNBC) has the
highest incidence of brain metastasis and the poorest prog-
nosis>. Women with brain metastasis from TNBC suffer the
most intractable therapeutic challenges concurrently from the
tumor heterogeneity, circulating tumor cells (CTCs),
blood—brain barrier (BBB) and blood—tumor barrier (BTB)>°.
Ideal treatment strategies for brain metastatic TNBC with an
all-stage cure of in situ tumors, CTCs and metastatic lesions are
in unmet medical needs.

Liposomes is one of the most mature and widely used
nanoscale delivery platform. Over the past several years, natural
human, murine or bacterial cell membrane materials were partly
or totally incorporated into liposomes in virtue of their unique
physiological functions’ ”. For example, activated platelet
membranes were employed to target solid tumors, CTCs or
metastatic lesions'’'?. While the scarce membrane sources,
complex extraction steps and compromised circulation half-
lives limited the translation of platelet vehicle systems into
clinical applications'®. Inspired by this, we hypothesize that a
membrane-hybrid liposome delivery platform with a proper
proportion of platelet membranes and lipids might provide a
desirable solution to balance the targeting and long systemic
circulation.

The off-targeting and BBB-derived rigid obstacle of drug de-
livery into the brain are considered another two challenges during
the treatment of brain metastatic TNBC. Glucose-regulated pro-
tein 78 (GRP78) is a specific cell-surface marker for cancer cells
and neovascular endothelial cells'. The VAP
(PSPNPTPRPVPAPP) peptide, presenting high affinity with
GRP78, was reported possessing a well-demonstrated tumor cells
binding and BTB penetration properties'®. As one of benzamide
analogues, p-hydroxybenzoic acid (pHA) has been proven an
effective BBB-targeting moiety via the D1 and D2 dopamine re-
ceptors since 2011'7. In our previous works, the “Y-shaped”
peptide formed by two peptides connecting through aminocaproic
acid were demonstrated possessing an increased modification
density of targeting peptide. Herein, we synthesized the “Y-sha-
ped” targeting material pHA-VAP (pVAP)-PEG-DSPE
(Supporitng Information Fig. S1C), endowed with both the tar-
geting functions of pHA and VAP, as previous works'®!®,

fdb 9.1.450/W Unicodeln the present study, we fabricate a
novel pVAP-decorated platelet membrane-hybrid liposome de-
livery system (pVAP-PL), with the model drug Cabazitaxel
(CbTX) nanocrystal (CNC) loaded in through a film-rehydration
and ultrasonic method (Fig. 1). The unique binding activities of
activated platelet membranes in the hybrid liposomes (PL) were
firstly confirmed. Then, the successful encapsulation of CNC into
the pVAP-PL were characterized. The specific targeting properties
of pVAP-PL/CNC were demonstrated thoroughly in vitro and
in vivo. After one cycle of therapy, pVAP-PL/CNC eventually
achieved the outperformance compared with the nondecorated PL/
CNC and free drug both in 4T1 orthotopic and brain metastatic
tumor models. All in all, in this work, we proposed an all-stage
drug delivery platform for the therapy of brain metastatic TNBC
leveraging the advantages of synthetic and natural targeting
moieties.

2. Materials and methods
2.1. Cell lines and animals

4T1 breast cancer cells, HUVECs and bEnd.3 cells were purchased
from Shanghai Institute of Cell Biology and cultured in the DMEM
medium (Gibco, USA) supplemented with 10% FBS (Gibco, USA),
100 IU/mL penicillin (Gibco, USA), and 100 pg/mL streptomycin
(Gibco, USA) at 37 °C in a humidified atmosphere containing 5%
CO,. BALB/c female mice were purchased from Shanghai SLAC
Laboratory Animal Ltd. (China) with the age matched 6—8 weeks
throughout all experiments. All the animal experiments were car-
ried out according to the animal protocol approved by the Animal
Ethics Committee of School of Pharmacy, Fudan University.

2.2.  Preparation and characterization of platelet-hybrid
liposomes

Human platelet membrane materials were derived from platelet-rich
plasma through a repeated freeze-thaw process as previous report'”.
To prepare platelet-hybrid liposomes, the egg yolk lecithin (AVT
Pharmaceutical Tech Co., Ltd., Shanghai, China), cholesterol
(Sigma—Aldrich, USA) and DSPE-PEG,qy (LaysanBio, USA),
with the 80:18:2 molar ratio, were dissolved in trichloromethane
(Sinopharm Chem ical Reagent, China). After the solvent had been
removed, the films were hydrated with PBS or PBS including
platelet membranes (1:100 or 1:25, platelet membrane protein-to-
lipid, w/w). Then, the conventional liposomes (Lip), platelet-
hybrid liposomes (PL) and pure platelet membrane-derived vesi-
cles (PV) were assembled through a sonication method (SCIENTZ,
Ningbo, China). The DiO/DiD-labelled Lip, PL or PV were pre-
pared with the same procedure except 0.2% (w/w) of DiO or DiD
(Meilunbio, Dalian, China) mixing in the lipid.

The size and zeta potential of platelet, Lip, PL and PV were
determined by dynamic light scattering (DLS) using a Malvern
Nano ZS analyzer (Malvern, UK) (» = 3). The stability of
different samples in PBS or after freeze drying were monitored by
DLS, respectively (n = 3). To demonstrate the membrane fusion
in PL, two lipophilic dyes, NBD-PE (Ex/Em: 463/536 nm)
(Invitrogen, USA) and rhodamine DHPE (Ex/Em: 560/580 nm)
(Invitrogen, USA) were employed to label the platelet membranes
with 0.1% and 0.5% (mol/mol) final ratios of total membrane
materials, respectively. Then liposome suspensions were added
into the NBD-PE/thodamine DHPE-doped platelet membrane
materials at lipid to platelet membrane protein weight ratios of
200:1, 100:1, 50:1, 20:1 or 0:1, followed by a sonication for 5 min
at 4 °C. The fluorescence spectrum of each sample was detected
by a Tecan Infinite M200 Pro multiplate reader (BioTek, USA)
using an excitation wavelength of 463 nm. To examine the total
protein profile and specific membrane proteins in PL, the SDS-
PAGE and western blotting assay were carried out with equiva-
lent cell membranes and corresponding antibodies of GPVI
(Abgent, USA), GPIIb/Illa (Biolegend, USA), intergrin o2 (R&D,
USA), GPIba (R&D, USA), intergrin 1 (R&D, USA) and CD47
(Invitrogen, USA).

2.3.  Binding properties and pharmacokinetic behavior of
platelet-hybrid liposomes

To assess the specific tumor cells targeting activity of PL, 4T1 breast
cancer cells were seeded in 12-well plates at a density of 2 x 10° cells
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Schematic illustration of the preparation and targeting mechanism of the CNC-loaded pVAP-decorated platelet-membrane hybrid

liposomes (pVAP-PL/CNC) for the all-stage targeted therapy of brain metastatic triple-negative breast cancer (TNBC). In brief, the pVAP-PL
nanocarrier was developed using egg yolk lecithin, cholesterol, DSPE-PEG3400-pVAP and activated platelet membranes through the thin-film
hydration (TFH) method, then the CNC was loaded into pVAP-PL via ultrasonic method. The whole targeting processes of pVAP-PL/CNC to
in situ TNBC, CTCs and brain metastatic lesions were obtained via the peptide pVAP and activated platelet membranes-mediated targeting

delivery.

per well. Twenty-four hours later, 4T1 cells were treated with serum-
free medium including 50 pg/mL of DiO-labelled Lip, PLL (PL-
Low) (1:100, platelet membrane protein-to-lipid, w/w), PLH (PL-
High) (1:25, platelet membrane protein-to-lipid, w/w) or PV at 4 °C
for 30 min, respectively (n = 3). The binding results were analyzed
by a laser scanning confocal microscope (ZEISS, Germany) and a
flow cytometer (Beckman, USA) with the excitation/emission
wavelength of 488/502 nm. To mimic the specific targeting of PLL or
PLH to tumor cells under a physiological condition, the dynamic 4T1
tumor cells binding assay was performed as above except the tumor
cells under a shear flow condition (188 s~ 1) (Brookfield, USA)*°. For
the collagen or fibrinogen binding assay, 100 pg/mL of DiD-labelled
Lip, PL (1:100, platelet membrane protein-to-lipid, w/w) and PV were
added into collagen IV (Sigma—Aldrich, USA)- or fibrinogen (Sig-
ma—Aldrich, USA)-precoated 96-well plates for 5 min (n = 3),
respectively”'. After washing three times with PBS, the retained
samples were dissolved with DMSO (Meilunbio, Dalian, China),
followed by qualitative and quantitative assay with an IVIS spectrum
imaging system (PerkinElmer, USA) or multiplate reader (BioTek,
USA) at the excitation/emission condition of 644/663 nm, respec-
tively. Under a sheared condition, the collagen IV- or fibrinogen-
precoated glass slides were put into the bottom of flow chamber
(Naturethink, China) followed by 100 pg/mL of DiD-labelled Lip, PL
(1:100, platelet membrane protein-to-lipid, w/w) or PV infusing at a
shear rate of 500 s~ ! for 30 min”*. Different samples adhered to glass
slides were observed and semi-quantitated under a fluorescence mi-
croscope (Leica, Japan) after a washing for 5 min.

For pharmacokinetic study, BALB/c mice were intravenously
injected with 200 pL of DiD-labelled Lip, PLL, PLH or PV at a
concentration of 2 mg/mL, respectively (n = 5). The blood

samples were collected at preset time points (0.016, 0.16, 0.33,
0.66, 1, 2, 4, 8, 12 and 48 h) from mice eye socket vEin. The DiD-
labelled samples were measured by a multiplate reader (BioTek).

2.4.  Preparation and characterization of DSPE-PEG 3499-VAP
or DSPE-PEG34()()—[7VAP

The VAP (°SPNPTPRPVPAPPC), pHA and pVAP
(PSPNPTPRPVPAPPC-Ahx-pHA) were synthesized by GL
Biochem Ltd. (Shanghai, China). The DSPE-PEG3400-VAP or
DSPE-PEG3;400-pVAP was synthesized through covalent conju-
gation between thiolated peptide VAP or pVAP and DSPE-
PEG3;400-Mal (LaysanBio, USA). In brief, the DSPE-PEG3490-
Mal was dissolved in DMF (Sinopharm Chemical Reagent,
China) and then dropped into the peptide PBS (pH = 7.2) so-
lution under a magnetic stirring condition (IKA, Germany). The
reaction was monitored by HPLC (Agilent, USA). After that, the
DSPE-PEG3499-VAP or DSPE-PEGs3400-pVAP was purified
through dialysis method (MWCO 3.5 kDa, Genestar, Shanghai,
China) and confirmed by the disappearance of maleimide in the
ChemNMR.

2.5.  Preparation and characterization of PL/CNC, VAP/CNC,
pHA/CNC and pVAP/CNC

CbTX and TPGS were dissolved into dichloromethane (Sinopharm
Chemical Reagent, China) with a weight ratio of 1:1. Then, the
CNC solution was obtained through a series of rotary evaporation
(SENCO, Shanghai, China), hydration and sonication steps
(KUDOS, Shanghai, China). The CNC-loaded PL, VAP-PL, pHA-
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PL and pVAP-PL were prepared with the same procedure of PL
above except that the PBS and DSPE-PEG,(,, were replaced by
CNC solution in hydration and DSPE-PEG;400-VAP/DSPE-
PEGg3400-pHA/DSPE-PEG3490-pVAP in film formation, respec-
tively. The fluorescent probe-labelled CNC were prepared with
DiO/DiD/DiR incorporated at 0.2% (w/w). The size, zeta potential
and stability in PBS at 4 °C of formulations were measured by DLS
(n = 3). The samples treated with 2% sodium phosphotungstate
(Aladdin, Shanghai, China) were observed by TEM (Hitachi,
Japan). The lyophilized formulations were tested by PerkinElmer 1
DSC instrument (Waltham, MA, USA) for crystalline identification.
The encapsulation efficiency (EE) of CNC in pVAP/CNC was
calculated according to Eq. (1) after centrifugation (NACHT, Ger-
many) and HPLC steps:
CNClolal B CNCfree

total

2.6. Drug release and pharmacokinetic study

One milliliter of CNC, PL/CNC, VAP/CNC or pVAP/CNC were
added into dialysis bags (Genestar, Shanghai, China). Then the
dialysis bags were placed in different release mediums (pH 7.4
and 6.5). Two hundred microliter of sample was replaced peri-
odically under the condition of 65 rpm (IKA, Germany), 37 °C for
48 h (n = 5). The cumulated CbTX release amounts from each
group were detected by HPLC.

BALB/c mice were intravenously injected with 200 pL of DiD-
labelled CNC, PL/CNC, VAP/CNC or pVAP/CNC at a concen-
tration of 1 mg/mL, respectively (n = 5). The blood samples were
collected from mice eye socket vEin at preset time points (0.08,
0.25,0.5, 1, 2, 4, 8, 16, 24 and 48 h).

2.7.  Cellular uptake study

The cellular binding related markers of 4T1 cells (anti-CD44 anti-
body, CST, USA; anti-GRP78 antibody, CST, USA), HUVECs (anti-
GRP78 antibody, CST, USA) and activated platelets (anti-P-selectin
antibody, Absin, Shanghai, China) were identified by Western blot-
ting assay through routine processes. 4T1 cells or HUVECs were
seeded into 12-well plates or confocal dishes (NEST, Suzhou, China)
at the density mentioned above. The cells were incubated by DMEM
complete medium (Gibco, USA) including DiO-labelled Lip, PL/
CNC, VAP/CNC or pVAP/CNC at a CbTX concentration of 5 pg/mL
at 37 °Cfor 1.5 h (n = 4). The cellular uptake results were analyzed
by a confocal microscope or FACS.

2.8.  In vitro BBB/BTB models

For the BBB model, 100 uL. of BCECs were seeded into 24-well
Transwell at a density of 5 x 10° cells per chamber (0.4 pm
polyester membrane, Corning, USA) with 600 pL of complete
medium in each well. When the transendothelial electrical (Mil-
licell ERS, Millipore, USA) resistance sustained over 200 Q cm?,
DiD-labelled PL/CNC, pHA/CNC, pHA/CNC D+, pVAP/CNC or
pVAP/CNC D+ were added into the chamber at a CbTX con-
centration of 100 pg/mL at 37 °C with 200 pL of sample collected
from each well at 0.5, 1.5, 2.5 and 3.5 h, respectively (n = 4). For
the BTB model, the BCECs were replaced by a co-culture of
HUVECs and 4T1 cells at the density of 4 x 10° cells per
chamber and 1 x 10’ cells per well, respectively. When the BTB

could be used, DiD-labelled PL/CNC, VAP/CNC, VAP/CNC V+
pVAP/CNC or pVAP/CNC V+ were added into the chamber as
the same CbTX concentration of BBB assay above (n = 4). The
transport amounts of formulations in each group across BBB or
BTB were calculated through a multiplate reader.

2.9.  3D-tumor spheroids models

4T1 cells (1 x 10°% were seeded into 6-well plates with the ultra-
low attachment surface (Corning, USA). Ten days later, the 3D-
tumor spheroids were removed to confocal dishes or Transwells
for permeability studies. The tumor spheroids in dishes were
incubated with DiO-labelled PL/CNC, VAP/CNC or pVAP/CNC
at a CbTX concentration of 100 pg/mL at 37 °C for 1 h (n = 4).
The same CbTX formulations with equal concentration above
were added into Transwell chambers for 4 h. The fluorescence
intensity and penetration depth of tumor spheroids were measured
by a confocal microscope.

2.10.  Endocytosis and exocytosis mechanism

4T1 cells were seeded into 12-well plates at the density mentioned
above. For endocytosis mechanism investigation, the 4T1 cells
were pretreated with anti-GRP78 antibody and different endocy-
tosis inhibitors Chloropromazine, Filipin and Colchicine (Mei-
lunbio, Dalian, China) at a concentration of 10 pg/mL for 0.5 h,
respectively, then incubated with DiO-labelled PL/CNC, VAP/
CNC or pVAP/CNC at a CbTX concentration of 20 pg/mL at
37 °C for 1.5 h (n = 4). For exocytosis mechanism research, the
4T1 cells were pre-incubated with DiO-labelled PL/CNC, VAP/
CNC or pVAP/CNC at a concentration of 20 pg/mL at 37 °C for
3 h. Then different exocytosis inhibitors Nocodazole, Monensin
and Brefeldin A (Meilunbio, Dalian, China) were added into the
culture medium at a concentration of 10 pg/mL for 3 h, respec-
tively (n = 4)>>?°. The cellular uptake results were analyzed by a
FACS.

2.11.  Cytotoxicity study

4T1 cells or HUVECs were seeded into 96-well plates with a
density of 500 or 2000 cells per well, respectively. Different for-
mulations with CbTX concentrations ranging from 10 pg/mL to
10 pg/mL were added at 37 °C for 48 h (n = 5). Further steps of
MTT assay (Meilunbio, Dalian, China) were conducted according
to a routine protocol.

2.12.  Cell migration assay

4T1 cells with defined cell-free gaps were prepared through the
wound healing inserts (Ibidi, USA), followed by an incubation
with CbTX, PL/CNC, VAP/CNC or pVAP/CNC at a CbTX con-
centration of 50 ng/mL for 48 h (n = 4). The cell migration in
different groups were measured and calculated through an Image J
1.53e software (USA).

2.13.  Orthotopic breast cancer targeting and in vivo
biodistribution

4T1-luc cells (4 x 10°% were inoculated into the mammary fat pad
of BALB/c mice to establish the orthotopic breast cancer models.
Fourteen days later, DiR- or DiD-labelled PL/CNC, VAP/CNC
or pVAP/CNC were injected into mice via tail vein at a dose of
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8 mg/kg animal weight. NIR fluorescent images of mice, major
organs and tumors were obtained using an IVIS Imaging System
under the excitation/emission wavelength of 745/780 nm (n = 4).
The radiant efficiency of each formulation was evaluated by the
fluorescent value in the tumor area. The semiquantified and
quantified results were detected by a microplate reader or HPLC
after the tissue homogenization (SKSI Tissue Lyser, BiHeng
Biotechnology Co., Ltd., Shanghai, China) (n = 4), respectively.
The tumors harvested at 24 h after injection were embedded in
OTC (SAKURA, USA) for frozen sections (5 pum). The locali-
zation of GRP78 with different DiD-labelled formulations were
observed by a confocal microscope.

2.14.  Brain metastatic breast cancer targeting

4T1-luc cells were implanted into the right striatum of mice at a
density of 5 x 10° guided by a Stereotaxic Instruments (RWD,
Shenzhen, China)*®. Two weeks after inoculation, the mice
intravenously received different DiR- or DiD-labelled CbTX for-
mulations (PL/CNC, VAP/CNC, pHA/CNC or pVAP/CNC) at the
same dose above (8 mg/kg) (n = 3). The NIR fluorescent images,
semiquantification and quantification of DiR-labelled formula-
tions in the brain were measured as mentioned before. The frozen
sections of brain tissues were performed 24 h following injection.

2.15.  Anti-orthotopic breast tumor and brain metastases
efficiency

The 4T1 orthotopic breast cancer models (» = 6) and corre-
sponding brain metastasis models (n = 10) were established as
described above. The mice randomly received one cycle (Days 8,
11 and 14 following inoculation) of therapy with saline, CbTX, PL/
CNC, VAP/CNC and pVAP/CNC or saline, CbTX, PL/CNC, VAP/
CNC, pHA/CNC and pVAP/CNC at a CbTX dose of 6 mg/kg,
respectively. The animal weight and tumor volume were measured
every two days. The in situ tamor volume (V), in situ tumor sup-
pression (TS) ratio and therapeutic index (TI) were calculated ac-
cording to Egs. (2)—(4), respectively'**":

_ Length x Width?

14 2
3 (2)
Vi
TS (%) = [ 1——") x 100 (3)
10
1=
TI= ”VVV': (4)
=5

The orthotopic tumor tissues or brain tissues harvested one
week after last administration were used for paraffin section with a
H&E, CD31 (anti-CD31 antibody, Servicebio, China) and TUNEL
(TUNEL FITC Apoptosis Detection Kit, Vazyme, China) staining
assay, respectively. The positive results of CD31% or TUNEL+ in
slices were analyzed by Image J software (n = 3).

2.16.  Biosafety evaluation

The whole blood and serum samples of BALB/c mice which
received one time delivery of saline, CbTX, PL/CNC, VAP/CNC
or pVAP/CNC at the treatment dose of 6 mg/kg were subjected to
hematological and biochemical analysis. The major organs of each

mouse above were subsequently collected for pathological section
and GFAP (anti-GFAP antibody, Abcam, UK) staining assay.

3. Results and discussion

3.1.  Preparation and characterization of platelet membrane-
hybrid liposomes

The unloaded platelet membrane-hybrid liposomes (PL) were
prepared through a thin film-hydration method with 1% (w/w) of
activated platelet membrane materials added during the step of
hydration. The PL presented a median diameter (98 nm) and
surface charge value (—31.8 mV) between the Lip and PV
(Supporting Information Fig. S2A and S2B). The stability of PL in
PBS and after a freeze-drying indicated that platelet membranes
could integrate with general lipids to form stable liposomes (Fig.
S2C and S2D). The fusion of platelet membranes with general
lipids was based on the rearrangement of lipid molecules under an
ultrasonic condition. In order to evaluate the fusion of platelet
membranes with lipids, the FRET assay was conducted. The
recovered fluorescence emission from the platelet membrane
materials at 534 nm along with an increasingly mixed lipids
suggested the successful fusion of two kinds of materials
(Fig. S2E). The incorporated platelet membranes in PL retained a
similar whole protein profile as the activated platelets and pure
platelet vesicles (PV) (Fig. S2F), with a slight loss of specific
protein (GPVI, GPIIb/IIa, intergrin o2, GPIbe, intergrin 81 and
shared protein CD47) after the fusion step (Fig. S2G and S2H).

After characterizing the integrality of platelet membranes in
PL, tumor metastasis-related functions of platelet membranes
were evaluated. To optimize the input-ratio of membrane mate-
rials, the PL was divided into two groups (PLL and PLH) with 1%
(wlw) or 4% (wiw) of platelet membranes mixed. According to the
binding effect of PLL to 4T1 breast cancer cells under a static or
sheared condition (Supporting Information Fig. S3A—S3C) and its
nearer conventional liposome-like long-circulation behavior
in vivo (Fig. S3D), the formulation of PLL was chosen for further
studies. The near-infrared (NIR) imaging and fluorescence images
indicated that the PL still retained the binding activities to
collagen and fibrinogen like PV under a static condition (Fig. S3E
and S3F) or physiological shear flow (Fig. S3G and S3H).
Moreover, the PL showed a superior binding advantage under the
sheared environment (Fig. S3K and S3L) as compared with the
static condition (Fig. S3I and S3J).

3.2.  Preparation and characterization of PL/CNC, VAP/CNC
and pVAP/CNC

The CNC was fabricated through a film-rehydration method with
50% (w/w) of Tocofersolan (TPGS) mixed”®. The DSPE-
PEG3400-VAP and DSPE-PEGs3490-pVAP were synthesized
through the covalent conjugation between thiolated peptide VAP
or pVAP and Mal-PEG3409-DSPE, respectively. The character-
izations of DSPE-PEG;4o-VAP and DSPE-PEG3;,400-pVAP were
shown in Fig. S1A and S1B (Varian, USA). The molar ratio of
DSPE-PEG34()0-VAP or DSPE-PEG3400-pVAP in VAP peptide-
decorated PL (VAP-PL) or pVAP peptide-decorated PL (pVAP-
PL) was 2%. The encapsulation of CNC into PL, VAP-PL or
pVAP-PL (abbreviated to PL/CNC, VAP/CNC and pVAP/CNC)
were carried out during the step of hydration. The drug-loading
of CbTX in pVAP/CNC was about 14.3%. The encapsulation
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efficiency of CNC in pVAP/CNC was approximately 96.6%.
After coating with PL or pVAP-PL membrane materials, the size
of resulting formulations changed from 116 nm to 133.8 or
155 nm and the corresponding zeta potential changed from
—15.0 to —20.5 or —15.5 mV (Fig. 2A—C). When visualized
under a transmission electron microscopy (TEM), the core-shell
structures were obviously displayed in the PL/CNC, VAP/CNC
and pVAP/CNC (Fig. 2D). The PL/CNC, VAP/CNC and pVAP/
CNC exhibited similar crystalline states in the Differential L
Scanning Caborimetry (DSC) thermograms, which were
different from that of CNC or CbTX (Fig. 2F). Additionally, as
compared with CNC, the PBS stabilities of PL/CNC, VAP/CNC
and pVAP/CNC were visibly improved (Fig. 2E). All these re-
sults taken together suggested that the CNC was successfully
loaded in.

3.3.  Drug release and pharmacokinetic study

To explore the effect of hybrid membrane materials on drug
release, the amounts of drug release in different groups were
monitored at preset times. The drug release mechanism from
CNC was thought to be dissolution and diffusion. We found that
the fusion membrane materials distinctly decelerated the release
of CbTX from the PL/CNC, VAP/CNC or pVAP/CNC compared
with CNC (Fig. 2G) in the PBS at pH 7.4. The cumulative release
amounts of CbTX in pVAP/CNC and CNC groups at 48 h were
64.53% and 84.0%, respectively (PBS at pH 7.4). Combining
with the stability results in Fig. 2E, the relatively lower drug
release in pVAP group might be due to the better stability of
pVAP than CNC. When turning to the PBS at pH 6.4, the cu-
mulative release percentages in different groups were similar.
The cumulative release amount of CbTX from pVAP/CNC
reached 77% at 48 h.

For the research of in vivo circulation behavior, the DiD-
labelled formulations were administered via tail vein. The phar-
macokinetic parameters were summarized in Table 1. As shown in
Fig. 2H, the blood circulation curves of PL/CNC, VAP/CNC and
pVAP/CNC were higher than that of CNC, with the pharmacoki-
netic parameters #,,,, and AUCy_4g, of pVAP/CNC (0.43 h and
1561.27 mg/L-h) improved as compared with that of CNC (0.23 h
and 1080.20 mg/L-h). Combining with the results of drug release
and pharmacokinetic study, we speculated that coating with the
hybrid membrane materials pVAP-PL might help to improve the
targeting efficiency of drug delivery system pVAP-PL/CNC
through avoiding the early release of CbTX and prolonging the
in vivo circulation time of CNC.

3.4. Cellular and BBB/BTB targeting of pVAP/CNC

To verify the cellular targeting ability of pVAP/CNC, targeting
related cell membrane markers GRP78, CD44 and P-selectin were
identified through a Western blotting assay (Fig. 3C). High-
expression of GRP78 was shown both on the surface of 4T1
breast cancer cells and HUVECs, providing the dual-targets of
VAP peptides in this study. The expression of CD44 and P-selectin
on 4T1 cells and PL were validated, respectively, laying the
foundation of platelet membrane-based targeting to tumor cells.
After the incubation with the DiO-labelled Lip/CNC or PL/CNC
at a CbTX dose of 5 pg/mL at 37 °C for 1.5 h, we found that
obviously more PL/CNC (2.7 folds of Lip) were taken into 4T1
cells, indicating an excellent targeting ability of the PL/CNC to
4T1 tumor cells (Fig. 3A and B). Interestingly, the cellular intake

gap between the PL/CNC and Lip/CNC was lessened as compared
to that of PL and Lip, which might be attributed to the improved
rigidity of PL/CNC and Lip/CNC after the CNC loaded in. To
confirm the specific targeting of pVAP/CNC, 4T1 cells and
HUVECSs were incubated with the same dose of DiO-labelled PL/
CNC, VAP/CNC or pVAP/CNC at the conditions above. Showing
qualitative cellular internalization results of pVAP/CNC > VAP/
CNC > PL/CNC in 4T1 cells (Fig. 3J) and HUVECs (Fig. 3K), the
quantitative analysis of FACS further demonstrated the significant
targeting advantage of pVAP/CNC, with the 3.4-or 4.7-fold intake
of PL/CNC against 4T1 cells (Fig. 3D and E) or HUVECs
(Fig. 3G and H), respectively.

To access the bio-barrier transport efficiency of formulations in
this study, the in vitro BBB and BTB models were established as
previous works'>*’. The BBB or BTB monolayers were incubated
with 100 pg/mL of DiD-labelled PL/CNC, pHA/CNC, pHA/
CNC+dopamine (pHA/CNC D+), pVAP/CNC and pVAP/
CNC+dopamine (pVAP/CNC D+) or PL/CNC, VAP/CNC, VAP/
CNC+VAP peptide (VAP/CNC V+), pVAP/CNC and pVAP/
CNC+VAP peptide (pVAP/CNC V+) at 37 °C for 3.5 h,
respectively. The accumulated transport amounts in Fig. 3F and I
indicated that the “Y-shaped” peptide-modified formulation
pVAP/CNC held an obvious BBB or BTB transport advantage
over the PL/CNC. While, the transport amounts in VAP/CNC and
pVAP/CNC groups in Fig. 31 hinted a potential expression of
dopamine receptors on HUVECs.

3.5.  Penetration of pVAP/CNC (after transport across BTB) into
3D-tumor spheroids

To evaluate the penetration property of pVAP/CNC into tumor
tissues, 4T1 3D-tumor spheroids were cultivated according to
previous work and incubated with 100 pg/mL of DiO-labelled PL/
CNC, VAP/CNC or pVAP/CNC?. As shown in the fluorescent
multi-level scan images (Fig. 4A), the tumor spheroid profiles in
x/y/z direction (Fig. 4B) and the fluorescence intensity from tumor
spheroid interior to surface (Fig. 4C), the pVAP/CNC displayed a
remarkable penetration superiority than PL/CNC both in fluores-
cence intensity and penetration depth. Interestingly, the fluores-
cence intensity in VAP/CNC was marginally higher than that of
pVAP/CNC. But when transporting across the BTB, the VAP/CNC
and pVAP/CNC groups exhibited similar fluorescence intensity
(Fig. 4D) and penetration depth (Fig. 4E and F), which might be
explained by the BTB results in Fig. 31.

To explore the VAP-mediated penetration of VAP/CNC and
pVAP/CNC deep into 3D-tumor spheroids, the endocytosis and
exocytosis mechanism of PL/CNC, VAP/CNC and pVAP/CNC
were investigated via 4T1 tumor cells treated with corresponding
inhibitors, respectively. As shown in Fig. 4G, the unaffected
cellular uptake of PL/CNC suggested its membrane fusion way
into tumor cells. While, the anti-GRP78-, Chloropromazine- and
Filipin-mediated reduction of relative intracellular fluorescence
intensity in VAP/CNC and pVAP/CNC groups indicated the
GRP78 receptor-, clathrin- and caveolin-mediated endocytosis
mechanism of VAP/CNC and pVAP/CNC. As shown in Fig. 4H,
the Nocodazole-mediated increase of relative intracellular fluo-
rescence intensity in PL/CNC group suggested that the internal-
ized particles mostly accumulated in the lysosomal. However, the
Monensin-mediated increase of relative intracellular fluorescence
intensity in VAP/CNC and pVAP/CNC groups revealed that the
endosome secretion was the main exocytosis pathway of VAP/
CNC and pVAP/CNC. Therefore, we speculated that the superior
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Figure 2

Characterization of pVAP/CNC. Size (A and B), zeta potential (C), TEM image (D) and stability in PBS (E) of pVAP/CNC (n = 3;

mean + SD). The arrows indicated the membrane materials around CNC. (F) DSC thermogram of pVAP/CNC. (G) Drug release from pVAP/CNC
at pH 7.4 and 6.5 (n = 5; mean + SD). (H) Pharmacokinetic profile of pVAP/CNC (n = 5; mean £ SD). Scale bar = 100 nm **P < 0.01, one-

way ANOVA.

penetration abilities of VAP/CNC and pVAP/CNC than PL/CNC
into 3D-tumor spheroids might be due to the VAP-mediated
endocytosis and exocytosis mechanism.

3.6.  Invitro anti-tumor activity of pVAP/CNC

The cytotoxicity of pVAP/CNC against 4T1 cells and HUVECs
were tested by MTT assay. After the incubation of CbTX, PL/
CNC, VAP/CNC or pVAP/CNC at a range of CbTX concentra-
tions from 10 pg/mL to 10 pg/mL for 48 h, the cell viability of
4T1 cells and HUVECs were shown in Fig. SA and B, with the

corresponding ICsy values of pVAP/CNC reduced 25.5 folds
(Fig. 5C) and 1.6 folds (Fig. 5D) as compared with that of PL/
CNC, respectively.

To investigate the anti-metastasis ability of pVAP/CNC
in vitro, cell migration assay was performed using the wound
healing inserts (Ibidi). The 4T1 cells in pVAP/CNC group
exhibited a most conspicuous inhibition of migration with the
minimal reduction of cell-free gap among all treatment groups at
48 h (Fig. 5E). As shown in Fig. S5F, the migration rate of pVAP/
CNC decreased to about one-fourth or one-third of that of CbTX
or PL/CNC, respectively. All these evidences above indicated that

Table 1  The pharmacokinetic parameters of different CbTX formulations.
Treatment t12a (D) AUCy_4g, (mg/L-h) Chnax (mg/L)
CNC 0.23£0.22 1080.20+137.99 164.554+21.32
PL/CNC 0.424+0.23* 1661.04+301.91* 186.514+10.49*
VAP/CNC 0.43£0.19* 1562.4945.82* 183.56+12.98*
pVAP/CNC 0.434+0.13* 1561.27+281.48* 188.514+5.56*

Data are presented as mean+SD (n = 5).
*P<0.05, compared with CNC.
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Cellular and BBB/BTB targeting of pVAP/CNC. Flow cytometry histograms (A) and quantification results (B) of 4T1 cells treated

with PBS, Lip/CNC or PL/CNC at a CbTX concentration of 5 pg/mL at 37 °C for 1.5 h. (C) Western blotting results of the cellular targeting
related markers (CD44, P-selectin, GRP78). Flow cytometry histograms (D) and quantification results (E) of 4T1 cells treated with PBS, PL/CNC,
VAP/CNC or pVAP/CNC at a CbTX concentration of 5 pg/mL at 37 °C for 1.5 h. (G) and (H) were cellular uptake results of HUVECs performed
as 4T1 cells. (F) The BBB transport amounts of PL/CNC, pHA/CNC, pHA/CNC D+ (dopamine+), pVAP/CNC or pVAP/CNC D+ (dopamine+)
at a CbTX dose of 100 pg/mL at 37 °C with 200 pL of sample collected at 0.5, 1.5, 2.5 and 3.5 h, respectively. (I) The BTB transport amounts of
PL/CNC, VAP/CNC, VAP/CNC V+ (VAP peptide+), pVAP/CNC or pVAP/CNC V+ (VAP peptide+) with the same CbTX dose and sample
collection steps as (F). Confocal images of 4T1 cells (J) and HUVECs (K) incubated with PBS, PL/CNC, VAP/CNC or pVAP/CNC at a CbTX
concentration of 5 pg/mL at 37 °C for 1.5 h. Scale bar = 100 um. Data are presented as mean &+ SD (n = 4). ***P < (0.001, one-way ANOVA.

the pVAP/CNC possessed an excellent suppressive activity in
tumor proliferation and migration at the cellular level.

3.7.  Orthotopic breast tumor targeting and in vivo
biodistribution

To explore the preferential targeting property of pVAP/CNC in
orthotopic breast tumor models, the NIR imaging of DiR-labelled
PL/CNC, VAP/CNC and pVAP/CNC were carried out 14 days
following implantation. The higher accumulation of pVAP/CNC
than PL/CNC in tumor tissues were exhibited in Fig. 6A. The
corresponding radiant efficiency (Fig. 6B) and semi-quantitative
results (Fig. 6C) of PL/CNC, VAP/CNC and pVAP/CNC in
tumor tissues were analyzed at preset times. Additionally, the
quantitative biodistribution of each formulation in major organs
and tumor tissues were evaluated by the CbTX content per gram
of tissues. The PL/CNC, VAP/CNC and pVAP/CNC were mainly
distributed in the liver and spleen, which was in accord with the
distribution characteristic of traditional nanoparticles. The quan-
titative results of different CbTX formulations accumulated in the
tumor and brain tissues demonstrated the specific targeting

advantage of pVAP/CNC to orthotopic breast tumors and brain
tissues. The colocalization of DiD-labelled pVAP/CNC and
GRP78 in frozen tumor tissues (Fig. 6D) further provided an
intuitive support to the preponderant accumulation of pVAP/CNC
in 4T1 in situ tumors. The higher fluorescent signal in VAP/CNC
group in Fig. 6A and the slight difference of the radiant efficiency
(Fig. 6B) and semi-quantitative results (Fig. 6C) between the VAP/
CNC and pVAP/CNC groups might be due to the different fluo-
rescence statistical methods. Compared with the fluorescent signal
in Fig. 6A and B, the fluorescent signal (Fig. 6C) and CbTX
content (Fig. 6D and E) calculated after a tissue homogenate
revealed the distribution of each formulation in the total tumor
tissues.

3.8.  Anti-in situ breast cancer efficiency

To assess the anti-in situ breast cancer efficiency, the 4T1 tumor
volumes of each group were monitored every two days during the
drug delivery cycle. The tumors in pVAP/CNC therapeutic group
were markedly inhibited with the tumor volumes only about one-
third even a quarter of that in PL/CNC and CbTX groups on Day
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Figure 4  Penetration of pVAP/CNC into 3D-tumor spheroids. Multi-level scan images with an interval of 30 um (A) and profiles in X/Y/Z
direction (B) of 4T1 3D-tumor spheroids incubated with PL/CNC, VAP/CNC or pVAP/CNC at a CbTX dose of 100 pg/mL at 37 °C for 1 h. (C)
The fluorescence intensity from the interior to the surface of the tumor spheroids in (A). (D) The confocal images of the PL/CNC, VAP/CNC or
pVAP/CNC penetrated into the 4T1 3D-tumor spheroids after across BTB with the same CbTX dose as (A). (E) The profiles in X/Y/Z direction of
tumor spheroids in (D). (F) The fluorescence intensity from the interior to the surface of the tumor spheroids in (D). (G) The relative cellular
uptake efficiency of PL/CNC, VAP/CNC and pVAP/CNC into 4T1 tumor cells after a pretreatment with various endocytosis inhibitors. (H) The
relative 4T1 intracellular fluorescence intensity of PL/CNC, VAP/CNC and pVAP/CNC following a pretreatment with various exocytosis in-
hibitors. Scale bar = 100 pm. Data are presented as mean £+ SD (n = 4). **P < 0.01, one-way ANOVA.
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Figure 5  In vitro anti-tumor activity of pVAP/CNC. Viability of 4T1 cells (A) and HUVECsS (B) incubated with CbTX, PL/CNC, VAP/CNC or
pVAP/CNC at a CbTX concentration ranging from 10 pg/mL to 10 pg/mL for 48 h (n = 5; mean & SD). The ICsq values of CbTX formulations
against 4T1 cells (C) and HUVECs (D). (E) The 4T1 cells migration treated with CbTX, PL/CNC, VAP/CNC or pVAP/CNC at a CbTX dose of
50 ng/mL for 48 h (n = 4, mean + SD). (F) The migration rate of different CbTX formulations in (E). Scale bar = 50 um ***P < 0.001, one-way
ANOVA.
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15 following implantation (Fig. 7A and C). The corresponding
tumor weight was measured, showing that the tumor weight
treated with pVAP/CNC reduced 2.5- and 4.3-fold from that in PL/
CNC and CbTX groups (Fig. 7B). Ultimately, the pVAP/CNC
obtained the 1.4- or 2.2-fold tumor suppression ratio and 1.5- or
2.5-fold therapeutic index of that in PL/CNC or CbTX treatment
groups. The anti-orthotopic tumor effect of pVAP/CNC were
further evaluated from the histological level. Sections of tumor
tissues were stained with H&E, TUNEL and CD31 to assess the
necrosis, apoptosis and angiogenesis. In H&E staining assay,
relatively sparse cell nucleus and more obviously pyknosis and
karyorrhexis were observed in the pVAP/CNC group as compared
to that in PL/CNC and CbTX groups (Fig. 7H). The pVAP/CNC
induced a significant apoptosis (Fig. 7G and H) and inhibition of
angiogenesis (Fig. 7F and H) in comparison to PL/CNC and
CbTX. All these results indicated that the formulation pVAP/CNC
achieved a remarkably enhanced anti-orthotopic breast tumor ef-
fect after the modification of pVAP peptide. While, the slightly
better anti-tumor effect of VAP/CNC in Fig. 7 might be attributed
to the partial specific accumulation of pVAP/CNC in the brain.

3.9.  Brain metastatic breast cancer targeting and anti-
metastasis activity

Encouraged by the excellent antitumor effects of pVAP/CNC in
orthotopic breast tumor models, the 4T1 brain metastasis models
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were established to explore the brain targeting capability and anti-
brain metastasis efficacy of pVAP/CNC. The in vivo NIR-images
(Fig. 8A) along with corresponding fluorescent semiquantitative
(Fig. 8B) and quantitative results (Fig. 8C) of brain tissues showed
that the decoration of pVAP peptide significantly improved the
specific accumulation in the brain. As shown in Fig. 8D, the
pVAP/CNC exhibited the most extensive distribution in the brain
metastatic tissues, which further confirmed the superiority of “Y-
shaped” peptide pVAP compared with the single targeting moiety
VAP or pHA in the brain metastasis targeting delivery. After
receiving one cycle of therapy with saline, CbTX, PL/CNC, VAP/
CNC, pHA/CNC or pVAP/CNC at the same dose in anti-
orthotopic tumors above, the anti-brain metastasis effects were
intuitively reflected by animal survival times and histologic sec-
tions of the brain. As shown in Fig. 9A, the median survival times
of CbTX (20 days), PL/CNC (21 days), VAP/CNC (24 days),
pHA/CNC (21.5 days) and pVAP/CNC (33 days) groups were
prolonged step by step following the CNC being encapsulated into
hybrid-liposome and modified with targeting peptides. The in-
crease in survival time (IST) of pVAP/CNC were improved to 7.5-
fold of that of CbTX, with one-fifth of mice still being alive on
Day 45 following inoculation. The pVAP/CNC mediated the most
obvious brain metastasis suppressive effect, showing a minimum
area of metastatic lesions (Fig. 9B) and the lowest expression of
CD31 (Fig. 9B and C) in tumor tissues, whereas the CbTX
exhibited a negligible therapeutic effect (Fig. 9B). Although the

DAPI DiD

Merge

PBS

PL/CNC

VAP/CNC

Brain metastatic breast cancer targeting. (A) In vivo NIR imaging of 4T1-brain metastatic tumors administrated with PL/CNC, VAP/

CNC, pHA/CNC or pVAP/CNC at a CbTX dose of 8 mg/kg via tail vein. (B) The radiant efficiency of different formulations in the brain tissues in
(A). (C) Fluorescent quantification of different formulations in the brain tissues 24 h after administration. (D) Confocal images of brain metastatic
tumor tissues in PL/CNC, VAP/CNC, pHA/CNC and pVAP/CNC groups collected 24 h after administration with the same dose of (A). Blue: cell
nuclei; red: DiD-labelled CbTX formulations; arrows indicated the depth of tumor tissues; scale bar = 100 pm. Data are presented as mean + SD

(n = 3). **P < 0.01, ***P < 0.001, one-way ANOVA.
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Figure 9  Anti-metastasis activity in 4T1-brain metastatic models. (A) The Kaplan-Meier survival curves of 4T1-brain metastasis-bearing mice

treated with saline, CbTX, PL/CNC, VAP/CNC, pHA/CNC or pVAP/CNC at a total CbTX dose of 18 mg/kg (n = 9; mean + SD). (B) The H&E,
CD31 and TUNEL staining assay of different therapeutic groups. The area percentage of CD31" (C) and TUNEL+ (D) in (B) (n = 3;

mean £ SD). Scale bar = 100 um ***P < 0.001, one-way ANOVA.

TUNEL+ fluorescence intensity in pVAP/CNC group was weaker
than that in VAP/CNC group, the pVAP/CNC gained a superiority
to the VAP/CNC in the statistical result of % area of
TUNEL+ when taking the areas of metastatic lesions into account
(Fig. 9B and D). In consideration of the better brain-targeting
property of pHA/CNC (Fig. 8) and their poorer performance in
anti-brain metastasis in comparison to VAP/CNC (Fig. 9), we
speculated that the BBB transporting amounts and the selectivity
after crossing BBB were equally important during the brain tar-
geting drug delivery and brain metastasis therapy. In consequence,
the outstanding performance of pVAP/CNC in anti-brain metas-
tasis were mainly due to the comprehensive therapeutic advan-
tages based on pHA and VAP.

3.10.  Biosafety evaluation

To evaluate the biosafety of pVAP/CNC, the body weight
changes were monitored during a drug delivery cycle. The he-
matological or biochemical analysis were measured after one
time drug delivery. The mice treated with pVAP/CNC exhibited a
smaller body weight change than that in CbTX group, indicating
that pVAP/CNC effectively reduced the systemic side-effect
compared with CbTX (Supporting Information Fig. S4A). In
addition, the pVAP/CNC did not trigger a significant change in
the aspects of hemocyte counts (WBC and PLT) (Fig. S4B and
S4C), liver function indexes (Fig. S4D and S4E) and kidney
function indexes (Fig. S4F and S4G) as compared with the PBS
treatment. From the tissue level, no visible difference was found
in the sections of major organs stained with H&E (Fig. S4H) and
the brain sections strained with GFAP (Fig. S4I) between the

pVAP/CNC and PBS groups, which further demonstrated the low
toxicity and biosafety of pVAP/CNC in vivo.

4. Conclusions

In summary, we have successfully established a pVAP peptide-
decorated platelet membrane-hybrid liposome platform utilizing
the advantages of platelet membranes and pVAP peptide. It was
confirmed that the incorporated platelet membranes in formula-
tions still retained the specific binding abilities to collagen,
fibrinogen as well as tumor cells which were essential for the
capture of CTCs in vivo. Then, the modification of pVAP peptide
were proven significantly enhanced the specific targeting to 4T1
tumor cells, BBB and BTB in vitro and in vivo. After one cycle of
therapy, the pVAP/CNC treatment group eventually achieved a
notably improved tumor-inhibitory effects both in orthotopic
breast cancer models and corresponding brain metastasis models
in comparison to the free CbTX group. Collectively, we provided
a multi-targeted drug delivery system with an all-stage targeting
property for the whole progression of brain metastatic TNBC,
which also might be a safe and promising option for the brain-
metastasis from other types of tumors.
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