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Brain metastasis is a fatal disease with limited treatment options and very short survival. Although systemic che-
motherapy has some effect on peripheral metastases of breast cancer, it is ineffective in treating brain metastasis
due largely to the blood-brain barrier (BBB). Here we developed a BBB-penetrating amphiphilic polymer-lipid
nanoparticle (NP) system that efficiently delivered anti-mitotic drug docetaxel (DTX) for the treatment of
brain metastasis of triple negative breast cancer (TNBC). We evaluated the biodistribution, brain accumulation,
pharmacokinetics and efficacy of DTX-NP in a mouse model of brain metastasis of TNBC. Confocal fluorescence
microscopy revealed extravasation of dye-loaded NPs from intact brain microvessels in healthy mice. DTX-NP
also extravasated from brain microvessels and accumulated in micrometastasis lesions in the brain. Intravenous-
ly injected DTX-NPs increased the blood circulation time of DTX by 5.5-fold and the AUCy_»4 1, in tumor-bearing
brain by 5-fold compared to the clinically used DTX formulation Taxotere® The kinetics of NPs in the brain, de-
termined by ex vivo fluorescence imaging, showed synchronization with DTX kinetics in the brain measured by
LC-MS/MS. This result confirmed successful delivery of DTX by the NPs into the brain and suggested that ex vivo
fluorescence imaging of NP could be an effective and quick means for probing drug disposition in the brain. Treat-
ment with the DTX-NP formulation delayed tumor growth by 11-fold and prolonged median survival of tumor-
bearing mice by 94% compared to an equivalent dose of Taxotere®, without inducing histological changes in the

major organs.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Brain metastasis of breast cancer (BMBC) occurs in an estimated 15—
30% of breast cancer patients [1-4]. Patients with triple-negative breast
cancer (TNBC) or human epidermal growth factor receptor 2 (HER-2)
positive breast cancer are at higher risk of developing BMBC compared
to patients with other breast cancer subtypes [ 1-5]. The prognosis of pa-
tients with TNBC is particularly poor due to the lack of effective thera-
pies against TNBC and its aggressive biology [6]. While chemotherapy
is routinely used to control peripheral metastasis of breast cancer, it is
largely ineffective at treating metastatic lesions in the brain due to
poor drug penetration through the blood brain barrier (BBB). The BBB
is composed of a collection of endothelial and neuronal cells which op-
erate as a physical, enzymatic and transport barrier at the brain-blood
interface to regulate entry of molecules into the central nervous system
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[7,8]. It is estimated that about 98% of central nervous system (CNS)
drugs fail to enter clinical trials due to poor brain penetration [9].
While the brain tumor-associated BBB is structurally impaired and
more permeable compared to the healthy BBB, it still represents a signif-
icant barrier to drug delivery to brain metastases [10].

Various invasive approaches have been investigated to enhance
drug delivery to the brain by cannula-mediated drug delivery (i.e. intra-
thecal, intraventricular, or intratumoral injection, and convection-en-
hanced delivery) or BBB-disruption using hyperosmotic solutions and
vasoactive compounds [11]. The applicability of these methods are lim-
ited due to non-specific influx of drug molecules and fluid into CNS
which can potentially lead to neurological toxicity, aphasia and
hemiparesis [12]. Systemic strategies for the treatment of BMBC include
identification of novel BBB-permeable drugs suitable for prevention or
treatment of BMBC [ 13-19], or delivery of clinically established BBB-im-
permeable chemotherapy drugs across the BBB by conjugation to li-
gands which bind specific receptors found on the brain endothelial
cells, including the transferrin receptor [8,20-22], low density lipopro-
tein (LDL) receptor [23,24], insulin receptor [25], or glutathione
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receptor [26]. Binding of the antibody-drug conjugates to their respec-
tive receptors enables receptor-mediated transcytosis of the drug across
the BBB.

In the past decade, drug-loaded nanocarrier systems with surface
conjugated ligands that target the same receptors have also been ex-
plored [27-29]. The nanocarrier systems show advantages over drug-li-
gand conjugates including their high drug loading capacity, prolonged
blood circulation time, sustained drug release, and reduction of en-
zyme-mediated drug degradation [8,30]. It has been found that nano-
particles (NP) coated with polysorbate 80 (PS 80), after adsorption of
apolipoproteins in the blood circulation, may mimic LDL particles facil-
itating the entry of NP to the brain via LDL receptor-mediated
transcytosis [23,31]. A number of published works have demonstrated
the effectiveness of PS 80-coated NP in the delivery of chemotherapy
drugs across the BBB for the treatment of glioblastoma multiforme
[24,32-35]. We previously developed a PS 80-containing biocompatible
polymer system based on poly(methacrylic acid) and maltodextrin |36,
37], and demonstrated its ability to deliver ionic drug, such as doxorubi-
cin, across the BBB in healthy mice and brain metastasis [30]. Given the
low cost of PS 80 and its approved use in many injectable pharmaceuti-
cal products, PS 80-modified polymer system offers tremendous poten-
tial compared to other BBB-targeting ligands.

In this study, a novel PS 80-based amphiphilic polymer nanocarrier
system was developed to encapsulate DTX by self-assembly for the
treatment of brain metastases of TNBC. DTX is a widely used anti-mitot-
ic drug for the treatment of locally advanced and metastatic breast can-
cers [38-41], and for the treatment of extracranial TNBC [42]. However,
DTX has not been applied to treat brain metastases as it is subject to P-
gp efflux at the BBB and is unable to accumulate in the brain at adequate
levels [43,44]. Furthermore DTX is practically insoluble in water and
thus the clinically used product of DTX, Taxotere® is formulated as an
alcohol-water mixture with high PS 80 content that is believed to
cause hypersensitivity in some patients [45]. Recently a number of NP
formulations of DTX have been developed and shown to increase DTX
accumulation and efficacy in glioma xenografts in mice [46-48]. Never-
theless, no attempt to design DTX NP for treatment of brain metastases
of TNBC has been reported, to the best of our knowledge.

To efficiently load and release the poorly water-soluble drug DTX,
while maintaining the capability of the nanocarrier crossing the BBB,
we have designed and optimized an amphiphilic polymer nanocarrier
system for DTX and evaluated its biodistribution, brain accumulation,
pharmacokinetics and preclinical efficacy in a murine brain metastasis
model of human TNBC. The present work demonstrates that DTX-load-
ed NP is able to extravasate from brain microvessels and deliver DTX to
brain metastases of TNBC following intravenous administration. The
pharmacokinetics of DTX delivered by the NP in the brain was found
to synchronize with the kinetics of fluorescence intensity of the NP in
the ex vivo brain tissue suggesting that DTX entry into the brain was
likely facilitated by NP transport across the BBB and that ex vivo imaging
of NP fluorescence is a good indicator of drug disposition in the brain.
Treatment with DTX-NP resulted in significantly extended DTX circula-
tion, markedly higher DTX accumulation in the brain, and prolonged
median survival time of brain tumor-bearing mice as compared to
Taxotere®.

2. Materials and methods
2.1. Materials

Maltodextrin (Dextrose Equivalent = 16.5-19.5), methacrylic acid
(MAA), sodium thiosulfate (STS), potassium persulfate (KPS), polysor-
bate 80 (PS 80), sodium dodecyl sulphate (SDS), fluoresceinamine iso-
mer [ (FA), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), dodecylamine,
ethyl arachidate, and all other chemicals unless otherwise mentioned
were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada).

HiLyte Fluor ™ 750 hydrazide (HF 750) was purchased from AnaSpec
(Fremont, CA, USA). Texas red-labeled dextran (MW 70,000 Da) was
obtained from Life Technologies (CA, USA). DTX was purchased from
LC Laboratories (Woburn, MA, USA). Taxotere® was purchased from
Hospira Healthcare Corporation (Saint-Laurent, Québec, Canada).
MDA-MB-231-luc-D3H2LN cell line was obtained from Caliper Life Sci-
ences (Hopkinton, MA, USA) and was confirmed to be pathogen free by
the supplier using IMPACT Profile I (PCR). These cells were passaged for
<6 months following resuscitation.

2.2. Synthesis of amphiphilic polymer

The amphiphilic polymer was synthesized by covalently linking
dodecylamine to the terpolymer (Supporting information, Scheme S1)
of poly(methacrylic acid), polysorbate 80 and starch which was pre-
pared using a method described previously [30]. Purified terpolymer
(500 mg), EDC (80 mg), and NHS (80 mg) were dissolved in 5 mL of dis-
tilled de-ionized water (DDIW) and allowed to react for 1 h at room
temperature. Between 0.1 and 1 mL of dodecylamine solution
(40 mg/mL in dimethyl sulfoxide (DMSO)) was added to the activated
terpolymer solution and allowed to react at 37 °C for 24 h. The final
product solution was neutralized to pH 7.4 using 0.1 N NaOH, and puri-
fied by extensive dialysis (molecular weight cut-off (MWCO) = 12 kDa)
against DMSO for 24 h and DDIW for 48 h at room temperature. The
polymer solution was then lyophilized and stored in a desiccator at
4 °C. The molecular weight of the amphiphilic polymer was measured
using static light scattering [49].

2.3. Synthesis of fluorescence dye-conjugated amphiphilic polymer

For in vivo and ex vivo imaging, two fluorescent dyes, namely HiLyte
Fluor™ 750 (HF 750; Nex = 745 nm, Ney = 820 nm) and FA (Nex =
496 nm, N\e;y, = 520 nm) were conjugated to the amphiphilic polymer
using the following method: 500 mg of purified amphiphilic polymer
was dissolved in 2 mL of aqueous solution containing 50 mg of EDC
and 50 mg of NHS and stirred for 30 min at room temperature, followed
by addition of 0.8 mg of HF 750 (1.25 mg/mL in DDI water (DDIW)) or
1.25 mg of FA (5 mg/mL in DMSO). The mixture was protected from
light and stirred at room temperature for 24 h. Finally, the product
was neutralized to pH 7.5 using 0.1 N NaOH and purified by extensive
dialysis (MWCO = 12 kDa) against DDI water for 48 h. The dried dye
conjugated-amphiphilic polymer was obtained by lyophilization and
stored in a desiccator for future use.

24. Preparation of DTX-loaded amphiphilic polymer nanoparticles

To find optimal composition to achieve high DTX loading and good
NP properties, amphiphilic polymer with varying amounts of dodecyl
contents were used (Table 1). In a typical experiment, 12 mg of ethyl
arachidate was added to a 15 mL conical tube, with or without addition
of Nile Red (20 pL of 5 mg/mL stock in CHCl3), and heated to 80 °C. Fifty
microliters of 100 g/L Pluronic® F-68 (PF68) solution, DTX (200 pL of
10 mg/mL DTX in CHCl3) and amphiphilic polymer (200 pL of
50 mg/mL in DDIW) were added to the solution and stirred for
20 min. The mixture was sonicated for 10 min using a Hielscher UP
100H probe ultrasonicator (Ringwood, NJ, USA) at 80% peak. Following
sonication, the entire emulsion was quickly transferred into 1 mL of sa-
line (0.9% w/v NaCl) being stirred on ice. The particle size and zeta po-
tential of the DTX-NP were measured with Malvern Zetasizer Nano ZS
(Worcestershire, UK). For transmission electron microscopy (TEM),
NP dispersed in DDI water were dried onto a carbon coated grid. The
TEM images were acquired on a Hitachi H7000 electron microscope
(Hitachi Canada, Ltd., Mississauga, Ontario, Canada) with an accelerat-
ing voltage of 100 kV.
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Table 1

Compositions of amphiphilic polymer and their effect on the drug loading efficiency and content, and particle properties of docetaxel-loaded nanoparticle formulations.

Amphiphilicpolymer® Dodecyl” Ethyl PF 68 Docetaxel Size Polydispersity Index Zeta Encapsulation efficiency  Loading Content
(mg/mL) (%) Arachidate (mg/mL) (mg/mL) (nm) (PDI) potential (%) (%)
(mg/mL) (mV)

10 0 12 5 2 165.1 0.36 + 0.04 —51.1 755 + 2.5 53+ 1.1
+ 3.2 + 15

10 1 12 5 2 1333 0.26 + 0.02 —49.1 822 + 1.8 574 £ 09
+ 43 + 24

10 2 12 5 2 125.1 0.21 4+ 0.05 —50.1 875+ 24 6.09 + 1.3
+ 54 + 1.7

10 5 12 5 2 105.1 0.19 + 0.06 —49.1 933 £ 1.6 6.46 + 0.4
+ 15 + 2.8

10 10 12 5 2 100.1 0.17 + 0.02 —48.1 982 + 1.0 6.78 £ 14
+ 2.6 + 24

Add data presented as mean =+ SD for n = 3 independent experiments.

2 The molecular weight of the amphiphilic polymer was measured using static light scattering.
" The content of dodecylamine grafted onto amphiphilic polymer was calculated by molecular weight.

2.5. Determination of drug loading, encapsulation efficiency, stability and
drug release kinetics

Immediately after formulation, DTX-NP suspension was diluted 4
times by PBS (pH = 7.45, containing 0.5% SDS), transferred to a centrif-
ugal filter (MWCO = 30 kDa), and centrifuged for 15 min at a RCF of
21,100 x g. The free drug concentration in the filtrate was assayed at
232 nm using an ultraviolet-visible (UV-Vis) spectrometer (Agilent
8453). The drug loading (% wt drug/wt lipid) and encapsulation effi-
ciency (% wt drug/wt total drug) were then calculated.

To determine the stability of the DTX-NP, 200 L of NP were incubat-
ed in 2 mL of pH 7.4 PBS buffer, or 100% FBS at 37 °C for up to 72 h. Al-
iquots were taken at different time intervals and diluted with DDIW for
analysis of particle size and zeta potential (Malvern Zetasizer Nano ZS,
Worcestershire, UK).

To determine in vitro drug release kinetics, DTX-NP suspension
(1 mL) or free DTX solution with the same drug concentration (1 mL)
was enclosed in a 14 kDa MWCO dialysis tube and immersed in
200 mL, pH 7.45 PBS (containing 0.5% SDS) at 37 °C with continuous
magnetic stirring. At selected time intervals, 1 mL of aqueous solution
was withdrawn from the release medium and the drug concentration
was measured with spectrophotometry. The sample was placed back
into the release system after measurement. Each release experiment
was repeated 3 times and the mean and standard deviations of tripli-
cates are reported.

2.6. In vitro cell uptake of nanoparticle

To evaluate the cell uptake of NR-DTX-NP, MDA-MB-231 cells were
seeded at a density of 30,000 cells per well in 24-well plates and incu-
bated for 24 h at 37 °C under 5% CO-. Following the incubation, the me-
dium was replaced with fresh medium (1 mL) and 20 pL of Nile red
loaded DTX-NP (NR-DTX-NP) were added and incubated at 37 °C. At
various incubation times, the NP-containing medium was removed
and the cells were washed 3 times with cell culture medium. Cell nuclei
were stained with Hoechst 33342 (Molecular Probes, Inc. Eugene. OR,
USA). The cells were imaged on an AMG EVOSf1 fluorescence micro-
scope (Invitrogen, Carlsbad, CA, USA) and Zeiss LSM700 confocal micro-
scope with the filters for Nile red: Ex./Em. = 530/593 nm, and for
Hoechst 33,342: Ex./Em. = 360/447 nm. The fluorescence intensity
was measured using a microplate fluorescence reader (N\ex = 530 nm,
Nem = 630 nm) to quantify the cellular uptake of the NPs.

2.7. In vitro cytotoxicity in triple negative human breast cancer cells

Cytotoxicity of Blank-NP (no DTX), DTX-NP and free DTX, were eval-
uated in triple negative human breast cancer cells MDA-MB-231-luc

cells. The cells were seeded at a density of 7000 cells per well in 96-
well plates and incubated for 24 h at 37 °C under 5% CO-. Then the
cells were treated for 24 h with various formulations at different con-
centrations. Cell viability was measured using the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and is
expressed as the percent of control for each treatment group [50].
Cells with no treatment and cells incubated with Blank-NP were used
as controls for the free drug and DTX-NP, respectively.

2.8. Animal model

All animal handling and procedures were conducted under an ap-
proved protocol from the Animal Care Committee at the Ontario Cancer
Institute. An animal model for BMBC was established by injecting lucif-
erase expressing human breast cancer cells (MDA-MB-231-luc-
D3H2LN) (5 x 10* cells/mouse) intracranially into the cortex of four
to six week old, severe combined immune deficiency (SCID) mice (On-
tario Cancer Institute, Toronto, ON, Canada) using a stereotaxic system
(SAS-5100, ASI Instruments, Warren, MI, USA) [30]. Tumor growth
was monitored by luciferin-induced bioluminescence imaging
(15 mg/kg luciferin, intraperitoneal injection 10 min prior to imaging)
using a Xenogen IVIS spectrum imager (Caliper Life Sciences,
Hopkinton, MA, USA). Formation of numerous micro-metastases in
the cortical and subcortical regions was confirmed by H&E staining of
brain tissue sections (Supporting information, Fig. S1).

2.9. Live animal and ex vivo optical imaging

Near-infrared (NIR) dye HiLyte Fluor ™ 750 (HF 750)- and
Fluoresceinamine isomer I (FA)-labeled DTX-NP (200 pL injection vol-
ume; 10 mg/mL HF 750- and FA-amphiphilic polymer, 6.7 4 0.1 pmol
of HF 750 and 120 + 0.2 pmol of FA per gram of polymer; 20 mg/kg
DTX for tumor-bearing mice) were injected into the lateral tail vein of
tumor-bearing mice. At pre-determined time points fluorescence im-
ages of the whole body and dissected organs (brain, heart, liver, and
spleen) were obtained using the Xenogen IVIS spectrum imager
(745 nm excitation, and 820 nm emission wavelengths). NP accumula-
tion within the organs was reported as the ratio of NIR fluorescence in-
tensity of NP-treated tissue to saline-treated tissue.

2.10. Confocal fluorescence microscopy for microdistribution of nanoparti-
cles in brain tissue

2.10.1. Delivery of BBB-impermeable dye into healthy brain

Hoechst 33342-loaded FA-labeled amphiphilic polymer NP were
prepared by a suspension-ultrasonication method. A mixture of 250 pL
of Hoechst 33,342 solution (10 mg/mL), 200 pL of FA-amphiphilic poly-
mer solution (50 mg/mL), 50 pL of PF 68 solution (100 mg/mL), and



C. He et al. / Journal of Controlled Release 246 (2017) 98-109 101

12 mg of ethyl arachidate was heated to 80 °C and stirred for 20 min. NP
were formed under ultrasonication using a Hielscher UP100H probe
ultrasonicator, (Hielscher USA, Inc., Ringwood JN, USA) for 10 min and
suspended in sterile 5% dextrose to a final Hoechst 33342 concentration
of 2.5 mg/mL. An analogous control formulation was prepared from FA-
amphiphilic polymer without PS 80. To examine NP penetration into
healthy brain, SCID mice were treated with 200 pL of Hoechst 33,342-
loaded NP with or without PS 80 (2.5 mg/mL dye), or free Hoechst
33342 (2.5 mg/mL in saline) via tail vein injection. Mice were eutha-
nized 2 h following treatment. Texas red-labeled dextran (100 pL vol-
ume, 1% wt solution) was administered intravenously 15 min prior to
euthanasia. The brain was dissected, fixed in 10% formalin for 3 h, trans-
ferred to 30% dextrose solution overnight, embedded in Tissue-Tek OCT
resin (Somagen, Torrance, CA, USA) and finally flash frozen. Thaw
mounted 20 um thick frozen sections were prepared using a Leica
CM3050S cryostat (Leica, Wetzlar, Germany) and analyzed using Zeiss
LSM700 confocal microscope (Carl Zeiss, Jena, Germany) using fluores-
cent excitation and emission filters appropriate for detection of the indi-
cated chromophores (Dextran, Texas Red: Ex./Em. = 595/615 nm; FITC:
Ex./Em. = 490/520 nm; Hoechst 33342: Ex./Em. = 352/461 nm).

2.10.2. Nanoparticle microdistribution in tumor-bearing brain tissue
FA-labeled DTX-NP (200 (L injection volume; 10 mg/mL FA-amphi-
philic polymer, 120 4 0.2 pmol of FA per gram of polymer; 20 mg/kg
DTX for tumor-bearing mice) were injected into the tail vein of
tumor-bearing SCID mice. Two hours later Texas red-labeled dextran
(100 pL volume, 1% wt. solution) was administered intravenously
15 min prior to euthanasia to label functional brain blood vessels [31].
The brains were processed and examined as described above. NP distri-
bution around the tumor was examined within the FITC emission laser
(Ex/Em. = 490/520 nm). Brain blood vessels were imaged over the
Texas red spectral wavelengths (Ex./Em. = 595/615 nm). Cell nuclei
were imaged within the DAPI spectral laser (Ex./Em. = 352/461 nm)
after nuclear staining with Hoechst 33342 trihydrochloride, trihydrate
(Invitrogen, 1:10,000 dilution) and 3 x wash with pH 7.4 PBS.

2.11. Pharmacokinetic study of DTX-NP in brain tumor-bearing mice

Tumor-bearing mice were randomly allocated into two treatment
groups and received a single i.v. injection of DTX-NP or Taxotere® at a
matched dose of 20 mg DTX/kg. At 0.25, 0.5, 1, 2, 6 and 24 h after injec-
tion, whole blood was collected in heparinized tubes from ketamine
anesthetized mice by cardiac puncture. Following perfusion with ice-
cold saline via the left ventricle, the tumor-bearing brains were harvest-
ed, rinsed in PBS, weighted, snap-frozen and stored at — 80 °C for fur-
ther analysis. DTX was extracted from the mouse tissues by protein
precipitation [51,52]. Tissue homogenate was prepared by adding 9
parts DDI water to 1 part whole blood or 3 parts DDI water to 1 part
brain before homogenizing at 3600 rpm for 5 min using a Precellys 24
homogenizer (VWR, Erlangen, Germany). Tissue homogenate (36 pL)
was added to 1.5 mL micro-centrifuge tubes, followed by the addition
of 10 pL of methanol and 3.75 L of 250 ng/mL paclitaxel solution as
an internal standard. The mixture was vortexed for 1 min. Methanol/
acetonitrile mixture (100.25 pL, 1:1 (v/v)) was then added to the
tubes and vortexed for 10 min to precipitate the protein. The samples
were centrifuged for 15 min at 21,100 x g and the supernatant was
transferred to high performance liquid chromatography (HPLC) vials
for analysis using liquid chromatography-dual mass spectroscopy (LC-
MS/MS) (AB Sciex QStarXL Q-TOF mass spectrometer (AB Sciex, ON,
Canada)). DTX transitions were detected by an AB Sciex API4000 triple
quadrupole mass spectrometer equipped with an electrospray ioniza-
tion interface (Advanced Instrumentation for Molecular Structure, De-
partment of Chemistry, University of Toronto). The system was
operated in positive ion mode. The multiple reaction monitoring
(MRM) transitions monitored for DTX were m/z 544.0/361.1. Results
are presented as drug mass per mass of tissue (ng DTX/mg tissue).

Detailed protocols for modeling DTX disposition in mouse by a semi-
physiologically-based pharmacokinetic (semi-PBPK) model are de-
scribed in the Supporting information material.

2.12. Evaluation of therapeutic efficacy

To brain tumor-bearing SCID mice, DTX-NPs (20 mg DTX/kg, 200 pL
administered i.v.), or an equivalent dose of Taxotere®, or saline
(200 pL), or Blank-NP (equivalent NP mass to DTX loaded NP) were ad-
ministered on day 0, typically between one to two weeks following
tumor inoculation depending on desired initial tumor size. A second
identical treatment was administered two weeks later on day 14. This
dosing regimen was determined from dose tolerance studies (data not
shown). Tumor growth was monitored in vivo using bioluminescence
imaging for up to four weeks following the first treatment. The fold in-
crease in total tumor size was obtained by normalizing the tumor radi-
ance (TR) over the course of the experiment to the initial tumor
radiance at day 0. Tumor growth delay (TGD) was calculated from the

mean survival time of each group according to TGD(%) = (W)

control
%100 as previously reported [53].

Once the mice exhibited signs of discomfort (i.e. weight loss 20% off,
lack of grooming, signs of self-mutilation, resistance to ambulation), de-
fined as endpoint, mice were euthanized by cervical dislocation under
1% isofluorane anesthesia. Immediately after euthanasia, intact hearts,
livers, lungs and kidneys were fixed in 10% neutral-buffered formalin,
paraffin-embedded and stained with hematoxylin and eosin (H&E) for
morphological evaluation, which was conducted by a board-certified
veterinary anatomic pathologist.

2.13. Statistical data analysis

All data are presented as means + standard deviation (SD).
Student's t-test or analysis of variance (ANOVA) followed by Tukey t-
test (OriginPro8) were utilized to determine statistical significance be-
tween two or more groups, respectively. p-Values < 0.05 were consid-
ered statistically significant.

3. Results and discussion

3.1. Design, synthesis and optimization of DTX-loaded amphiphilic polymer
NP

In the present work we developed an amphiphilic polymer-lipid
nanocarrier system for delivery of hydrophobic drug DTX to brain me-
tastases of human breast cancer in a mouse model. The nanocarrier is
comprised of solid lipid domain of ethyl arachidate stabilized with an
amphiphilic copolymer comprised of a maltodextrin, poly(methacrylic
acid) (PMAA), PS 80 and n-dodecane (Fig. 1a, Supporting information
Scheme S1). Maltodextrin serves as the polymer backbone onto which
PMAA is grafted to provide abundant carboxylic acid functional groups
for further chemical modification with PS 80, dodecylamine and fluores-
cence probes. PS 80 has been previously reported to facilitate NP trans-
port across the BBB [23,30,33,54]. Dodecyl groups render the polymer
amphiphilic to facilitate affinity with the lipid domain. DTX was effi-
ciently loaded into the NP through hydrophobic interaction with the do-
decyl groups in the amphiphilic polymer and partitioning into the solid
lipid domain. All materials used for NP synthesis are biocompatible/bio-
degradable and generally regarded as safe (GRAS) for injection.

To design an amphiphilic polymer NP carrier with optimal proper-
ties for efficient loading and release of DTX, the composition of amphi-
philic polymer was optimized with varying dodecyl substitution
content. The physicochemical properties of DTX-loaded NP (DTX-NP),
including particle size, polydispersity, DTX encapsulation efficiency
and DTX loading content, were characterized and summarized in
Table 1 as a function of dodecyl content. NP with greater dodecyl
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Fig. 1. a) Schematic illustration of DTX-NP formation from the amphiphilic terpolymer, recruitment of Apo-E, and proposed enhanced permeability and retention (EPR)/transcytosis
mechanism for overcoming the BBB. b-d) Properties of DTX-NPs made from 10% dodecylamine grafted polymer: b) particle size distribution, c) TEM image (scale bar = 100 nm), and
d) in vitro release of free DTX and DTX from the DTX-NPs determined by a dialysis method (data presented as means + SD, n = 3).

content were found to exhibit smaller particle size, narrower size distri-
butions, higher DTX encapsulation efficiency and higher DTX loading
content (Table 1), conceivably due to stronger hydrophobic interactions
between the amphiphilic polymer, lipid domain and hydrophobic drug.
DTX-NP made from the polymer with 10% dodecyl content had an aver-
age particle diameter of 100.1 4 2.6 nm, polydispersity of 0.17, zeta po-
tential of —48 mV, loading efficiency of 98.2 + 1.0%, and loading
content of 6.8 + 1.4% (Fig. 1b, c¢; Table 1). Based on these observations,
all subsequent studies were performed using DTX-NP with 10% dodecyl
content without further specification.

Transmission electron micrographs of the DTX-NP (Fig. 1c) showed
spherical shape and relatively uniform particle size. The DTX-NP were
stable at 37 °C in both pH 7.4 PBS and 100% FBS for at least 72 h
(Supporting information, Fig. S2). As shown in Fig. 1d, DTX-NP provided
a sustained in vitro drug release profile for over 50 h following a brief lag
time. Half of the encapsulated DTX was released within 30 h while >85%
of the total encapsulated drug was released after 53 h. In contrast, free
DTX in solution, encased in the same type of dialysis tube under the
same experimental conditions as a reference, completed the release
within 10 h. This result indicates that the sustained release profile of
DTX-NP measured by the dialysis method is mainly controlled by drug
release from the NP into the medium inside dialysis tube, rather than
by the permeation of free drug across the dialysis tube membrane into
the release medium outside the tube [55]. Sustained drug release of
DTX-NP following the initial lag is a desirable characteristic for thera-
peutic application as the NP would not release noticeable amount of
drug prematurely before arrival at the tumor.

3.2. DTX-NP exhibit rapid cell uptake and enhance cytotoxicity in triple neg-
ative human breast cancer cells

In vitro kinetics of NP uptake by MDA-MB-231-luc breast cancer cells
was studied using fluorescence microscopy. The Nile red-loaded NP
(NR-DTX-NP) enabled in vitro fluorescence detection and quantification
of cellular uptake. Rapid NP uptake into the cell cytoplasm was ob-
served, with 50% of the NP being taken up by the cancer cells after
20 min (Fig. 2a, b). In vitro cytotoxicity studies were conducted using
the MTT assay. The Blank NPs were found to be non-cytotoxic to the
cells at concentrations up to 200 pg/L while DTX-NP exhibited enhanced
cytotoxic effect against the MDA-MB-231-luc cells compared to free
DTX (DTX-NP: IC59 = 80.7 £ 1.2 pg/L; Free DTX: ICso = 93.9 & 3.5 pg/-
L(Fig. 2c)). This enhanced cytotoxicity may be attributed to the effective
uptake of the NP, increased DTX solubility and sustained release of DTX
from DTX-NPs in the cytoplasm. The elevated intracellular drug concen-
tration could significantly magnify the anticancer efficacy [37].

3.3. PS 80-containing amphiphilic polymer nanoparticles deliver BBB-im-
permeable dye into healthy brain

To test our hypothesis that only PS 80-containing NPs are able to ex-
travasate brain microvessels and deliver cargos across the BBB, BBB-im-
permeable fluorescent dye Hoechst 33342 was loaded in FA-labeled NP
with or without covalently bound PS 80. The NP were administered in-
travenously to healthy SCID mice and allowed to circulate for up to 2 h.
Confocal laser scanning microscopy was used to examine brain tissue
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Fig. 2. Uptake of fluorescence dye-loaded DTX-NP by triple negative human breast cancer cell MDA-MB-231-luc. a) Fluorescence microscopy image at 2 h following treatment. Bright field,
cell nuclei stained with Hoechst 33,342 (blue), DTX-NP stained with Nile Red (red) and overlays are shown. b) Kinetics of dye-loaded DTX-NP uptake in MDA-MB-231-luc over a 2 h period
(Io: the fluorescence intensity of cells incubated with medium; I: the fluorescence intensity of cells incubated with NR-DTX-NP). ¢) Cytotoxicity of Blank NP, Free DTX and DTX NP against
MDA-MB-231 cells after 24 h of incubation. From the data fitting corresponding ICsq values were obtained (DTX-NP: ICsg = 80.7 & 1.2 pg/L; Free DTX: ICsg = 93.9 £ 3.5 pg/L). Data
presented as mean + SD (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

sections for cell nuclei stained with Hoechst 33342 (blue) in relation to
brain vasculature, labeled with Texas Red-dextran (red) (Supporting in-
formation, Fig. S3). Intravenous administration of free Hoechst 33342 or
Hoechst 33342-loaded NP without PS 80 could only stain nuclei of blood
vessel-associated cells (blue), leaving cells away from blood vessels un-
stained (Supporting information, Fig. S3). In addition, PS 80-absent NPs
(green) were confined within the blood vessel lumen and were absent
from the brain parenchyma. In contrast, the PS 80-containing NP
(green) were able to extravasate from the blood vessel lumen, enter
the brain parenchyma, and to deliver the dye to cells located away
from brain capillaries (blue).

These results suggest that covalently bound PS 80 plays an impor-
tant role in NP entry into the brain, as only the PS-80 containing NP
were able to penetrate the BBB entering intact normal brain. It has
been reported that coating NP with PS 80 leads to enhanced adsorption
of apolipoprotein-E (Apo-E) in the blood onto the particle surface, and
the presence of Apo-E promotes NP internalization in the brain capillary
endothelial cells via members of the LDL receptor family expressed by

these cells [56,57]. Therefore, it is perceivable that a similar mechanism
is responsible for the uptake of the PS 80-containing amphiphilic poly-
mer NP by the brain capillary endothelial cells and transcytosis to the
outside of the blood vessels.

3.4. Biodistribution and brain tumor accumulation of DTX-NP

The MDA-MB-231-luc-D3H2LN triple-negative human breast cancer
cell line, derived from spontaneous lymph node metastases from mam-
mary fat pad tumors, was selected to establish the brain metastasis
model due to its aggressive proliferation and infiltration behavior lead-
ing to the formation of multiple metastatic lesions throughout the brain
(Fig. S1), resembling breast cancer metastases in humans [58]. Intracra-
nial injection of the cells resulted in the formation of numerous small
sized tumor lesions throughout the brain, including the cortex and
subcortex (Fig. S1, Fig. 3), similar to those found in BMBC models
established using intracardiac injection of MDA-MB-231-BR cells [59].
Tumor growth was monitored in live animals using bioluminescence
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Fig. 3. a-d) Whole body images of live mice with brain tumor at various times and ex vivo images of organs: a) Representative fluorescence images showing tumor accumulation of HF 750-
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blood vessels and accumulated into microscopic tumor lesions. Scale = 50 pm for all images. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

imaging of the luciferase-transfected tumor cells following intraperito-
neal administration of luciferin. The brain tumors were allowed to
grow for two weeks following intracranial inoculation.

Accumulation of HF 750- and FA-labeled DTX-NP at the brain tumor
site is evidenced by the co-localization of fluorescence signal from DTX-

NP with the bioluminescence signal of brain tumor cells in vivo (Fig. 3a,
b). The NP remained at the tumor site for at least two hours following
treatment. Immediate ex vivo fluorescence and bioluminescence imag-
ing of the dissected brain 2 h after DTX-NP injection confirmed these re-
sults (Fig. 3c). Laser scanning confocal microscopy of the tumor-bearing
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brain tissue sections revealed that the FA-labeled DTX-NP (green) were
able to extravasate from the blood vessel lumen (red) and accumulate
within tumor lesions in the brain (Fig. 3e).

NP accumulation in the major organs following a single i.v. injection
of HF 750-labeled DTX-NP was determined by ex vivo fluorescence im-
aging (Fig. 3d, Supporting information, Fig. S4). DTX-NP initially accu-
mulated in the kidneys, lungs and the liver, and were significantly
removed from these organs and cleared from the blood within 6 h.
The relatively high fluorescence intensity in the kidneys could be as-
cribed to the released HF 750-bound polymer chains that undergo elim-
ination through kidneys.

3.5. DTX-NP prolong blood circulation time of DTX and increase its brain
bioavailability compared to Taxotere®

The concentration of DTX in the perfused brains of healthy mice was
quantified using LC-MS/MS following i.v. injection of DTX-NP or
Taxotere® (20 mg/kg DTX) (Fig. 4a). DTX was found to be present in
the brain of healthy mice at low concentrations (<100 ng/g), similar
to values reported in previous studies [60,61], as early as 15 min follow-
ing i.v. injection of Taxotere®. Treatment with an identical dose of DTX-
NP resulted in a 3.6-fold higher DTX concentration in the brain of
healthy mice 15 min after injection. These results demonstrate that
DTX encapsulated within the NP were able to cross the intact BBB of
healthy mice within 15 min after i.v. injection leading to enhanced accu-
mulation of DTX in the central nervous system compared Taxotere®.
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The mechanism of DTX entry into the healthy brain following treat-
ment with Taxotere® is unclear; though it may be related to the high PS
80 content (80-260 mg/mL PS 80) in this formulation [62]. We detected
micelles in Taxotere® diluted in DDIW by dynamic light scattering with
a number average particle size of 7.8 + 0.3 nm and a polydispersity
index of 0.18 4 0.11 (Supporting information, Fig. S5). If the micelles
were actually maintained in the blood circulation, they may enter the
tumor lesion where the enhanced permeability and retention (EPR) ef-
fect may operate. Since clinical treatment with high levels of PS 80 has
been associated with unpredictable hypersensitivity reactions [63],
our DTX-NP formulation may mitigate this problem by significantly re-
ducing PS 80 content to only 10 mg/mL PS 80.

Compared to treatment in healthy mice, intravenous injection of
both Taxotere® and DTX-NP to mice with brain tumors resulted in >
2-fold higher DTX concentrations in the tumor-bearing brain 15 min
after injection (Fig. 4a). This phenomenon may be attributed to the
compromised BBB structure typical of brain tumor lesions, leading to
higher drug permeability into the brain [64-66]. Previously Lockman
et al. demonstrated that while the BBB in >89% of BMBC lesions were
more permeable to chemotherapy drugs, drug accumulation at cytotox-
ic concentrations was only achieved in roughly 10% of these lesions [10].
Therefore it is thought that the compromised BBB remains a significant
barrier to drug delivery to brain metastases despite its enhanced perme-
ability. Intravenous injection of DTX-NP to mice with brain tumors with
resulted in a 2.7-fold higher DTX concentration in the tumor-bearing
brain 15 min following treatment compared to treatment with an
equivalent dose of Taxotere® (Fig. 4a). A time course study in mice
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Fig. 4. Pharmacokinetics of DTX-NPs and Taxotere® in brain and whole blood. a) The concentration of DTX in healthy brains and tumor-bearing brains at 15 min after i.v. injection. b)
Illustration of a semi-PBPK model for DTX disposition. All parameters are defined in the main text and in the supplementary material. Concentration profiles of DTX in brain (c) and in
blood (d) after i.v. injection of DTX-NP or Taxotere® (symbols are measured values, lines are fitted data). DTX concentration in the blood of Taxotere® treated mice at 24 h was below
the detection limit. Therefore a value of zero was used for PK modeling (Red Arrow). All measured data in a, ¢, d are the mean 4 SD (n = 3). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Fitted pharmacokinetic parameters to LC-MS/MS data for DTX-NP and Taxotere® in whole
blood and brains of tumor-bearing mice after a single intravenous administration of
20 mg/kg DTX (n = 3).

DTX-NP Taxotere®  DTX-NP/Taxotere®

Blood

Ti/2 term (h) 6.35 1.16 5.47

AUCo_z4 , (ng-h/mL)? 595 x 10° 443 x 10° 134

CL (mL/h) 64.7 90.2 0.71

V; (mL) 329 25.7 1.28
Brain

Ti/2 term (h) 315 13.7 2.30

T1/2 redis (h) 2.17 0.68 3.24

AUCo_»4 1, (ng-h/g)? 483 x 10> 095 x 10°  5.09

Ciax (Ng/g) 078 x 10> 025 x 10> 3.11

Timax (h) 0.64 0.43 1.49
AUCbyain, 0-24 h / AUCbio0d,0- 0.81 0.21 3.86

24 h

T12 term Tepresents the elimination half-life.
T2 redis represents redistribution the half-life in the brain, between Cp.x and the terminal
elimination phase.
Tmax represents the time to reach Cyax.
CL is the total body clearance determined according to CL = dose / AUCj_c.
Cmax is the peak concentration of DTX in the brain after administration.
V; is defined as the volume of central compartment.

@ AUCy_»4 1, is area under the curve from time O to 24 h. The mean (n
points were used for calculation.

= 3) of all data

with brain tumors further demonstrated that DTX-NP treatment result-
ed in markedly higher levels of DTX in the brain at all time points tested
as compared to treatment with Taxotere® (Fig. 4c), indicating that DTX-
NP enhanced drug delivery to brain metastases.

Pharmacokinetic modeling was used to quantitatively analyze the
influence of formulation (i.e., DTX-NP vs. Taxotere®) on the DTX phar-
macokinetics (Fig. 4b) with good precision as evidenced by low coeffi-
cient of variation (Supporting information Table S1). Physiological
parameters and fitted results are summarized in the Supporting infor-
mation in Tables S1 and S2, respectively. DTX was not detected in the
blood 24 h after Taxotere® injection; therefore a value of zero was
used at this time point for pharmacokinetic modeling.
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The blood DTX concentration profiles after a single i.v. dose of
Taxotere® or DTX-NP (20 mg/kg DTX) showed a bi-exponential decay
of DTX for both formulations (Fig. 4d). Taxotere® was quickly eliminat-
ed from the blood within 24 h after injection. In contrast, DTX-NP ex-
tended DTX circulation time and significantly increased total drug
exposure over time in the blood with a 5.5-fold increase in blood termi-
nal half-life (T1/2 term), @ 1.3-fold increase in blood AUCy_24 1, and 29%
decrease in total body clearance (CL) compared to Taxotere® (Table
2). The favorable pharmacokinetics obtained by NP formulation is con-
sistent with other NP formulations [67].

Treatment of mice bearing brain tumor with DTX-NP resulted in a 3-
fold higher Cpax and a 5.1-fold higher AUCy_»4 1, in the brain compared
to treatment with an equivalent dose of Taxotere® (Table 2). Transport
of PS 80-containing NP across the BBB is thought to occur via surface ad-
sorption of apolipoprotein E (ApoE) in plasma followed by receptor-
mediated transcytosis through brain microvessel endothelial cells [31,
54]. However, increased permeability of the BBB at the tumor site may
also play a significant role for large-sized tumor lesions [64-66]. A redis-
tribution phase was observed between C,,.x and the terminal elimina-
tion phase in the brain after treatment with DTX-NP and Taxotere®.
The half-life of redistribution phase (T2 reqis) in the brain was 3.2-
fold longer in the DTX-NP-treated mice compared to the Taxotere®
group, suggesting that the NP likely bypass efflux pumps on the BBB.
It should be noted that measured drug concentrations in brain tumor le-
sions may in fact be much higher than the measured DTX levels, since
these levels are averaged over the entire tumor-bearing brain which in-
cludes a large amount of non-diseased brain tissue.

3.6. Ex vivo fluorescence imaging of nanoparticles as an indicator of DTX
distribution kinetics

To investigate the role of the nanocarrier in drug pharmacokinetics
in the brain (Fig. 5a) and blood (Fig. 5b), we measured the time-depen-
dent fluorescence intensity of the NP carriers by ex vivo fluorescence im-
aging, and compared it to the kinetics of DTX concentration determined
by LC-MS/MS. PK parameters related to the rates of NP and drug dispo-
sition were extracted from the fluorescence and drug concentration
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Fig. 5. a) Comparison of DTX concentration (determined by LC-MS/MS) and ex vivo NP fluorescence intensity versus time after a single i.v. injection of HF750-labeled DTX-NPs (20 mg/kg
DTX) in the brain (b) and whole blood (c) of tumor-bearing mice. (d) Fitted pharmacokinetic parameters of HF750-labeled DTX-NP and DTX-NP in whole blood and brain. All data

represent the mean 4= SD (n = 3).
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profiles respectively, and the ratio of these terms (average fluorescence
intensity/drug concentration) was calculated to aid comparison be-
tween the two detection methods (Fig. 5¢). The fluorescence signal pro-
file of the NP and concentration profile of DTX in the brain were found to
be similar as indicated by a near-unity of Timax, T1/2 redist and T1/2 term NP
drug-to-fluorescence ratios. This finding suggests that ex vivo fluores-
cence imaging of the dye-labeled NP carrier is a good indicator of DTX
accumulation kinetics in the brain for our DTX-NP formulation and
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that DTX entry into the brain is likely facilitated by NP transport. In con-
trast, the pharmacokinetics of circulating NP and blood DTX concentra-
tions were dissimilar with the NP carrier circulating for a longer period
of time (Tl/Z term, DTX /Tl/z term, NP fluorescence — 0-15) than DTX in the
blood. This suggests that any DTX released from the NP during circula-
tion is rapidly cleared from the body, presumably due to its small molec-
ular size compared to intact NP. Therefore ex vivo NP fluorescence signal
is a poor indicator of circulating DTX concentration in the blood.
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mice. All data presented as mean =+ SD.



108 C. He et al. / Journal of Controlled Release 246 (2017) 98-109

3.7. DTX-NP inhibit growth of brain metastases and extend survival com-
pared to Taxotere®

To evaluate therapeutic efficacy of DTX-NP, BMBC-bearing mice
were injected with an equivalent dose of DTX-NP (20 mg/kg DTX),
Taxotere (20 mg/kg DTX), saline or blank NP on day 0 and day 14 (Fig.
6a). The general health, weight, and size of brain tumors, measured
using in vivo fluorescence imaging, were monitored over a period of
40 days. Brain tumor-bearing mice treated with saline or blank NP
(Fig. 6) exhibited the fastest tumor growth, animal weight loss (Fig.
6b, cand d), and the shortest mean survival times at 19 and 18 days, re-
spectively (Fig. 6e). Treatment with Taxotere® extended the mean sur-
vival time to 20 days with a similar median survival time of 18 days (Fig.
6f). This is not surprising given the innate ability of Taxotere® to enter
the brain at low concentrations [60,61], possibly due to the high PS 80
content of the Taxotere® as discussed above. In contrast, DTX-NP treat-
ment delayed tumor growth by 11-fold (57.9% vs. 5.3%), and prolonged
the median survival time of tumor-bearing mice by 1.9-fold compared
to an equivalent dose of Taxotere®, and 1.7-fold compared to saline
control (Fig. 6f). The improved therapeutic effect of the DTX-NPs may
be due to a combination of the ability of the NP to actively enter the
brain through receptor-mediated transcytosis, passive accumulation at
sites of impaired blood-tumor vasculature, and sustained release of
DTX from the NP which have accumulated at the tumor site [31].

3.8. DTX-NP treatment did not induce histological changes of main organs

To evaluate possible toxicity in the major organs resulting from DTX-
NP treatment, histological tissue sections stained with hematoxylin and
eosin were prepared from the lungs, liver, kidneys and heart of tumor-
bearing mice treated with 20 mg/kg DTX-NP or Taxotere® at the end
point. The tissue sections showed no histological abnormalities in any
of the major organs as compared to saline and Blank-NP controls
(Supporting information Fig. S6). Thus DTX-NP exhibited improved
therapeutic efficacy compared to Taxotere® treatment groups without
inducing histological changes in the major organs at the administered
dosing level and regimen.

4. Conclusions

In summary, we have successfully prepared DTX-loaded amphiphilic
polymer NP by a one-step self-assembly method and demonstrated
their ability to cross the BBB via systemic administration in healthy
mice and in a BMBC mouse model. The DTX-NPs accumulated within
tumor lesions, effectively inhibited tumor growth, and increased medi-
an survival compared to an equivalent dose of clinically used DTX solu-
tion formulation (Taxotere®). Pharmacokinetic modeling showed
quantitatively that NP encapsulation of DTX increased drug bioavailabil-
ity in the brain and prolonged blood circulation compared to Taxotere®.
The similarity between the DTX pharmacokinetics and the kinetics of ex
vivo NP fluorescence intensity in the brain suggested that DTX entry into
the brain was likely facilitated by NP transport across the BBB, and more
generally that ex vivo imaging of NP fluorescence is a potential indicator
of drug disposition in the brain. The results of this work suggest that the
developed DTX-NP formulation is a promising NP system for treatment
of brain metastases of TNBC.
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