Acta Pharmaceutica Sinica B 2021;11(5):1341—1354

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

Escape from abluminal LRP1-mediated ®
clearance for boosted nanoparticle brain
delivery and brain metastasis treatment

Naveed Ullah Khan?, Jiang Ni*”, Xiufeng Ju®, Tongtong Miao®,
Haiyan Chen”, Liang Han™"

“Jiangsu Key Laboratory of Neuropsychiatric Diseases Research and College of Pharmaceutical Sciences, Soochow
University, Suzhou 215123, China
*Department of Pharmacy, Affiliated Hospital of Jiangnan University, Wuxi 214000, China

Received 11 July 2020; received in revised form 14 September 2020; accepted 23 September 2020

KEY WORDS Abstract  Breast cancer brain metastases (BCBMs) are one of the most difficult malignancies to treat
due to the intracranial location and multifocal growth. Chemotherapy and molecular targeted therapy are
extremely ineffective for BCBMs due to the inept brain accumulation because of the formidable blood—
brain barrier (BBB). Accumulation studies prove that low density lipoprotein receptor-related protein 1
(LRP1) is promising target for BBB transcytosis. However, as the primary clearance receptor for amyloid
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Blood—brain barrier;

Amyloid beta;

Abluminal LRP1; beta and tissue plasminogen activator, LRP1 at abluminal side of BBB can clear LRP1-targeting thera-
Brain clearance; peutics. Matrix metalloproteinase-1 (MMP1) is highly enriched in metastatic niche to promote growth of
Fusion peptide; BCBMs. Herein, it is reported that nanoparticles (NPs-K-s-A) tethered with MMP1-sensitive fusion pep-
MMP; tide containing HER2-targeting K and LRP1-targeting angiopep-2 (A), can surmount the BBB and escape
Nanoparticles LRP1-mediated clearance in metastatic niche. NPs-K-s-A revealed infinitely superior brain accumulation

to angiopep-2-decorated NPs-A in BCBMs bearing mice, while comparable brain accumulation in normal
mice. The delivered doxorubicin and lapatinib synergistically inhibit BCBMs growth and prolongs

Abbreviations: 231Br, MDA-MB-231Br-HER2; A, angiopep-2; A@B, amyloid beta; AUC,_,, area under the curve from zero to time #; BBB, blood—brain
barrier; BCBMs, breast cancer brain metastases; BMECs, brain microvascular endothelial cells; CI, combination index; CL, clearance; DMEM, Dulbecco’s
modified eagle medium; DMSO, dimethyl sulfoxide; DOX, doxorubicin; Fa, the fraction of tumor cells affected; FBS, fetal bovine serum; i, insensitive
GDQGIAGF; K, KAAYSL; LAP, lapatinib; LRP1, low density lipoprotein receptor-related protein 1; MAL-PEG-SCM, maleimide polyethylene glycol
succinimidyl carboxymethyl ester; MCM, MDA-MB-231Br-HER2 conditioned medium; MMP1, matrix metalloproteinase-1; MRT,,_,, mean residence time
from zero to time #; NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); PLGA-PLL, poly(lactic-co-glycolic acid)-poly(e-carbobenzoxy-L-lysine);
PLL, poly(e-carbobenzoxy-L-lysine); PVA, polyvinyl alcohol; s, sensitive VPMS-MRGG; SDS, sodium dodecyl sulfate; #1/,, half time; tPA, tissue plas-
minogen activator.
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survival of mice bearing BCBMs. Due to the efficient BBB penetration, special and remarkable clearance
escape, and facilitated therapeutic outcome, the fusion peptide-based drug delivery strategy may serve as
a potential approach for clinical management of BCBMs.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nanotechnology-based strategies have been extensively investi-
gated to promote brain targeting delivery efficiency' '°. Most
strategies involve coupling of nanoparticles (NPs) with ligands
which can bind with specific receptors on brain microvascular
endothelial cells (BMECs)' '’ The binding enables receptor-
mediated transcytosis in BMECs for penetrating through the
blood—brain barrier (BBB). Low density lipoprotein receptor-
related protein 1 (LRP1) is one of the very promising BBB tar-
geting receptors due to its abundant expression on BMECs'' ™',
However, most ligand-functionalized NPs for BBB passing have
<1% of injected dose reaching the brain tissue after systemic
administration'”.

Amyloid beta (Af) has been extensively studied in the light of
pathophysiology of Alzheimer’s disease. Endogenous A is pro-
duced by neurons and secreted into the brain interstitial fluid'.
Indeed, A may play a physiological role of mediating memory
forgetting in the normal brain'’. For normal individuals, brain
homeostasis of Af is maintained through its clearance from brain
into blood. The majority of A8 (~85%) is cleared by the BBB
with a small percentage being cleared by bulk flow of interstitial
fluid under physiological conditions'®. LRPI at abluminal side of
BBB, is the key and primary A clearance receptor'® >*. A8 binds
LRP1 and initiates clearance transcytosis across BBB to transport
A@ from brain to blood'®. Tissue plasminogen activator (tPA) is
another LRP ligand®*. It was reported that LRP regulates the
clearance of tPA from brain>*. We hypothesized that, NPs coupled
with specific ligands of LRP1>°, may bind with abluminal LRP1
after BBB penetration and go through clearance transcytosis from
brain to blood. The clearance can result in less accumulation of
NPs in brain. Therefore, escape from abluminal LRP1-mediated
clearance should be able to increase the accumulation of LRP1-
targeting NPs in brain parenchyma. Moreover, doxorubicin
(DOX) is one of the peerless treatments for cancer but single
therapy is inadequate to treat BCBMs. The use of molecular-target
lapatinib (LAP) as an adjuvant significantly increased anticancer
effect of DOX in resistant breast cancer cells. Many studies
revealed that LAP in combination with chemotherapy showed
significant clinical efficacy rather than single therapy”®*’. Being
encouraged by previous studies, the treatment of BCBMs with the
combinatorial regimen of DOX and LAP may be considered an
effective approach and is a novel synergistic combinatorial
regimen for BCBMs.

Therapeutics with highly efficient BBB penetration remain to
be developed for the effective treatment of breast cancer brain
metastases (BCBMs) because of the unavailability of surgical
resection. By studying BCBMs derived from MDA-MB-231Br-
HER2 (231Br) cells, a model that has been well characterized to
recapitulate pathology of human BCBMs”*?’, it was found that
the microenvironment in BCBMs is highly enriched with matrix
metalloproteinase-1 (MMP1) for the local growth of BCBMs™™*".

VPMS-MRGG is an optimized peptide for MMP1 degradation®?,
and possesses superior properties, e.g., faster degradation ki-
netics™, to collagen-based GPQGYIAGQ and GPQGYIWGQ.
Beside for brain targeting, angiopep-2 (A) was also used for tar-
geting BCBMs based on the overexpression of LRP1**%
KAAYSL peptide, with high affinity (Kg = 305 nmol/L) to the
extracellular domain of HER2, can trigger specific HER2 binding
and subsequent internalization’, and possesses the potential for
use as the targeting ligand for HER2-overexpressed 231Br cells
(BCBMs).

Here, to escape from abluminal LRP1-mediated clearance
when using LRP1 for brain targeting, and to improve brain
accumulation for therapy of BCBMs, we designed a fusion pep-
tide K-s-A by integrating HER2-targeting KAAYSL (K) with
MMP1-sensitive VPMS-MRGG (s) and LRP1-targeting angiopep-
2 (A) to decorate poly(lactic-co-glycolic acid)-poly(e-carbo-
benzoxy-L-lysine) (PLGA-PLL) NPs (NPs-K-s-A, Scheme 1).
Fusion peptide (K-i-A) with MMP1-insensitive GDQGIAGF (i)
was used as control®’. The synthesis of PLGA-PLL and the ligand
coupling chemistry via maleimide polyethylene glycol succini-
midyl carboxymethyl ester (MAL-PEG-SCM) were reported in
our previous papers*****°. In vitro studies verified MDA-MB-
231Br-HER2-conditioned medium (MCM) and MMP1 protein-
regulated uptake and transcytosis in BMECs and targeting and
growth inhibiting of BCBM cells. In vivo studies demonstrated
NPs-K-s-A’s prolonged circulation, comparable brain accumula-
tion to NPs-A in normal mice, and exceedingly higher brain
accumulation than NPs-A in BCBMs-bearing mice, and height-
ened therapeutic efficacy in BCBMs-bearing mice when loaded
with combined DOX and LAP. At hand, we efficaciously envi-
sioned and applied a healing slant to escape the LRP1 mediated
clearance and treat brain metastases with DOX and LAP combi-
natorial regimen, which can be an effective therapeutic approach
to treat brain metastases and other neurological diseases.

2. Materials and methods

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, Cat. 719900) and poly(e-
carbobenzoxy-L-lysine) (PLL, Cat. P4510) were purchased from
Sigma—Aldrich (Shanghai, China). Maleimide polyethylene gly-
col succinimidyl carboxymethyl ester (MAL-PEG-SCM, MW
5000) was obtained from Jenkem Technology (Beijing, China).
Polyvinyl alcohol (PVA, #403) was obtained from Kuraray
(Japan). Peptides were synthesized by Nanjing Peptide Biotech
Ltd. (Nanjing, China). Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Gibco (Tulsa, OK, USA). Other
chemicals were purchased from Sigma—Aldrich unless otherwise
specified, and were used as received.
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2.2.  Preparation of nanoparticles

In a typical synthesis, 100 mg PLGA-PLL in 2 mL ethyl ether
containing 20 mg DOX or LAP was added dropwise to 4 mL 2.5%
PVA under vortex and sonicated to form an oil/water emulsion.
The emulsion was poured into a beaker containing 0.3% PVA and
stirred overnight for evaporation of ethyl ether. The suspension
was centrifuged at 3000 rpm (OPTIMAL-90K, BECKMAN,
USA) for 10 min to remove unencapsulated aggregated drug and
bigger particles. Then PLGA-PLL NPs were collected by centri-
fugation at 30,000 rpm (BECKMAN) for 20 min and resuspended
in PBS 7.4 with 10 mg MAL-PEG-SCM. The primary amines
from PLL were reacted with the succinimidyl carboxymethyl ester
for 1 h at room temperature. Then PLGA-PLL-PEG NPs, also
named “unmodified NPs” or “NPs” when compared with ligand-
modified NPs, were purified and collected by centrifugation at
30,000 rpm (BECKMAN) for 20 min and resuspended in PBS 7.4
with ligands. The maleimide was reacted with cysteine on various
ligands for 1 h at room temperature. Then modified NPs were
purified and collected by centrifugation at 30,000 rpm (BECK-
MAN) for 20 min, resuspended in H,O and lyophilized for storage
and characterization.

For synthesis of IR780-loaded NPs, 1 mg of IR780 in 100 uL
of dimethyl formamide and 200 pL of water were added dropwise
to 100 mg of PLGA-PLL in 2 mL ethyl ether under vortex, to
create the water/oil emulsion. Remaining procedures are similar to
those mentioned above.

2.3.  Physicochemical characterizations

NPs’ size, appearance and morphology were examined under a
transmission electron microscope (JEM-2010, JEOL, Japan).
Hydrodynamic diameter and Zeta potential were determined using
dynamic light scattering on a Zetasizer Nano ZS (Malvern In-
struments, Co., Ltd.).

The drug loading efficiency was determined by microplate
fluorescence reader (Synergy 2, Bioteck, USA) for DOX and
HPLC (Agilent, 1260, USA) for LAP. In vitro release of DOX and
LAP was performed in PBS 7.4 or 5.0 with 0.5% sodium dodecyl
sulfate (SDS) using dialysis method.

2.4.  Cell culture

Mouse BMECs bEND.3 cells were purchased from ATCC. 231Br
cells were kindly provided by Dr. Patricia Steeg at the National
Cancer Institute, USA. bEND.3 cells and 231Br cells were grown
in DMEM medium supplemented with 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 100 pg/mL streptomycin in a
37 °C incubator containing 5% CO,.

2.5.  Invitro uptake in BUECs

To explore if fusion peptides (K-s-A and K-i-A) can boost uptake
in BMECs, bEND.3 cells were treated with IR780-loaded various
NPs at 1.8 pg/mL IR780 for 2 h. The treated cells were lysed by
radio immunoprecipitation assay buffer and extracted by dimethyl
sulfoxide (DMSO) and the intracellular internalized IR780 was
quantitatively measured using microplate reader (Bioteck) through
its fluorescence at an excitation wavelength of 780 nm and an
emission wavelength of 817 nm. Fluorescence was converted in
ng IR780/mg cell proteins by determining the protein concentra-
tion using the BCA assay. A blank was prepared by detecting the

fluorescence in untreated cells and the fluorescence/protein value
was subtracted from that calculated in each sample.

2.6. ELISA for MMP1 measurement

MMPI1 protein expression level in in vitro MCM was measured
with human MMP1 ELISA Kit (MultiSciences, Hangzhou, China)
according to the manufacturer’s instruction. 231Br cells were
grown to 60% confluence in medium with 10% FBS, washed three
times with hanks, and incubated for another 48 h in medium with
0.5% FBS. Supernatants were separated, centrifuged for 5 min at
14,000x g, and used for protein determination and ELISA in
parallel. The MMP1 amounts were calculated in ng/mL.

2.7.  Effect of MMPI on NPs-K-s-A

To examine the effect of MMP1 on uptake of NPs-K-s-A in
BMECs, IR780-loaded NPs-K-s-A were pre-incubated with
7.86 ng/mL MMP1 for 0, 2 and 24 h with MMP1 specific inhibitor
FN439 (1, 5 and 10 umol/L). Then bEND.3 cells were treated with
pre-incubated NPs-K-s-A at 1.8 pg/mL IR780 for 2 h.

To determine the action site of MMP1 on NPs, IR780-loaded
NPs-K-s-A and NPs-K-i-A were pre-incubated with 7.86 ng/mL
MMP1 with or without 1 pmol/L. FN439 for 0, 2 and 24 h. Then
bEND.3 cells were treated with pre-incubated NPs-K-s-A or NPs-
K-i-A at 1.8 pg/mL IR780 for 2 h.

2.8.  NPs-K-s-A response in MCM

For in vitro expression of LRP1 on bEND.3 cells by Western
blotting, 1.4 x 10° bEND.3 cells were seeded in 6-well plates for
overnight. Then cells were treated with either DMEM, or MCM
for 24 h. Cell lysates were mixed with proper amount of SDS
sample loading buffer (5x), boiled at 98 °C, centrifuged, and
separated on SDS-PAGE gel. Proteins were transferred to PVDF
membrane, which was briefly washed with double distilled water
and further blocked with 10% non-fat milk in TBST, incubated
with the indicated primary antibodies for 1—2 h at room tem-
perature and the corresponding secondary antibodies, and washed
three times with TBST on a plate shaker for 10 min after each
antibody incubation. The protein bands on the membrane were
visualized with Immobilon Western Chemiluminescent HRP
Substrate (NCM Biotech) and images were recorded in Tanon
5200 Imaging System.

To check if MCM can act on NPs and influence uptake in
BMECs, IR780-loaded NPs-K-s-A were pre-incubated in mixture
of PBS and MCM at different volume ratios for 2 h. Then
bEND.3 cells were treated with pre-incubated NPs-K-s-A at
1.8 pg/mL IR780 for 2 h to measure the uptake.

To ascertain MMP’s role in MCM, IR780-loaded NPs-K-s-A
were pre-incubated in PBS/MCM (1:9, v/v) for 2 or 24 h with
broad-spectrum MMP inhibitor BB-94 (1, 5 and 10 pmol/L). Then
bEND.3 cells were treated with pre-incubated NPs-K-s-A at
1.8 pg/mL IR780 for 2 h.

To determine the action sites on NPs, IR780-loaded NPs-K-s-A
and NPs-K-i-A were pre-incubated in PBS/MCM (1:9, v/v) with or
without 5 pumol/L BB-94 for 0, 2 and 24 h. Then bEND.3 cells
were treated with pre-incubated NPs-K-s-A or NPs-K-i-A at
1.8 pg/mL IR780 for 2 h.
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2.9.  Confocal microscopy

To qualitatively determine the uptake and integrity of NPs-K-s-A
in bEND.3 cells, FITC-labeled K-s-A was synthesized by GL
Biochem (Shanghai, China) and used to synthesize DOX-loaded
NPs-K-s-A. bEND.3 cells in glass bottom cell culture dish were
treated with DOX-loaded NPs-K-s-A at 5 pg/mL DOX (1 mL) for
6 h and counter-stained using Hoechst 33342 (2 ng/mL) for
30 min. Then the cells were observed and imaged using confocal
microscope.

2.10.  Invitro BBB model study for backward BBB crossing from
brain to blood

A 12-well Transwell plate with 3.0 um of mean pore size mem-
brane was used to establish the in vitro BBB model. The
bEND.3 cells (1.0 x 10° cells/well) were seeded in the Transwell
insert with 12 mm diameter. The transendothelial electrical
resistance values were detected by a Millicell-ERS volt-ohmmeter
to monitor the cell monolayer integrity during the cell culture
process. When the transendothelial electrical resistance value
achieved between 150 and 300 Q-sz, DOX-loaded NPs-K-i-A
and DOX-loaded NPs-K-s-A in normal bEND.3 medium or MCM
at 2.7 pg/mL DOX (1 mL) were added into the upper chamber,
respectively. After the cells were incubated for further 6 h, the
medium in both upper and lower chambers were collected to
measure the DOX fluorescence.

2.11.  Invitro tumor targeting

To ascertain if cleaved peptide can facilitate uptake on BCBM
cells, 231Br cells were treated with various IR780-loaded NPs at
1.8 pg/mL IR780 for 2 h. Primed NPs-K-s-A and NPs-K-i-A [pre-
incubated in PBS/MCM (1:9, v/v) for 24 h] were added to evaluate
the effect of the uncertain cleavage of the fusion peptides on
targeting of BCBM cells. The intracellular internalized IR780 was
quantitatively measured.

2.12.  Invitro cytotoxicity and growth suppression effect in
BCBM cells

To assess the cytotoxicity, 231Br cells were seeded in 96 well
culture plates at 4000 cells per well and after 24 h were treated
with blank NPs-K-s-A for 48 h. Cell proliferation was then
quantified using the standard MTT assay.

To detect the synergistic effect between DOX and LAP, 231Br
cells were treated with DOX-loaded NPs-K-s-A and LAP-loaded
NPs-K-s-A at different DOX/LAP weight ratios. The dose effect
data comparing the fraction of tumor cells affected (Fa) to drug
doses were analyzed using the Chou—Talalay analysis. The data
were analyzed using the CompuSyn software in order to determine
the combination index values.

For selected weight ratio, 231Br cells were treated with
COMBO of DOX and LAP in the form of free drug and NPs with
different modifications for 48 h.

2.13. Animals

Female ICR mice of 20—25 g body weight and BALB/c nude
mice of 18—20 g body weight were purchased from the Depart-
ment of Experimental Animals, Soochow University, China and
maintained under standard housing conditions. All experimental

procedures were executed according to the protocols approved by
Soochow University Animal Care and Use Committee (Soochow,
China).

2.14.  Pharmacokinetics

For pharmacokinetics study, ICR mice were intravenously given free
IR780 or various NPs at an equivalent IR780 dose of 0.75 mg/kg.
Blood samples (20 pL) were obtained at 1 min, 2, 4, 8, 12, and 24 h
through the tail vein and then mixed with 180 pL of DMSO to extract
IR780. The whole mixture was transferred to a 96-well plate for near
infrared fluorescence imaging, and the fluorescence signal intensity
was quantified using Living Image 3.0 (Caliper, CA, USA) and
compared with standard samples for blood concentration—time data
analysis.

2.15. Invivo NPs’ accumulation in normal brain and brain
bearing BCBMs

To establish BCBMs model, nude mice were anesthetized and
firmly secured with front paws extended above the head. About
2.5 x 10° 231Br cells in 0.1 mL PBS 7.4 were injected into the
left ventricle. Then mice were carefully examined and put back
into cages.

Both normal ICR mice and mice bearing BCBMs were intra-
venously treated with IR780-loaded NPs at an equivalent IR780
dose of 0.75 mg/kg. At 24 h, animals were perfused with PBS 7.4
followed by 4% PFA. Brains were harvested, further fixed in 4%
PFA for 48 h and then imaged to detect IR780 using an IVIS
system. Representative images were shown. Fluorescence in-
tensity was also quantified using Living Image 3.0 (Caliper).

2.16.  Quantitative distribution of nanoparticles in normal and
BCBMs bearing mice

To quantitatively measure the brain and other major organs
accumulation rate, 24 h after injection with the dose of 0.75 mg/kg
IR780, mice were perfused with PBS 7.4 and then minced brain
and other major organs (20 mg) were infiltrated in 180 pL of
DMSO to extract IR780. Detection of IR780 was conducted using
the fluorescence reading methods at 780/817 nm (Bioteck).

2.17.  Evaluation of therapeutic benefits

In vivo treatments in mice bearing BCBMs were started on Day 5
after the injection of 231Br cells. Injections were performed
through the tail vein 2 times a week at a dose of 5 mg/kg DOX and
7.5 mg/kg LAP mouse weight per injection. Nine mice were
included in each group except saline treatment (eight mice). Mice
were monitored for survival until the following criteria for
euthanasia was met: the mouse became lethargic or sick and un-
able to feed.

2.18.  Statistical analysis

All data were collected at least in triplicate and reported as
mean £ SD. Comparison of two conditions was evaluated by the
unpaired r-test. One-way ANOVA analysis was performed to
determine the statistical significance of treatment related changes
in survival. *P < 0.05, **P < 0.01, ***P < 0.001 were consid-
ered significant.
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3. Results and discussion
3.1.  Physicochemical characterizations

Various peptide ligands (K, K-, A, K-i-A, and K-s-A) were
designed and used to decorate NPs’ surface to endow NPs with
various functions, e.g., HER2-and LRPI1-targeting, and ablu-
minal LRP1-escaping. The sequences of these peptide ligands
and the nomenclature of various NPs were listed in (Table 1).
The N-terminal cysteine was used for conjugation with mal-
eimide. The GSG was added to avoid the effect of NPs’ steric
hindrance on KAAYSL’s HER2 binding according to previous
work?0—42.

PLGA-PLL NPs were prepared using ultrasonic emulsion
solvent evaporation method and further grafted with MAL-
PEG-SCM via the reaction of the primary amines of PLL with
the succinimidyl carboxymethyl ester to expose PEG and mal-
eimide functional terminal. Peptide ligands were conjugated via
the reaction of the N-terminal cysteine on ligands with the
maleimide on NPs’ surface. Combined therapy has been
extensively investigated for treatment of various types of cancer
because of the remarkable synergistic effect™ *°. In this study,
cytotoxic DOX and molecular targeted LAP were separately
loaded into the developed NPs for combined therapy of
BCBMs. This combination was previously used in both clinical
trials and nanomedicine-based studies for treating advanced and
resistant breast cancer’’ °°. By dynamic light scattering, all
ligand-attached DOX-loaded NPs and LAP-loaded NPs revealed
comparable mean hydrodynamic diameters (Fig. 1A), which
were slightly greater than unmodified NPs possibly due to the
ligand decoration on NPs surface. The hydrodynamic diameter
of DOX-loaded NPs-K-s-A reflected comparable Gaussian dis-
tribution to that of LAP-loaded NPs-K-s-A (Fig. 1B). For all
NPs, the polydispersity indices were below 0.2 (Supporting
Information Fig. S1), indicating the uniform particle distribu-
tion. All DOX-loaded NPs and LAP-loaded NPs showed nearly
neutral Zeta potential (Fig. 1C). NPs-A, NPs-K-i-A and NPs-K-
s-A exhibited stronger negative Zeta potential than NPs, NPs-K
and NPs-K-, which may be due to the terminal angiopep-2.
Under transmission electron microscope (JEOL), DOX-loaded
NPs-K-s-A reflected spherical morphology with the size in the
range of 43—76 nm (Fig. 1D). Suppose all NPs-K-s-A are
perfect sphere and their density is 1 mg/mm’, then the NP
number for every mg freeze-dried NPs-K-s-A with 60 nm
diameter was 8.84 x 10'%. The peptide K-s-A conjugated to per
mg NPs-K-s-A was measured using the BCA assay with the
peptide K-s-A as the standard sample and unmodified NPs as
the control and was 3.43 + 0.28 pg. By calculating, the mo-
lecular number of peptide K-s-A was 57.6 4+ 4.7 per 60 nm NPs-
K-s-A.

DOX was loaded into various NPs with loading efficiency of
9.33%—9.83% (Supporting Information Fig. S2), while LAP
loaded with loading efficiency of 7.44%—7.68%. There was no
significant difference in both DOX loading efficiency and LAP
loading efficiency between different NPs. Both DOX and LAP
were released from NPs in pH-controlled and slow manner
(Fig. 1E and F). For DOX (Fig. 1E), the release rate at pH 5.0
(45.5% on Day 2 and 97.4% on Day 14) was slightly faster than
that at pH 7.4 (33.0% on Day 2 and 72.4% on Day 14). LAP
displayed similar pH-controlled release pattern to DOX
(Fig. 1F). The comparable release kinetics are beneficial to the
steady ratio of DOX to LAP for the synergistic therapy.

3.2.  Invitro escape from abluminal LRPI1-mediated clearance

IR780, a near-infrared fluorescent probe, allows for low back-
ground and efficient in vitro and in vivo detection. Considering its
negligible release from solid NPs in our previous work>!, IR780
was used for characterizing both in vitro uptake and in vivo bio-
distribution and pharmacokinetics of various NPs. In vitro uptake
in bEND.3 cells (mouse BMECs) was first evaluated to investigate
the brain targeting effect. IR780 concentration in NPs-K and NPs-
K-treated cells didn’t exceed that in unmodified NPs treated cells
(Fig. 2A), suggesting the absence of HER2 expression on
bEND.3 cells and HER2-targeting can’t trigger BBB passing and
brain targeting. Compared with uncoupled NPs, NPs-A improved
IR780 uptake in bEND.3 cells by 1.57-fold. It is noteworthy that
NPs-K-s-A and NPs-K-i-A also induced evidently more uptake
than unbound NPs in bEND.3 cells by 1.56- and 1.53-fold,
respectively, which was comparable to NPs-A, indicating the
potential for BBB penetration and brain targeting.

MMP1 protein expression level was 7.86 ng/mL in MCM by
ELISA measuring. This result was consistent with previous data of
MMP1 concentration in conditioned medium of two variants of
the MDA-MB-231 cells (231BR and 231BR3)*°, both of which
possess enhanced ability to form BCBMs in nude mice. Pre-
incubation by MMP1 of this concentration for 2 and 24 h
decreased uptake of NPs-K-s-A in bEND.3 cells by 26.2% and
28.4% (Supporting Information Fig. S3). MMP1 inhibitor FN439
reversed the decreased uptake, suggesting that the reduced uptake
may be due to the removal of the brain targeting angiopep-2 by
MMP1I-catalyzed cleavage. MMP1 pre-treatment didn’t change
uptake of NPs-K-i-A in bEND.3 cells (Supporting Information
Fig. S4), demonstrating the VPMS-MRGG (in K-s-A) rather
than GDQGIAGEF (in K-i-A) on NPs as MMP1’s cleavage site. We
further examined if the in vitro conditioned medium of 231Br
(BCBMs) can regulate NPs-K-s-A’s uptake in bEND.3 cells
(BMECs). Western blotting analysis proved that MDA-MB-
231Br-HER2 conditioned medium (MCM) didn’t affect LRPI
expression on bEND.3 cells (Supporting Information Fig. S5),
suggesting positive LRP1 expression on BBB under the BCBMs
condition. Preclinical and clinical evidences also show high effi-
ciency of LRPI-targeted angiopep-2 paclitaxel conjugate
(ANG1005) for BBB crossing and BCBM-targeting’>™>. In
addition, to the best of our knowledge, there is no report about AS
aggregation in BCBMs. These evidences suggest that LRP1 is
very likely to be expressed on both luminal side and abluminal

Table 1  The nomenclature and surface ligand sequence of
various NPs.

Name Sequence of peptide ligands

NPs-K CGSG-KAAYSL?

NPs-K- CGSG-KAAYSL-VPMS"

NPs-A CTFFYGGSRGKRNNFKTEEY*®

NPs-K-i-A CGSG-KAAYSL-GDQGIAGF-
TFFYGGSRGKRNNFKTEEY

NPs-K-s-A CGSG-KAAYSL-VPMSMRGG*-
TFFYGGSRGKRNNFKTEEY

“HER2-targeting KAAYSL.

PRemaining fragment of K-s-A after MMPI cleavage.
°LRP1-targeting angiopep-2.

YMMP1-insensitive segment.

°MMP1-sensitive segment.
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Figure 1  Characterization of nanoparticles. (A) The mean hydrodynamic size of DOX-loaded NPs and LAP-loaded NPs by dynamic light

scattering. Data are presented as mean + SD (n = 3). (B) Size distribution of DOX-loaded NPs-K-s-A and LAP-loaded NPs-K-s-A. (C) Zeta
potential of DOX-loaded NPs and LAP-loaded NPs. Data are presented as mean + SD (n = 3). (D) Representative transmission electron mi-
croscope image of DOX-loaded NPs-K-s-A. Scale bar = 100 nm. (E) and (F) In vitro release of DOX (E) and LAP (F) from NPs in PBS 7.4 and

5.0 containing 0.5% SDS. Data are presented as mean + SD (n = 3).

side of BBB under the BCBMs condition. MCM pre-incubation
for 2 h decreased uptake of NPs-K-s-A in bEND.3 cells by
8.9% and 12.3%, respectively (Fig. 2B), while 24 h incubation
further decreased the uptake of NPs-K-s-A by 38.5% (Fig. 2C).
MMP inhibitor BB-94 reversed the decreased uptake back to
92.2% and 93.5% of original uptake, respectively, suggesting the
role of MMP from MCM and the possible angiopep-2 detachment
by MCM caused the reduced uptake in bEND.3 cells. Pre-
incubation by MCM didn’t change uptake of NPs-K-i-A in
bEND.3 cells (Fig. 2D).

The uptake in bEND.3 cells was also investigated qualitatively
using DOX-loaded NPs with FITC-labeled K-s-A. From Fig. 2E, it
can be seen that in normal medium, both DOX and FITC were
efficiently internalized into bEND.3 with obvious co-localization,
proving the integrity of DOX-loaded NPs-K-s-A. However, in
MCM, the uptake of both DOX and FITC was dramatically
reduced, which was consistent with other above data.

The backward BBB crossing from brain to blood was inves-
tigated by using Transwell filter as an in vitro BBB model. As
shown in Fig. 2F, bEND.3 cells were cultured on a Transwell
insert to form a compact monolayer. Different with most reports
studying BBB crossing from blood to brain, backward BBB
crossing from brain to blood was investigated in this study. So the
upper chamber and the lower chamber represented brain side and
blood side, respectively. The value of transendothelial electrical
resistance of 150—300 Q cm? indicates that the tight junction of
the BBB model can be considered to be similar to that of the
in vivo BBB>**°. IR780-loaded NPs-K-i-A and IR780-loaded

NPs-K-s-A in normal bEND.3 medium or MCM were added
into the upper chamber, respectively. After 6 h incubation, the
IR780 concentration in brain side (upper chamber), endothelial
cells, and blood side (lower chamber) were measured by a fluo-
rescence spectrometer. About 23.7% and 22.0% of NPs-K-i-A (in
both environments) and 25.1% of NPs-K-s-A in normal medium
were cleared from brain to inside endothelium and blood. How-
ever, in MCM environments, only 6.9% of NPs-K-s-A was
detected in endothelium and blood side. DOX-loaded NPs-K-i-A
and DOX-loaded NPs-K-s-A were also used to investigate the
backward BBB crossing. And similar results were obtained
(Supporting Information Fig. S6). In the premise of existence of
BCBMs, once NPs-K-s-A passes the BBB, 91.6% of the NPs-K-s-
A would stay inside brain. This finding indicates that NPs-K-s-A
can respond to the MCM (or microenvironment in BCBMs) to
escape the clearance transcytosis from brain to blood for pro-
moting brain accumulation, especially in regions of BCBMs.

3.3.  Invitro tumor targeting and synergistic anti-tumor effect of
DOX and LAP

We further investigated the in vitro uptake in 231Br cells
(BCBMs). Compared with uncoupled NPs, NPs-K, NPs-K- and
NPs-A heightened IR780 uptake (Fig. 3A). The IR780 intensity in
231Br cells treated with NPs-K, NPs-K- and NPs-A outstripped
that in cells received unmodified NPs by 1.41-, 1.39-, and 1.58-
fold, respectively. This result suggested that KAAYSL-driven
HER2-targeting was comparable to angiopep-2-mediated LRP1-
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targeting when used for BCBMs targeting and remaining VPMS
after cleavage of K-s-A would not affect KAAYSL’s targeting
ability. Pre-incubation by MCM didn’t change 231Br uptake of
NPs-K-s-A (Fig. 3B), which was comparable to that of NPs-A,
proving even incomplete cleavage of K-s-A would not affect

BCBMs targeting because of angiopep-2’s BCBMs targeting ef-
fect®*¥, besides the low interference of the left VPMS.

For in vitro growth inhibiting of BCBMs, blank NPs-K-s-A
didn’t produce any noticeable cytotoxicity even at 20 mg/mL
NPs (Fig. 3C), confirming the superb safety. Then we studied the
synergistic effect between DOX-loaded NPs-K-s-A and LAP-
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Figure 2

In vitro BBB transcytosis and in vitro escape from abluminal LRP1-mediated clearance. (A) Uptake of various NPs in normal BBB

endothelial cells. Data are presented as mean + SD (n = 3). (B) Uptake in bend.3 cells, NPs-K-s-A were pre-incubated in PBS/MCM mixture
with different ratios for 2 h. Data are presented as mean + SD (n = 4). (C) NPs-K-s-A was pre-incubated in PBS/MCM (1:9, v/v) for different
time with different concentration MMP inhibitor BB-94. Data are presented as mean + SD (n = 4). (D) NPs-K-s-A and NPs-K-i-A were pre-
incubated in PBS/MCM (1:9, v/v) for different time with or without 5 pmol/L BB-94. Data are presented as mean + SD (n = 4). (E) Qualitative
uptake of DOX-loaded NPs with FITC-labeled K-s-A in normal medium or MCM in bEND.3 cells imaged using confocal microscope. Scale
bar = 100 um. (F) Left: Schematic illustration of the in vitro BBB model for studying backward BBB passing ability. Right: Distribution of
IR780-loaded NPs-K-s-A and NPs-K-i-A in blood side, brain endothelium, and brain side. Data are presented as mean + SD (n = 3). *P < 0.05,

*#*P < 0.01, ¥**P < 0.001.
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Figure 3  In vitro tumor targeting and synergistic anti-tumor effect of DOX and LAP combo. (A) Uptake of various IR780-loaded NPs in 231Br

cells. Data are presented as mean £ SD (n = 4). (B) Uptake of IR780-loaded NPs in 231Br cells, which were un-pretreated or pre-incubated in
PBS/MCM (1:9, v/v) for 24 h. Data are presented as mean + SD (n = 4). (C) Viability of 231Br cells after treated with empty NPs-K-s-A for 48 h.
Data are presented as mean =+ SD (n = 6). (D) Dose effect curves on 231Br cells exposed to DOX-loaded NPs-K-s-A, LAP-loaded NPs-K-s-A,
and COMBO NPs at different DOX/LAP weight ratios for 48 h. The fraction of 231Br cells affected (Fa) was shown. (E) The Chou—Talalay
analysis of the dose effect curve in (D). Combination index (CI) values for different DOX/LAP weight ratios are provided for all Fa levels.
The data were determined by the Chou—Talalay analysis model using Fa levels for actual doses. (F) ICs( values of different COMBO formulations
(DOX/LAP = 1:1.5) on 231Br cells after incubation for 48 h. Data are presented as mean £+ SD (n = 3). **P < 0.01, ***P < 0.001.

loaded NPs-K-s-A. All NPs COMBO with different DOX/LAP
weight ratios were more effective than DOX NPs alone and LAP
NPs alone (Fig. 3D), suggesting synergy between DOX and LAP.
As LAP NPs gradually added, the COMBO ICs in form of DOX
gradually decreased from 273 ng/mL without LAP NPs to 211—
116 ng/mL (for DOX/LAP ratios of 4:1 to 1:2) and achieved the
lowest point of 107 ng/mL at the ratio of 1:4. The synergy of
DOX-loaded NPs-K-s-A and LAP-loaded NPs-K-s-A combination
was analyzed and quantified by CompuSyn using the Chou—
Talalay method”’. The experimental and theoretical combination
index (CI) values were shown in Fig. 3E. The CI < 1, >1,
and = 1 indicate synergism, antagonism, and additive effect,
respectively. Most concentrations in all ratios exhibited the CI
values < 1, indicating synergy between DOX-loaded NPs-K-s-A
and LAP-loaded NPs-K-s-A. More importantly, the lower the CI
value, the stronger the synergistic effect. The CI values at ratios of
1:1 and 1:2 were comparable and below those at other ratios,
demonstrating the strongest synergistic effect of DOX-loaded
NPs-K-s-A and LAP-loaded NPs-K-s-A between the DOX/LAP
weight ratios of 1:1 and 1:2. Given the strongest synergistic effect,
the COMBO with the DOX/LAP weight ratio of 1:1.5 was
selected and used for following experiments. We finally compared
the cytotoxicity of different COMBO-loaded formulations to
231Br cells. All NPs revealed higher ICsy values than free
COMBO (Fig. 3F), which may be due to the controlled drug
release kinetics (Fig. 1E and F). NPs-A, NPs-K-i-A and NPs-K-s-
A loaded with the COMBO displayed comparable ICsy values

with their growth inhibiting efficiency stronger than unbound NPs,
validating the comparable BCBMs targeting efficiency of
KAAYSL after cleavage and angiopep-2 before cleavage. The
slightly higher ICs, of NPs-K over NPs-A, NPs-K-i-A and NPs-K-
s-A can be ascribed to the slightly lower uptake of NPs-K in
231Br cells (Fig. 3A), suggesting the slightly higher targeting
efficiency of angiopep-2 over KAAYSL.

3.4. Invivo brain targeting and escape from abluminal LRP1-
mediated clearance

The pharmacokinetics studies were performed to explore the
blood circulation of NPs-K-s-A. NPs-K-s-A displayed different
blood behavior from free IR780 (Fig. 4A), which was eliminated
faster. The obtained pharmacokinetic parameters in Table 2
revealed that, NPs-K-s-A exhibited relatively sustained clearance
from blood with statistically exceedingly greater area under the
curve from O to time ¢ (AUC,_,), longer mean residence time from
0 to time t (MRT,_,) and half life time (¢,/,), and lower clearance
(CL). The results confirmed NPs-K-s-A’s prolonged blood circu-
lation, which is beneficial to the BBB passing. In addition, all NPs
(unmodified NPs, NPs-A, NPs-K-i-A, and NPs-K-s-A) displayed
similar plasma concentrations—time profiles with the difference of
the pharmacokinetic parameters (AUCy_,, MRT,_,, 1,5, CL) sta-
tistically insignificant between any two kinds of NPs.

Next, we determined the brain accumulation of various IR780-
loaded NPs in both normal mice and mice bearing BCBMs to
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assess if the BCBMs can specially strengthen NPs-K-s-A’s brain
accumulation. In normal mice, HER2-targeting NPs-K and NPs-
K- didn’t appear any signal increase in brain over unmodified NPs,
suggesting HER2-targeting can’t be used to trigger BBB pene-
tration and brain accumulation (Fig. 4B). LRP1-targeting NPs-A
showed enhanced signal intensity in brain by 1.90-fold
compared with unbound NPs. NPs-K-s-A and NPs-K-i-A also
induced apparent IR780 distribution in brain beyond uncoupled
NPs by 1.81- and 1.82-fold, verifying that terminal angiopep-2 of
fusion peptides (K-s-A and K-i-A) can drive LRP1-targeting for

BBB crossing. There was no difference of brain signal intensity
between NPs-K-s-A, NPs-K-i-A and NPs-A. We then studied if
BCBMs (with MMP1 in microenvironments) can change the brain
accumulation behavior of various NPs. The representative lumi-
nescence images indicated negligible size difference of BCBMs
between various groups (Fig. 4C). Accumulation of NPs-K and
NPs-K- in BCBMs-bearing brain was comparable to that of un-
bound NPs, implying that HER2-targeting alone can’t play its
function of BCBMs targeting because of the intact BBB sur-
rounding BCBMs. Compared with unmodified NPs, NPs-A raised

Table 2  Pharmacokinetic parameters of NPs-K-s-A in normal ICR mice."
Group AUC_, (ng-h/mL) MRT,_, (h) CL (mL/h/kg) tip (h)
Free 49.07 + 2.17 11.51 £ 1.25 0.0153 £ 0.0006 7.98 + 0.86
NPs 143.38 & 19.7* 28.13 4 3.91%* 0.0053 £ 0.0007#** 19.51 £ 2.71%*
NPs-K-s-A 139.00 £ 3.29%** 30.62 £ 3.60%* 0.0054 £ 0.0001*** 21.22 £ 2.50%*
NPs-K-i-A 144.85 + 21.47** 32.35 &+ 3.21%* 0.0050 £ 0.0007** 2243 £ 2.23%*
NPs-A 155.90 £ 9.57** 36.19 £ 3.47** 0.0049 £ 0.0002%* 25.09 £ 2.40%*

“Data are presented as mean = SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001 versus free groups.
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brain accumulation by 2.39-fold. The higher brain accumulation
efficiency of NPs-A in BCBMs-bearing brain (2.39-fold increase)
than in normal mice (1.90-fold increase) can be ascribed to
angiopep-2-mediated special uptake in BCBM cells. With insen-
sitive fusion peptide at surface, NPs-K-i-A induced NPs-A-
comparable IR780 intensity in brain (2.48-fold). However, NPs-
K-s-A with MMP1 sensitivity induced astonishing brain accu-
mulation of IR780 (4.94-fold), which was higher than NPs-A and
NPs-K-i-A, which can be explained by the escape from abluminal
LRP1-mediated clearance from brain to blood via MMPI-
catalyzed angiopep-2 removal. The measured brain accumula-
tion in form of %ID/g by extracting IR780 also showed same
findings (Fig. 4D). LRP1 is implicated in brain clearance of many
macromolecules including A@ and protease/a2-macroglobulin
complexes®. About 85% of A is cleared by LRPI at ablumi-
nal side of BBB'®, It has been reported that the clearance of
reconstituted high density lipoprotein NPs and poly(ethylene
glycol)-b-poly(lactic acid) NPs was significantly declined in APP/
PS1 mice™ (Alzheimer’s disease model with LRP1 down-
regulation in brain®®). These evidences suggest that it is very
likely that LRP1 at abluminal side of BBB, to a great extent,
contributes to NPs’ brain clearance. However, the exact extent of
NPs’ brain clearance by LRP1 at abluminal side of BBB needs
more in-depth studies, which may involve transgenic mice or
pharmacological inhibition approaches. BMECs provide a trans-
cellular barrier by virtue of their small number of endocytotic
vesicles, leading to slower transcytosis rate at brain endothelium
than that at peripheral vasculature®'°. Previously we reported
simvastatin-induced LRP1 up-regulation to surmount the low
transcytosis of BBB**. The decoration with fusion peptide K-s-A

also holds the potential for combining with the simvastatin-
induced LRP1 up-regulation for further improvement of brain
delivery efficacy. Other surface properties including size and Zeta
potential can be optimized. In addition, biomimetic delivery
platforms with excellent in vivo behaviors® %, can be function-
alized with the fusion peptide K-s-A for further boost. For pe-
ripheral organs, all kinds of NPs distributed in the order of liver,
spleen, kidney, lung, and heart (Supporting Information Figs. S7
and S8). There was no significant difference between mice
given different injections and between normal mice and BCBMs-
bearing mice.

3.5.  Evaluation of therapeutic benefits

By fruitful escape from abluminal LRP1-mediated clearance and
improved accumulation in brain, especially in regions of BCBMs,
NPs-K-s-A showed the great potential for targeted delivery of
therapeutics for treatment of BCBMs. We further explored the
feasibility of using the DOX/LAP COMBO delivered by NPs-K-s-
A to treat established BCBMs on mice. Bioluminescence imaging
of the stably transfected luciferase on 231Br cells was performed
to screen successful animal models and also the growth of
BCBMs. From the representative bioluminescence images, brain
showed evident enrichment of bioluminescent signal on Day 1
(Supporting Information Fig. S9). Animals with comparable brain
signal were chosen (Fig. 5A), and randomly grouped for various
treatments. Both BCBMs growth and mouse survival were
monitored. Systemic treatment of COMBO delivered by NPs-K-s-
A observably inhibited the BCBMs growth with the signal 19.5%,
37.1%, 28.5%, 55.5%, and 63.2% that of saline, free COMBO,
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unbound NPs, NPs-A and NPs-K-i-A-treated mice, respectively,
on Day 21 after intracardiac injection of the 231Br cells (Fig. 5B).
On Day 28, the relative growth by the bioluminescent signal in-
tensity ratio further decreased to 14.1%, 20.1%, 22.3%, 39.1%,
and 38.0% (Fig. 5B). Because of the death of most mice treated
with saline, free COMBO and unbound NPs between Days
28—35, the relative growth of BCBMs in NPs-K-s-A-treated mice
was measured against NPs-A and NPs-K-i-A on Day 35 and was
16.9% and 14.9%, respectively. The insignificant difference in
tumor signal intensity between mice treated with saline and free
COMBO indicated the low penetration of free drug®. The in-
efficiency of unmodified NPs substantiated the fact that the BBB
disruption degree in BCBMs is insufficient for drug delivery to
brain in a pharmacologically significant quantity®°’. The combo
delivered by NPs-A or NPs-K-i-A showed moderate growth
inhibiting effect. The stronger inhibiting effect of NPs-K-s-A than
NPs-A or NPs-K-i-A confirmed improved delivery of therapeutics
to brain or regions of BCBMs, which may be due to the efficient
escape from abluminal LRP1-mediated clearance.

With the obvious growth inhibiting effect, the COMBO
delivered by NPs-K-s-A markedly prolonged the survival of mice
bearing BCBMs. The development of an efficient drug delivery
system, which is capable of passing through the BBB and evading
the clearing transcytosis, is critical for the improved treatment of
BCBMs, especially for the early co-opted micrometastases. The
median survival of mice treated with NPs-K-s-A was up to 42
days, which was distinctly longer than that of mice treated with
saline (25 days), free COMBO (29 days), unmodified NPs (29
days), NPs-A (34 days), NPs-K-i-A (33 days) (Fig. 5C). In addi-
tion, compared with mice given other treatments, mice treated
with COMBO-loaded NPs-K-s-A showed the latest loss of body

weight, suggesting the modest intervention of progress of BCBMs
(Fig. 5D). For in vivo systemic toxicity, indirectly, no visible loss
of body weight was observed during the treatment period and
before the worsening of BCBMs except free COMBO (Fig. 5D).
All NPs treatment expressed the stable tendency of body weight,
comparable to saline treatment.

4. Conclusions

There is an imperative clinical demand to design effective sys-
temic therapies for BCBMs because of the gradually increasing
incidence and the poor prognosis under present insufficient sur-
gical treatment and radiation therapy. Most functionalized de-
livery platforms based on various BBB penetration strategies still
have extremely low brain accumulation after systemic adminis-
tration. The abluminal LRP1-mediated clearance transcytosis
from brain to blood may contribute to the low brain delivery ef-
ficiency when using LRP1 for brain targeting. In this study, we
proposed an innovative nanotechnology-based strategy to escape
from abluminal LRPI-mediated clearance to improve brain
accumulation for therapy of BCBMs. The approach was imple-
mented by engineering NPs modified with MMP1-cleavable fusion
peptide K-s-A. The developed NPs can cross the BBB through the
luminal LRP1, respond to the MMP1 in microenvironment of
BCBMs to detach the targeting angiopep-2 for evading the ablu-
minal LRP1-mediated clearance, and then target BCBMs via the
remaining targeting peptide KAAYSL, leading to facilitated brain
accumulation and BCBMs targeting. The results indicate that the
NPs-K-s-A may be a promising strategy for efficient brain tar-
geting and combined therapy of BCBMs. In addition, fluorescence
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dyes will be selected and design concept will be optimized to
construct fluorescence resonance energy transfer system to further
evaluate the disassociation of angiopep-2 from NPs-K-s-A. The
capacity in reducing brain clearance can be further studied by
evaluating brain retention after intraparenchymal administration””.
Notably, the extent of the clearance of LRP1-targeting NPs by
abluminal LRP1 needs future further in-depth studies, which may
involve transgenic mice or pharmacological inhibition approaches.
In summary, due to the high efficiency in accumulation in brain,
especially in regions of BCBMs, targeting BCBMs, and the con-
struction from safe materials with minimal toxicity, NPs-K-s-A
can be potentially translated as the predominant treatment for
patients unsuitable for surgical resection (most patients with
BCBMs) and the adjuvant therapy to the resection cavity bed after
operation to guarantee maximum removal of cancer.
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