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Abstract

Glioblastoma is one of the most common primary tumor types of central nervous system (CNS)
with high malignance and lethality. Although many treatment options are currently available, the
therapy of brain cancers remains challenging because of blood-brain-barrier (BBB) which prevents
most of the chemotherapeutics into the CNS. In this work, a poly(amidoamine) dendrimer-based
carrier was fabricated and modified with angiopep-2 (Ang2) peptide that has been demonstrated to
bind to low density lipoprotein receptor-relative protein-1 (LRP1) on the endothelial cells of BBB
and could therefore induce BBB penetration of the carrier. To improve tumor-targeting effect
towards the glioma sites, the dendrimer was simultaneously functionalized with an epidermal
growth factor receptor (EGFR)-targeting peptide (EP-1) which was screened from a “one-bead
one-compound” (OBOC) combinatorial library. EP-1 peptide was demonstrated to have high
affinity and specificity to EGFR at both the molecular and cellular levels. The dual-targeting
dendrimer exhibited outstanding BBB penetrability and glioma targeting efficiency both in vitro and in
vivo, which strikingly enhanced the anti-gliomas effect of the drugs and prolonged the survival of
gliomas-bearing mice. These results show the potential of the dual-targeting dendrimer-based
carrier in the therapy of gliomas through enhancing BBB penetrability and tumor targeting.

Key words: poly(amidoamine) dendrimer, central nervous system, dual-targeting, blood-brain-barrier,
glioblastoma

Introduction

Glioblastoma multiforme (GBM) is one of the
most common primary tumor types in central nervous
system (CNS) with high malignance, poor prognosis
and high mortality. Statistically, over 30% of CNS
associated tumors and 80% of aggressive brain
cancers are gliomas. Although great progresses have
been made in the treatment of gliomas, the recurrence
and mortality of gliomas are still high [1-4]. The main
bottleneck for the treatment of gliomas is

blood-brain-barrier (BBB). BBB is mainly formed
depending on the complex tight junctions between the
adjacent endothelial cells and the other constituents,
including extracellular matrix, astrocytes and
pericytes, which can prevent diffusion of the toxic
foreign substances into the brain parenchyma.
However, it also prevents the penetration of
therapeutic drugs such as the drugs against gliomas,
Alzheimer’s disease (AD), or Parkinson’s disease (PD)
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into the CNS [5-8]. In general, BBB could block 98%
small molecule drugs and almost all of the large
molecule drugs. Only a small number of hydrophobic
drugs with the molecular weight less than 500 Da
could pass through the BBB, such as temozolomide
[9-11]. Although temozolomide could cross the BBB,
and is commonly used as a standard
chemotherapeutic for GMB, the therapeutic efficacy of
temozolomide is still unsatisfactory due to the limited
accumulations of drugs in the brain and the low
targeting efficiency in glioma sites. Besides, the
diffusion of chemotherapeutics in normal tissues due
to the short-circulation time and non-specific
accumulation in vivo would also bring harmful side
effect and even fatal damage [12, 13].

To meet the requirement of brain cancer therapy,
great efforts have been made to improve the BBB
penetrability and targeting effect of the therapeutics.
Modifying the drugs with functional moieties is one
feasible strategy. For example, attaching charged or
lipophilic groups on the pharmaceutical molecule
could improve the adsorption of drugs onto the
endothelial cells of BBB, which would enhance the
BBB  penetrability = by adsorption-mediated
transcytosis [14-16]. Modification of PEG chain on the
pharmaceutical molecules could also improve the BBB
penetrability by prolonging the circulation time in
vivo which would increase the probability of the
interactions between the drugs and BBB [17].
Additionally, drugs could target endothelial cells of
BBB and traverse into the brain by receptor-mediated
transcytosis or transporter-mediated transcytosis after
being modified with peptide ligands or antibodies
[18-20]. This strategy has attracted much attention, yet
the efficacy of drugs and the pharmacokinetics remain
to be confirmed. With the development of
nanotechnology and nanomedicine in the recent
decades, various drug delivery vehicles, such as
liposomes [21-23], hydrogels [24], micelles [25, 26],
polymers [27-29] and inorganic nanoparticles [30-35]
have been developed to incorporate therapeutics and
to deliver them into tumor sites and CNS.

Delivering drugs through the targeting
endogenous transport system of BBB is a highly
selective and non-invasive delivery route for the CNS
disease [36, 37]. Therefore, nanocarriers were
modified with various BBB-penetrating ligands to
improve the receptor-mediated transcytosis and
transporter-mediated transcytosis, which could
enhance the ability of drug carriers across the BBB and
deliver the therapeutic reagents into lesions without
disrupting homeostasis and biological barriers [5].
Previous researches have determined several
receptors and transporters for BBB penetrating by
transcytosis, including low-density lipoprotein
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receptor-relative protein-1 (LRP1) [38, 39], insulin
receptor [40, 41], transferrin receptor (TfR) [42, 43],
nicotinic  acetylcholine receptor and choline
transporter [44, 45] and a short peptide (RVG29)
derived from rabies virus [29, 33]. Among these
receptors, LRP1, a large multi-ligand endocytic
receptor belonging to the low-density lipoprotein
receptor family, has attracted wide interest in the
therapy and diagnose of CNS disease. As a ligand of
the LRP1, angiopep-2 peptide (Ang2,
TFFYGGSRGKRNNFKTEEY), which was derived
from the Kunitz domains of aprotinin and other
human proteins, has been proven to specifically bind
with LRP1 and promote drug carriers entering into
the brain by LRPl-mediated transcytosis [19, 46].
Notably, angiopep-2 peptide modified PTX has been
in clinical trial for the therapy of breast cancer brain
metastasis [20]. Therefore, we chose Ang?2 peptide as a
BBB-penetrating  ligand to  enhance  the
receptor-mediated transcytosis of drug delivery
system for glioma therapy in this work after
comprehensive consideration.

Dendritic polymer, such as poly(amidoamine)
(PAMAM) dendrimer, are considered as one of the
most promising polymer architectures for drugs and
gene targeting delivery in cancer therapy. Compared
with other polymer carriers such as liposome and
micelle, dendrimer-based carriers have many
advantages. First, dendrimers are hyperbranched
macromolecules synthesized through chemosyn-
thesis, instead of self-assembly through noncovalently
interaction, which makes them stable in the
complicated blood circle system. Besides, PAMAM
dendrimer-based carriers could be modified by
various  ligands and encapsulate  many
chemotherapeutics due to their abundant periphery
amino groups and interior cavity structures [47]. In
addition, the precise size, structure and molecular
weight of the dendrimers are similar to some
important proteins and bio-structures, such as insulin,
cytochrome and hemoglobin, which make the
dendrimers widely used in many fields, such as
immunodiagnostic, gene delivery and drug
encapsulation as preclinical carriers [48, 49]. In the last
decades, several PAMAM dendrimer-based drug
delivery systems have been developed to explore their
potential usage for brain cancer therapy [28, 47]. All
the studies demonstrated that the functionalized
dendrimer-based nanoparticles were considerable
drug delivery carriers in the targeting therapy of brain
tumor which could transport across the BBB through
receptor-mediated transcytosis and then target and
accumulate in the glioma site with assistance of
targeting ligands.

In this present work, a BBB-penetrating drug
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carrier was designed and fabricated based on the
fourth generation PAMAM dendrimer (P4) by
conjugating Ang2 peptide. To improve the gliomas
targeting effect after the carrier crossing BBB, another
peptide targeting epidermal growth factor receptor
(EGFR) was screened through a “one-bead
one-compound” (OBOC) combinatory library and
conjugated on the dendrimer simultaneously as
increased  gene  amplification and  protein
overexpression of EGFR has been found in almost
50% of glioma patients [3]. Afterwards, the anti-tumor
drug, doxorubicin (DOX), was incorporated into the
interior cavities by non-covalent interactions (Scheme
1). The encapsulated DOX could controllably release
from the dendrimer responding to the weak acidic
pathological environment, which reduced toxics for
normal cells and tissues both in vitro and in vivo.
Meanwhile, modification of the dendrimer carriers
with the peptides significantly improved the BBB
penetrability of DOX in a BBB model in vitro and
enhanced its anti-glioma effect after traversing the
BBB. In vivo experiments also demonstrated that the
dual-targeting modification of the dendrimer
strikingly improved the BBB penetrability and glioma
targeting effect of the drug delivery system, which
improved the anti-glioma efficacy of DOX and
prolonged the survival of the glioma-bearing mice.
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2. Materials and Methods

2.1 Materials

Fourth generation PAMAM dendrimer with an
ethylenediamine core (10 wt% in methanol, MW
14215), transferrin (Tf), human serum albumin (HSA)
and  O-[(N-succinimidyl)  succinyl-aminoethyl]-
O’-methyl polyethylene glycol (mPEG-NHS, MW 750)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Maleimide PEG Succinimidyl Carboxymethyl
Ester (Mal-PEG-NHS, MW 2000) was purchased from
JenKem technology Co., Ltd. (Beijing, China).
Angiopep-2 (Ang2, TFFYGGSRG KRNNFKTEEYC,
MW 2404) peptide was synthesized by Guoping
Pharmaceutical Co., Ltd. (Anhui, China). Doxorubicin
hydrochloride was purchased from Meilun
Biotechnology Co., Ltd. (Dalian, China). Minimum
Essential Medium (MEM), Dulbecco’s Modified Eagle
Medium (DMEM) and penicillin/streptomycin were
purchased from Gibco (ThermoFisher Scientific,
USA). Endothelial Cell Medium (ECM) was
purchased from Sciencell (USA). Plexera Nanocapture
bare golds chip (thickness: 47.5 nm, size: 2.5 X 7.5 cm)
was purchased from Plexera (USA). EGFR, HER?2,
epidermal growth factor (EGF) and fibroblast growth
factor (FGF) were purchased from Sino Biological Inc.
(Beijing, China). IgM and IgG were purchased from

\
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Scheme 1. (a) Construction of the dual-targeting dendrimer-based drug carrier. Reagents and conditions: (i) H2O, room temperature (RT), 30 min; (i) H2O, RT, 30 min; (iii)
H2O, RT, Argon, 1 h; (iv) H2O, RT, Argon, 4 h; (v) stirring in dark place, 24 h. (b) Schematic illustration of glioma targeting therapy across the BBB using the dual-targeting drug

delivery system.
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abcam (Shanghai, China). 9-Fluorenylmethoxy-
carbonyl protected amino acids were purchased from
GL  Biochem (Shanghai, China). 2-(1H-
benzotriazole-1-yl)-1, 1, 3, 3-tetramethyluoronium
hexafluorophosphate (HBTU), trifluoroacetic acid
(TFA), triisopropylsilane (Tips) and streptavidin (SA)
coated magnetic beads (dimer: 1 pm) were purchased
from Sigma-Aldrich. N-methylmorpholine (NMM),
N, N’-dimethylforma-mide (DMF) and piperidine
were purchased from Beijing Chemical plant (China).
Biotin labeling kit was purchased from Solulink
(USA). Teflon microchannel and bi-functional
microchip were kindly offered from Prof. Zhiyuan
Hu. All regents were of analytical grade and used
without any purification. Deionized water used in all
experiment was obtained from Milli-Q Integral 3
(Merck Millipore. France).

2.2 Cell lines and animals

Human glioblastoma U87-MG cells was
purchased from Cell Bank of Chinese Academy of
Science (Shanghai, China). Human breast cancer
MDA-MB-231 and MCEF-7 cells were purchased from
Chinese Academy of Medical Science & Peking Union
Medical College (Beijing, China). Human brain
microvascular endothelial HBMEC cells was
purchased from iCell Bioscience Inc. (Shanghai,
China). U87-MG cells were cultured in MEM medium
supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, 1.5 g/L sodium carbonate
and 0.11 g/L sodium pyruvate. MDA-MB-231 and
MCE-7 cells were cultured in DMEM medium
supplemented  with 10% FBS and 1%
penicillin/ streptomycin. HBMEC cells were cultured
in ECM medium supplemented with 5% FBS, 1%
endothelial cell growth supplements (ECGS) and 1%
penicillin/streptomycin. All the cells were cultured at
37 °C with 5% COa.

Female BALB/c nude mice (6-8 weeks, 18-20 g)
and female CB-17 SCID mice (6-8 weeks, 16-18g) were
purchased from Charles River Laboratory Animal
Technology Co., Ltd. (Beijing, China). All animal
procedures were approved by the Animal Ethics
Committee of National Center for Nanoscience and
Technology, and performed in strict accordance with
the Guidelines for Care and Use of Laboratory
Animals of National Center for Nanoscience and
Technology, Chinese Academy of Sciences.

2.3 Detection of EGFR and LRP1 expression in
cell lines

EGFR expression in MDA-MB-231, MCEF-7,
U87-MG and HBMEC cells was evaluated by flow
cytometry. Briefly, 5 x 10° cells were harvested and
incubated with primary antibody of EGFR (ab30,
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abcam) for 1 h, followed with Alexa Fluor® 647
labeled rabbit/anti-mouse IgG (4410, CST) for 30 min.
Then the cells were washed by PBS for three time.
Finally, the cells were resuspended into 200 pL PBS
and analyzed using BD Accuri™ C6 system (BD,
USA). By contrast, nontreated cells and non-specific
anti-mouse IgG (5415, CST) treated cells were used as
blank control and isotype control, respectively.

EGFR expression in MDA-MB-231, MCF-7,
U87-MG and HBMEC cells was further detected by
confocal imaging. Cells were seeded in glass bottom
dishes with the density of 5 x 104 cells per dish. After
incubating for 24 h, the cells were fixed by 4%
paraformaldehyde. Then the cells were incubated
with primary antibody of EGFR (ab30, abcam) for 1 h
and followed with Alexa Fluor® 647 labeled
rabbit/anti-mouse IgG (4410, CST) for 30 min at room
temperature. Finally, the nuclei were stained by
Hoechst and the cells were analyzed using laser
scanning confocal microscope (LSCM, Zeiss 710,
Germany) at the channel of 405 nm and 633 nm.

LRP1 expression in U87-MG and HBMEC cells
was performed by the same procedure. The primary
antibody of LRP1 (ab92544, abcam) and Alexa Fluor®
488 labeled coat/anti-rabbit IgG (4412, CST) were
used in this experiment.

2.4 Synthesis of the ‘“one-bead
one-compound’ (OBOC) combinatorial
library towards EGFR

The OBOC combinatorial library comprised of
XiXoX3XaX5X6X7XsXoGM  was synthesized by solid
phase peptide synthesis (SPDP) using Tentagel beads
as solid supports according to the previous report [50,
51]. X1 represent either F, W, R or K residues. Xo
represent either V, D, K or E residues. X3 represent
either K, F, L or R residues. X, represent either E, V, R
or Y residues. Xs represent either L, E, F or Y residues.
Xe represent either Y, K, D or V residues. X7 represent
either E, L, W or R residues. Xs represent either E, R, F
or D residues. X9 represent either Y, K, V or L
residues. The methionine residue in C-terminal was
designed as the cleavage site of cyanogen bromide.
The whole synthesis processes were shown in Scheme
S1: In the coupling step, the beads were split equally
according to the mutation of amino acids, then
equivalent of HBTU and Fmoc-amino acids were
dissolved in 0.4 mol/L NMM solution and added into
the beads, the mixture was allowed to react for 60 min
at room temperature. In the deprotection step, the
beads were pooled together and 20% (v/v) piperidine
was added to remove the Fmoc group by reacting for
20 min. All the synthesis process was carried out in
dehydrated DMF. After elongation, cleavage reagent
consisted of 95% (v/v) TFA, 2.5% (v/v) deionized
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water and 2.5% (v/v) Tips was introduced into the
vessel to cleave the side chain protecting groups of
each residue for 2 h.

2.5 Sorting and identification of the positive
peptide beads

EGEFR was biotinylated using ChromaLink Biotin
Protein Labelling Kit (Catalog #B-9007-105K) before
the experiment. Peptide beads were incubated with
5% skimmed milk to block the nonspecific sites.
Afterwards, the peptide beads were incubated with
the biotinylated EGFR for several hours at 4 °C. Then
streptavidin (SA) coated magnetic beads were added
into the mixture to label positive beads. After
incubating for 1 h, all the peptide beads were collected
by centrifugation and flowed through a Teflon
microchannel (diameter: 1 mm, flow rate: 600
pL/min) with a magnet closely next to the outer wall
of the tube. The trapped positive beads by the magnet
were put into a bio-functional microchip with one
bead in one well and cleaved by hydrogen bromide
overnight. Then the secondary mass spectrometry of
the peptides was recorded by Matrix-assisted laser
desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) analysis on a Bruker
ULTRAFLEXTREME mass spectrometer (Bruker
Daltonics, Germany) which equipped with a nitrogen
laser (wavelength = 337 nm, laser pulse duration = 3
ns) with reflectron and positive-ion modes. Finally,
the peptide sequences would be obtained by
analyzing the secondary mass spectrometry using
Mascot software.

2.6 Surface plasmon resonance imaging (SPRi)

Affinity of peptides to EGFR was analyzed by
SPRi on a PlexArray HT system (Plexera Bioscience,
Seattle, WA, USA) according to a protocol previously
reported [50]. Briefly, the peptides were dissolved
into deionized water with concentration of 10 mM.
Then 1.5 pL of the peptide aqueous solution was
dropped on the surface of the bare gold chip and
incubated at 4 °C overnight in a humid box.
Afterwards, the chip was washed with PBST (PBS
buffer with 0.1 wt% tween20) and deionized water for
10 min, respectively. Then the peptide matrix coated
gold chip was blocked by 5% (w/v) non-fat milk for 2
h before use. Then the gold chip was put into the
PlexArray HT system for SPRi analysis according to
the following cycle of injection: 1) washing the SPRi
microchannel with PBST buffer at a constant rate of 2
pPL/s to obtain a stable baseline; 2) EGFR protein was
diluted with PBST to concentrations of 5.68, 11.4, 22.8,
45.6, 91.2 nmol/L, then the proteins were injected into
the SPRi microchannel at 2 pL/s for binding; 3)
washing the surface of the chip with PBST at 2 pL/s
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for 300 s; 4) regeneration with 0.5% (v/v) HsPOy at 2
pL/s for 300 s. All measurements were performed at 4
°C. Real-time binding signal were recorded and
analyzed by Data Analysis Module (Plexera
Bioscience, Seattle, WA, US) and the kinetic analysis
was performed using BlAevaluation 4.1 software
(Biacore, Inc.).

To determine the binding specificity of the
peptides towards EGFR, several proteins, including
EFGR, HER?2, Tf, HSA, IgG, IgM, EGF and FGF flowed
through the SPRi microchannel successively at a
concentration of 456 nM following the same
procedure mentioned above. The binding signal
between the peptides and different proteins was
recorded and analyzed by Data Analysis Module.

2.7 Detection of the binding affinity of EP-1
towards EGFR in cell lines

Affinity of the identified peptide towards EGFR
in cell lines was detected by confocal imaging firstly.
Approximately 5 x 10+ MDA-MB-231, U87-MG and
MCE-7 cells were seeded into glass bottom dishes and
cultured for 24 h at 37 °C. Then FITC-labeled peptide
was added into the cells at a final concentration of 40
M and incubated for 1 h at 37 °C. Then the medium
was removed and the cells were washed with cold
PBS for three times. Nuclei of the cells were stained
with Hoechst before imaging. Confocal imaging was
performed on a laser scanning confocal microscope
(Zeiss 710, Germany). MDA-MB-231 and U87-MG
cells with EGFR overexpression were used as positive
terms and MCF-7 with low EGFR expression were
used as negative control.

Meanwhile, affinity between the peptide and
EGEFR in cell lines was also tested by flow cytometry.
U87-MG, MCF-7 and MDA-MB-231 cells were
washed once with PBS and then resuspended with
complete medium to 5 x 10¢ cells/mL. 50 pL of the
suspension was added into the tube and centrifuged
at 800 g for 3 min and the supernatant was removed
carefully. Then the FITC-labeled peptide was added
into the cells at different concentrations in complete
medium. After incubating for 1 h at room
temperature, the cells were washed twice with PBS
and suspended into 200 pL PBS. Finally, 1 x 10 cells
were analyzed by BD Accuri™ C6 system (BD, USA).

2.8 Fabrication of the dual-targeting PAMAM
dendrimer-based drug carrier

The dual-targeting drug delivery carrier was
synthesized by conjugating the peptides on the
surface of dendrimer according the previous report
[47]. The whole procedure was divided into two steps
as shown in Scheme 1la. Firstly, PEGylated G4
PAMAM dendrimer (P4P) was prepared by reacting
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the surface amino groups of PAMAM dendrimer with
both the PEGs bearing an NHS end group and the
PEGs with NHS and Mal groups on both sides of the
chain ends. Then the peptides were conjugated to the
PEGylated PAMAM dendrimer through Michael
addition reaction. Briefly, 5 mg (0.35 pmol) G4
PAMAM (P4) with 64 surface amino groups was
dissolved in 5 mL deionized water, and then 17.5 mg
(8.75 pmol) Mal-PEG-NHS were added into the
dendrimer solution and allowed to stir gently for 30
min at room temperature. Then 6.6 mg (8.75 pmol)
mPEG-NHS were added into the system to allow
reacting for another 30 min. The resulting product
was dialyzed against deionized water for 2 h to
remove the residual PEG and the resulting solution
was added into a clean flask. Afterwards, 6 mg (2.5
pmol) Ang?2 peptide was added into the solution and
the mixture was stirred under argon protection for 1 h
at room temperature. Then 6 mg (4 pmol) EP-1
peptide was added and the mixture was allowed to
react for another 4 h at the same condition. The
resulting crude product was dialyzed against
deionized water for 12 h to remove the residual
peptides. The Ang2 and EP-1 peptides modified
dendrimer was named PAMAM-PEG-EP1-Ang2
(P4PEA). The same procedure was used to synthesize
the carriers modified with either Ang2 or EP-1
peptide (PAMAM-PEG-Ang?2 (P4PA) and
PAMAM-PEG-EP1 (P4PE).

2.9 Characterization of the dual-targeting
dendrimer-based carrier

The chemical structure of the dual-targeting
dendrimer was characterized by 'H NMR
measurement on AVANCE III HD 400 MHz
spectrometer (Bruker, USA) using D-O as solvent. 'H

NMR (DO, 400 MHz, ppm): & 225-240
(-CH,CH,CONH-); & 245255 (-CH,CH.N<); &
2.68-2.74 (-NCH,CH,CO-); 5 2.95-3.20

(-CONHCH,CH,- and -CH;CH;NH); & 3.32-3.75
(-CH2CH;0O-); & 6.79 (-COCH=CHCO-); 6 3.30 (-OCH3).
Size distribution and zeta potential of the
dendrimer-based carriers were measured by Zetasizer
Nano ZS nanoparticle size analyzer (Malvern
Instruments Ltd.,, UK) at a concentration of 0.1
mg/mL in PBS. The samples were sonicated for 3 min
and filtered with 200 nm filter membrane before
detection. Morphological characterization of the
dendrimer-based carriers was performed on a Ht-7700
transmission electron microscope (Hitachi, Japan) at
acceleration voltage of 80 KV. TEM samples were
made by dropping 2.5 pL samples (1 mg/mL) on
carbon-coated grids and deposited for 30 min. Then
the samples were negative stained by 1 wt% uranyl
acetate for 25 s before test. Stability of the
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dual-functional dendrimer in water and PBS was
detected by DLS within 72 h. Briefly, the samples
were dissolved into deionized water and PBS at a
concentration of 1 mg/mL. Then the particle size was
detected by a Zetasizer Nano ZS nanoparticle size
analyzeratOh,12h,24 h,48 hand 72 h.

2.10 Doxorubicin loading

Doxorubicin (DOX) was loaded into the interior
of the dual-targeting dendrimer using an equilibrium
dialysis method following the previous report [52].10
mg P4PEA was dissolved in 5 mL deionized water. 1
mg doxorubicin hydrochloride was dissolved in 1 mL
methanol and neutralized with 3-fold molar excess of
triethylamine. Then, the DOX solution was added into
the P4PEA drop by drop with vigorous stirring and
the mixture was allowed stirring in open air to
evaporate the methanol solvent in dark. After stirring
for 24 h in dark, the mixture solution was transferred
to a dialysis bag (MWCO 8000) and dialyzed twice
against deionized water under strict sink condition for
2 h to remove the free DOX. The encapsulation
efficiency of DOX was determined by UV-visible
scanning spectrophotometer (Lambda 950, Perkin
Elmer Instruments Co. Ltd.) at 480 nm in deionized
water. The loading of DOX for other carriers was
performed with the same procedure. The DOX loaded
different carrier forms were named P4PD, P4PED,
P4PAD and P4PEAD, respectively.

2.11 In vitro release of DOX

In vitro release of the encapsulated DOX from
P4PEA was studied using the dialysis bag method
[53]. A dialysis bag (MWCO 3500) containing 2 mL of
P4PEAD aqueous solution at a DOX concentration of
200 pM was immersed in 45 mL PBS buffer (pH = 7.4
or 5.5) and incubated at 37 °C. 1 mL buffer medium
was taken out at each predetermined time intervals
and the equal volume fresh buffer was added. The
released DOX from the carrier was calculated with a
standard curve draw by the fluorescent spectrometry
with the excitation and emission wavelength of DOX
at 480/595 nm. The release study was carried out for
24 h. All the tests were carried out in triplicate.

2.12 In vitro cytotoxicity assay

Cell cytotoxicity in vitro was measured by [3-(4,
5-dimetylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-
2-(4-sulfophenyl)-2H-tetrozolium, inner salt (MTS)
assay in HBMEC and U87-MG cells. Briefly, cells were
seeded into 96-well plates at a density of 4000 cells per
well in 200 pL medium. After culturing for 24 h,
various drug formulations were added at DOX
concentration ranging from 0 to 31.25 pM. After
incubating for another 48 h, the cell viability was
measured by MTS cell proliferation colorimetric assay
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kit on a microplate reader (Infinite M200, Tecan,
Switzerland) at 490 nm. The following formula was
used: Cell Vlablhty % = (A treated — Abackground) / (A control
- A background) X 100%, where the A geated Was the
absorbance value of the cells with treatments, A control
was the absorbance value of the cells without
treatments and A packground Was the absorbance of the
medium without cells. Each assay was repeated for 5
times, and the concentration-viability curves were
made and ICsp values were calculated by Origin 8.1
software. The biocompatibility and biosafety of the
peptide ligands (Ang2 and EP-1) and the blank
carriers were also evaluated in U87-MG and HBMEC
cells with the same procedure.

Meanwhile, the short-term cytotoxicity of
different DOX formulations at high concentration to
HBMEC cells was performed by MTS assay in vitro.
HBMEC cells were seeded into 96-cell plates at a
density of 1 x 104 cells/well and cultured for 24 h at 37
°C. Then different DOX formulations were added at a
DOX concentration of 20 pM. After incubating for 3 h,
cell viability was determined by MTS assay.

2.13 Biosafety evaluation of the dual-functional
dendrimer-based carrier

Biosafety of the dual-functional
dendrimer-based vehicles was evaluated by
hemolysis assay. Briefly, mouse whole blood was
centrifuged at 1000 g for 5 min and washed five times
by PBS to obtain pure erythrocytes. Then 500 pL of 4%
erythrocytes (v/v) was mixed with 500 pL of the
dual-functional dendrimer at various concentrations
(0, 0.05, 1.25, 6.25 and 31.25 pM). The mixtures were
put into an incubator shaker with the condition of 37
°C and 100 rpm. After being incubated for 8 h, the
samples were centrifuged and the absorbance of the
supernatants at 54 nm was detected and recorded
using a UV-Vis spectrophotometer (). Erythrocytes
mixed with deionized water were used as 100%
hemolysis. The percentage of hemolysis was
calculated following the equation: Hemolysis (%) =
A/Ag X 100%, where A represents the absorbance of
supernatant for erythrocytes with P4PEA, and Ao is
the absorbance of erythrocytes after complete
hemolysis in pure water.

The biosafety of the dual-functional dendrimer
was further determined by AM/PI co-stained studies.
HBMEC cells were seeded into 96-well plated at a
density of 5000 cells per well and incubated for 24 h.
Then the PAPEA was added into the cells at various
concentration (0, 0.05, 0.25, 1.25, 6.25, 31.25 pM). After
another 24 h incubation, the cells were washed with
PBS for three times and co-stained by a
Calcein-AM/PI Double Stain Kit (KeyGEN BioTECH
Co., Ltd. Jiangsu, China). Finally, the cells were
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observed and recorded on LSCM at the channel of 488
nm and 543 nm.

2.14 Cellular uptake in vitro

Intracellular uptake of DOX was detected using
flow cytometry firstly. In the brief, HBMEC and
U87-MG cells were seeded into 6-cell culture plates at
a density of 5 x 10° cells/well and cultured for 24 h.
Then different DOX formulations were added into the
cells at a DOX concentration of 20 pM, respectively.
Cells without any drugs were used as spontaneous
fluorescence control. After incubating for 1 h, the
medium was removed and the cells were washed
with cold PBS for three times and harvested. Then the
cells were analyzed by BD Accuri™ C6 system (BD,
USA).

The intracellular localization of DOX in HBMEC
and U87-MG cells was further detected by confocal
imaging. Cells were cultured in the glass bottom
dishes at a density of 2 x 10° cells/dish for 24 h, and
then the cells were treated with DOX-loaded different
carriers at a DOX concentration of 10 uM for 2 h.
Afterwards, the cells were washed with cold PBS for
three times and fixed with 4% (v/v)
paraformaldehyde. Then the cells were stained with
Hoechst for 15 min before observing by laser scanning
confocal microscope (Zeiss 710, Germany).

2.15 Subcellular localization

HBMEC and U87-MG cells were seed into glass
bottom dishes with the density of 5 x 10# cells per dish
and cultured at 37 °C for 24 h. Then Cyb5.5-labeled
different carriers were added into the cells at a final
concentration of 1 pM. After incubating for 2 h, the
medium was removed and washed with PBS for three
times. Then the Ilysosomes were stained by
LysoTracker Green (0.1 pM) for 1 h at 37 °C. Hoechst
was used to stain the nucleus. Then the subcellular
distribution was recorded on LSCM at the channel of
405 nm, 488 nm and 633 nm.

2.16 Establishment of the BBB model in vitro

HBMEC monolayer model was established to
study the BBB transportation of the dual-targeting
drug delivery system according to the protocol
reported previously [47]. Briefly, 2% gelatin was
pre-coated on transwell inserts (12-well Polycarbonate
Membrane Transwell Insert of 1 pm mean pore size,
corning, NY, USA) for 30 min at 37 °C. Then HBMEC
were seeded at a density of 2 x 104 cells per well and
cultured for 4 days. The medium was changed every
two days and the Trans Endothelial Electrical
Resistance (TEER) was measured every day. The BBB
model was examined by 4 h of permeation assay and
TEER values. Only both the TEER value of the BBB
model was over 250 Q/cm? and the medium did not
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leak in 4 h, the establishment of BBB model was
successful and could be used for the further
experiments.

2.17 Transport assay across the BBB in vitro

To evaluate the ability of DOX across the BBB
after encapsulating into the carriers, free DOX, P4PD,
P4PAD, P4PED and P4PEAD were added into the
corresponding inserts of the BBB model in vitro with
the DOX concentration of 20 pM and cultured at 37 °C.
Then a volume of 400 pL medium was taken out from
the acceptor compartments at 30, 60, 90, 120, 180 min
and 400 pL fresh medium was supplied immediately.
The amounts of DOX transported across BBB were
determined using fluorescence spectrophotometer
with the excitation wavelength of 480 nm and
emission wavelength of 590 nm.

2.18 Dual-targeting effects in vitro

To evaluate the dual-targeting effect of the
dual-functionalized carrier in vitro, a HBMEC and
U87-MG cells co-culture model was established.
U87-MG cells were seed into 12-well plates at a
density of 2 x 104 cells per well and allowed to culture
at 37 °C for 48 h. The BBB model in vitro was
established as described above. Then the inserts with
monolayer HBMEC cells were transferred to the
culture plates with confluent U87-MG cells. The
medium of the donor inserts was removed and 500 pL
of free DOX, P4PD, P4PAD, P4PED and P4PEAD
solution was added at the DOX concentration of 20
BM, respectively. After 3 h incubation, the inserts
were removed and U87-MG cells in 12-well plates
were cultured for another 24 h. Then the cell viability
of U87-MG cells was determined by the MTS assay.
Additionally, the same model and procedure were
performed as described above. After incubating for 3
h, the inserts were removed and U87-MG cells in
12-well plates were collected by trypsin. Then the
DOX uptake by U87-MG was detected by flow
cytometry.

2.19 Dual-targeting effect in vivo

To investigate the BBB penetrating and the
glioma targeting effect of the dual-targeting
dendrimer in vivo, the glioma-bearing mouse model
was established in female CB-17 SCID mice. The
female CB-17 SCID mice were obtained from Charles
river and raised separately at 22 + 2 °C under rotating
12 h light/dark condition. The animals were given
immunodeficiency mouse feed and sterile water.
Orthotopic glioma model was established according
the previous report [54]. Briefly, the female CB-17
SCID mice with the average body weight of 18 g were
deeply anesthetized by 1 wt% pentobarbital sodium
at the dose of 100 mg/kg. Then the cranium was
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exposed by midline sagittal incision. Subsequently, a
burr hole of 1 mm in diameter was drilled at the right
striatum (0.5 mm anterior and 0.5 mm lateral from the
bregma) using a stereotactic fixation device (Stoelting,
USA). Approximate 2 x 10> U87-MG cells in 5 pL PBS
were stereotaxically implanted into the striatum at a
depth of 3 mm from the brain surface. The scalp
incision was closed with bone wax covering.
Meanwhile, the Cy5.5 labeled dual-functionalized
carrier was prepared by reacting the G4 PAMAM
with Cy5.5-NHS before the establishment of the
carrier. Cy5.5 labeled other formulated carriers was
also prepared as comparison. At ten days after
inoculation, the Cyb5.5 labeled nanocarriers with
different modification were injected into the mice via
the tail vein with the Cy5.5 dose of 2 mg/kg. The
fluorescence signals of Cy5.5 labeled different carriers
which crossing the BBB and targeting into glioma site
were recorded at 6 h, 12 h, 24 h and 48 h using the in
vivo imaging system. Then the mice were sacrificed at
the end point and the main organs (brain, heart, liver,
spleen, lung and kidney) were excised. The
fluorescent signal in different tissues was recorded on
the in vivo imaging system.

2.20 Therapeutic efficacy in vivo

Therapeutic efficacy of DOX after incorporating
into the carriers was evaluated in glioma bearing
female BALB/c nude mice. The mice were obtained
from Charles river and raised in the same condition
mentioned above. The Orthotopic glioma model was
established through the same protocol described
above. At day 3 after tumor inoculation, the mice were
divided into six groups (9 mice per groups) randomly.
Animals in blank control group were administrated
with saline. Other five groups were treated with free
DOX, P4PD, P4PAD, P4APED and PAPEAD wvig tail vein
with a DOX dose of 5 mg/kg, respectively.
Administrations were made every two days with total
four doses per mouse. At day 15, three mice of each
group were sacrificed and the main organs (liver,
kidney, heart, lung, spleen and brain) were dissected
and fixed in 4% paraformaldehyde solution for 48 h
before being embedded in paraffin. Then the sliced
organ tissues mounted on the glass slides were
stained by hematoxylin and eosin (H&E) and
observed by a digital microscope. The remained six
mice were maintained and recorded the survival
carefully until all the mice dead. The Kaplan-Meier
survival curves were plotted by GraphPad Prism
(GraphPad software Inc.) for each group.

2.21 Statistical analysis

Data are presented as mean =+ standard
deviation, except that of survival times. All the
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experiments were carried out in or over triplicate and
Student’s t-test was performed to assess statistical
significance of the results (*P < 0.05, **P < 0.01, ***P <
0.001 and ****P < 0.0001).

3. Results and Discussion

3.1 Screening EGFR-targeting peptide from
OBOC combinatorial library

As EGFR has been widely found to be
overexpressed in glioma and has been used as a
diagnostic and prognostic marker for glioma [3], we
chose it as a marker for targeting drug delivery.
High-affinity peptides targeting EGFR were identified
by high throughput screening from a peptide
combinatorial ~ library using “one-bead  one-
compound” (OBOC) method with the assistance of
microfluidic technology. OBOC approach is one of the
most popular methods for peptide screening from the
combinatorial library. However, the traditional
procedure of OBOC method is time-consuming and
has high false positive rate, limiting its screening
efficiency [55]. This has been overcome by an
integrated microfluidic screening system in which the
positive beads are separated in a magnetic field and
the candidate molecules are sequenced via on-chip
mass spectrometry [50, 51]. A 10-mer OBOC peptide
library towards EGFR was designed and constructed
through solid phase peptide synthesis (SPPS) strategy
(Scheme S1). The peptide library was designed with
the sequence of X1XoX3X4X5XsX7XsX9G in which each X
represented any of the four different amino acid
residues to improve the diversity of the library.
Hydrophobic and alkaline amino acid residues
designed at N-terminal might improve the
hydrophobic and electrostatic interactions between
peptide ligands and HER family [56]. The glutamic
acid was elongated at C-terminal to reduce the steric
hindrance during the construction of the peptide
library. A capacity of approximately 2.6 x 105 was
achieved in this library (Scheme S1). Each bead in the
library would be randomly distributed with one
peptide through the “split and poor” approach.
Biotinylated EGFR was incubated with the beads to
recognize the beads with peptides that had high
affinity to EGFR. The positive beads were then labeled
with SA-coated magnetic beads and were separated in
a magnetic microfluidic chip. The positive peptides on
the trapped beads were subsequently collected and

identified by in situ matrix assisted laser
desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) using “one-well

one-bead” strategy (Scheme S2). Consequently, a
total of 168 positive peptide sequences were
identified. Sequence alignment showed that the most
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frequent amino acid residues in each position hit the
high probability interaction between peptide and
EGFR protein. We found that alkaline and acidic
amino acids in the first two positions of N-terminal
might enhance the affinity of peptide ligands to EGFR
according to the multiple sequence alignment analysis
(Figure S1). Therefore, we redesigned five peptides,
reference here as EGFR-targeting peptide (EP-1 to
EP-5), according to the most frequent matches among
all residues to further screening (Table S1). The
reasonable elongation of cysteine residue at the
C-terminal was for the covalent immobilization of the
peptides to the gold-coated chip for subsequent
peptide screening through surface plasmon resonance
imaging (SPRi).

The binding affinity between the redesigned
peptides and EGFR protein was determined by SPRi,
a real-time, label-free and high-throughput sensor
technique that could detect the molecular binding
occurring close to the SPR-active metal surface by
monitoring the refractive index changes [57]. The
peptides were immobilized on the chip through
covalent binding between the thiol group and the
gold surface, the binding affinity between the
peptides and EGFR was evaluated by checking their
interaction over a range of EGFR concentration
(Figure 1a). Kinetic analysis showed that the
equilibrium dissociation constant (Kp) values of EP-1,
EP-3, EP-4, and EP-5 were of the same order of
magnitude while the Kp value of EP-2 was
significantly lower (Figure 1b, Figure S2, Table S2),
indicating the low binding ability between EP-2 and
EGFR. We therefore chose EP-1, EP-3, EP-4, and EP-5
as the high-affinity peptide candidates.

We further investigated the specificity of these
peptide candidates to EGFR. The binding affinity
between the peptides and a series of proteins
including human serum albumin (HSA), transferring
(Tf), immunoglobulin G (IgG), immunoglobulin M
(IgM), human epidermal growth factor receptor-2
(HER2), epidermal growth factor (EGF), fibroblast
growth factor (FGF) and EGFR were compared. SPRi
analysis showed that the binding signal of EP-1 to
EGFR was significantly higher (~3.52 AAU) than to
the other proteins (< 0.43 AAU for IgM and IgG while
negligible for HSA, Tf, HER2, EGF and FGF, Figure
1c), suggesting the high specificity of EP-1 to EGFR. In
the contrast, EP-3 and EP-4 exhibited relatively low
binding affinity and poor specificity with EGFR
(Figure S3a, b). EP-5 peptide exhibited significantly
higher binding signal with EGFR than with HSA, Tf,
IgG, IgM HER?2, EGF, and FGF. However, it has high
binding signal with IgM, an abundant protein in the
blood (Figure S3c). Therefore, we chose EP-1 as the
molecular probe for targeting EGFR in the glioma.
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Figure 1. Evaluation of the affinity and specificity of peptide EP-1 towards EGFR. (a) Schematic illustration of high-throughput peptide library screening using surface plasmon
resonance imaging (SPRi). The synthesized thiol-containing peptides were immobilized on the gold-coated SPRi chip. EGFR was passed through the flow chamber at various
concentrations to check its binding with the peptides. (b) Representative SPRi sensorgram shows the binding of EP-1 to different concentrations of EGFR. The Kp value was
determined to be 1.51 x 10-° M using BlAevaluation version 4.1 software (Biacore, Inc.). (c) SPRi binding signals of EP-1 towards EGFR, HSA, Tf, IgG, IgM, HER2, EGF and FGF.
Error bars represent the standard deviation (n = 3). **p < 0.01, ¥*p < 0.001 (Student’s t-test). (d) Binding affinity of EP-1 towards EGFR in MDA-MB-231, U87-MG and MCF-7
cell lines. The percentage of cells bound with FITC-labeled EP-1 was detected by flow cytometry. Error bars represent the standard deviation (n = 3). (e) Confocal microscopic
images showing the binding of FITC-labeled EP-1 to MDA-MB-231 (upper), U87-MG (middle) and MCF-7 (bottom). Cells were incubated with 40 uM of FITC-EPI for | h. Scale

bar: 50 pm.

We further investigated the binding affinity and
specificity of peptide EP-1 to EGFR in cell lines with
different EGFR expression, including glioblastoma
cell line U87-MG, triple-negative breast cancer cell
line MDA-MB-231 and human breast adenocarcinoma
cell line MCF-7. The high expression of EGFR in
U87-MG and MDA-MB-231 cells and low expression
of EGFR in MCF-7 cells have been reported in the
previous report [3, 58]. Thus, we evaluated the
expression of EGFR in the cell lines by flow cytometry
analysis firstly. As expected, MDA-MB-231 (99.6%)
and U87-MG (99.9%) exhibited high expression level
of EGFR, MCEF-7 exhibited low expression of EGFR
(6.5%) (Figure S4, up), in accordance with the
previous reports [3, 58]. These results were confirmed
by confocal images revealing the immunostaining of
the cells with fluorescent-labeled anti-EGFR which
also showed high expression of EGFR in U87-MG and
MDA-MB-321 while low expression of EGFR in
MCE-7 (Figure S4, bottom). We then investigated the
binding of EP-1 to EGFR over a range of EP-1
concentrations using U87-MG and MDA-MB-231 as
the positive control and MCF-7 as the negative
control. Kinetic analysis of the binding of EP-1 to the
cells was performed using flow cytometry analysis.
As expected, the binding of EP-1 to U87-MG and
MDA-MB-231 increased rapidly with increasing

concentration of EP-1 and reached a plateau of ~100%
at 20 pM of EP-1(Figure 1d), showing the saturation
binding of EP-1 to these two cell lines with high
expression of EGFR that is characteristic of
ligand-receptor binding. On the contrast, the binding
of EP-1 to MCF-7 that had low expression of EGFR
increased slowly as the increasing concentration of
EP-1 and only reached ~18.0% even at 40 pM for EP-1
without reaching saturation (Figure 1d). These results
were also confirmed by confocal images showing the
binding of fluorescent labeled EP-1 in U87-MG and
MDA-MB-231, but not in MCF-7 (Figure 1e), which
again indicated the high affinity and specificity of
EP-1 towards EGFR in cell lines. These results,
together the high affinity and specificity of EP-1
assessed at the molecular level, demonstrated the
potential of EP-1 as a promising probe for targeting
EGEFR in the drug delivery system.

3.2 Fabrication and characterization of the
dual-targeting carrier

The dual-targeting drug delivery system was
established by conjugating the fourth generation
PAMAM dendrimer (P4) with EP-1 that targeted
EGEFR in the glioma and Ang2 that targeted LRP1 in
the BBB (Scheme 1a). PAMAM dendrimer was firstly
modified with PEG by reacting the primary amino
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groups of the dendrimer with the NHS groups of
Mal-PEG-NHS (MW = 2000) and mPEG-NHS (MW =
750). Mal-PEG-NHS was used as crosslinkers for the
further conjugation of peptide ligands and the
mPEG-NHS was used as functional conjugate to
shield the positive charge of the dendrimer.
Afterwards, the peptide ligands were conjugated on
PAMAM through Michael addition reaction between
the thiols of the peptides and the Mal groups of the
heterobifunctional PEG chain.

The chemical structure of the dendrimer-based
carriers was characterized by 'H NMR spectroscope
using D2O as solvent (Figure 2a). The multiple peaks
between 2.2 and 3.3 ppm were the corresponding
peaks of PAMAM dendrimer, the solvent peak of D0
was recorded at 4.7 ppm (Figure 2a, brown peak).
The new triplet peaks at 5.82-5.86 ppm and 6.21-6.25
ppm corresponded to the proton of imido groups
conjugated with carbonyl of PEG chains (-NH-C=0-),
which indicated the successful modification of
PAMAM dendrimer by PEG (Figure 2a, olive peak).
As a result of the integral analysis of the proton signal
of methylene next to the amide group (-CH>-CO-NH-,
2.20-245 ppm) in PAMAM dendrimer and the
integral of the proton signal of methoxyl (a sharp peak
at 3.3 ppm) in the short chain PEG, the grafting ratio
of short chain PEG on the PAMAM periphery was
determined to be 22 on average. Meanwhile,
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according to the integral of the proton signal at 3.71
ppm (-CH2CH;O-) of the main PEG chains, 3.3 ppm
(methoxyl peak) of the short PEG chains and the
number of the PEG arms in the PEG chains, about 15
bifunctional PEG chains were calculated to be
successfully conjugated on the surface of PAMAM
dendrimer. Additionally, a small peak appeared at
6.79 ppm related to the Mal group of the bifunctional
PEG, which suggested the potential of the PEGylated
dendrimer for further conjugation of other ligands or
functional molecules. Compared with the TH NMR
spectrum of the PEGylated dendrimer (P4P), a new
sharp peak at 7.52 ppm and several new multiple
peaks at 6.56-7.30 ppm appeared in PAMAM-
PEG-EP1 (P4PE) and PAMAM-PEG-EP1-Ang2
(P4PEA) (Figure 2a, green and purple peak), which
were in accordance with the characteristic peaks of
EP-1 peptide (Figure S5b). Meanwhile, a new
shoulder peaks at 0.96-1.04 ppm which represented
the characteristic peaks of Ang2 peptide (Figure S5a)
were also found in PAMAM-PEG-Ang?2 (P4PA) and
P4APEA (Figure 2a, blue and purple peak). These
results indicated the successful modification of the
dendrimer by the peptide ligands.

Size distribution, morphology and electriferous
properties of the dendrimer-based carriers were
characterized by dynamic light scattering (DLS),

transmission electron microscope (TEM), and
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Figure 2. Characterization of the dendrimer-based carriers. (a) 'H NMR spectrum of G4 PAMAM (P4, brown), PEGylated PAMAM (P4P, olive), PAMAM-PEG-EP1 (P4PE,
green), PAMAM-PEG-Ang2 (P4PA, blue) and PAMAM-PEG-EP1-ANG2 (P4PEA, purple) in D2O. (b) Size distribution of the dendrimer-based carriers characterized by DLS. (c-e)

Morphological characterization of (c) P4, (d) P4P and (E) PAPEA by TEM.
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zeta-potential measurements. DLS analysis showed
that the hydrodynamic diameter of the
dendrimer-based carriers increased from ~5.78 nm for
G4 PAMAM (P4) to ~11.63 nm for PEGylated
PAMAM (P4P0 and ~16.80 nm for PAPEA (Figure 2b).
Although the particles in ~158.6 nm (P4P) and ~127.6
nm (P4PEA) gave relatively high scattering intensity
in solution, most of carriers still stayed at the small
diameter because the scattering intensity was
proportional to the six power of the particle size. TEM
images showed that the dendrimer-based carriers
were spherical mono-dispersion, rather than large
aggregates (Figure 2c-e). We measured the size of the
particles in TEM images an found that the size
distributions were determined to be 7.03 + 1.04 nm for
P4, 20.2 + 3.63 nm for P4P and 26.07 + 8.15 nm for
P4PEA (Figure S6), in the similar range of the ones
assessed by DLS. Meanwhile, the particle size
changed negligible within 72 h both in water and PBS,
which demonstrated the well stability and
dispersibility of the dendrimer-based carriers in
aqueous solution (Figure S7). Considering that a drug
carrier with the size < 100nm would cross the BBB
efficiently [47], while a carrier < 5 nm would be
rapidly eliminated by the kidney [59], we suspected
that our dual-targeting dendrimers would exhibit
efficient BBB-penetrating, long-circulating and
enhanced tumor-accumulating properties.

Zeta potential measurement showed that the
surface potential of P4, PAP and P4PEA was 21.0 £ 1.0
mV, 41 £ 0.3 mV, 65 £ 0.1 mV, respectively. The
modification of PEG chain reduced the positive
charge greatly due to the shielding effect of the PEG,
which would reduce the cytotoxicity and biotoxicity
of the carriers. Meanwhile, the residual positive
charge would benefit BBB penetrating of the carriers
by adsorption-mediated transcytosis [45].

3.3 Drug loading and in vitro release

The dendrimer-based dual-targeting carrier had
abundant interior cavities which could encapsulate
therapeutic regents by physical interaction such as
hydrophobic interaction and electrostatic interaction
[60, 61]. Doxorubicin hydrochloride was changed into
the hydrophobic form by triethylamine and was
encapsulated into the dendrimer due to the relative
hydrophobicity of the dendrimer cavities. The drug
loading efficiency (LE%) and encapsulation efficiency
(EE%) of the carriers were determined to be 4.3% and
58.9%, respectively by UV-visible scanning
spectrophotometer. In vitro release behaviors of the
encapsulated DOX were investigated at pH 7.4 and
pH 55 that mimicked the physiological and
pathological pH  environment. Under the
physiological environment (pH 7.4), DOX released
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slowly and reached a plateau of 50% after 10 h, while
at pH 55 that mimicked the weak acidic
microenvironment of tumor, the release rate increased
rapidly and reached 80% within 4 h (Figure 3). These
results suggested that the release of DOX could be
controlled using pH as a trigger. Under the
physiological condition, the hydrophobic interaction
between DOX and the interior of dendrimer was
strong enough to retain the ‘dense core’ conformation
(with the maximum density at the dendrimer core and
uniform void spacing), which prevented the drug
from leaking out. When the environment changed to
low pH, the conformation of the dendrimer-based
drug carrier changed from a ‘dense core’ to a ‘dense
shell” (with a maximum density at the periphery but
non-uniform void spacing) because of the ion pairing,
which reduced the interaction between the drugs and
dendrimer and accelerated the drug release [62]. The
controllable drug release of this dual-targeting carrier
in the pathological environment would effectively
increase the accumulation of drugs in the tumor site
and enhance the anti-tumor efficacy. The limited drug
leakage during circulation would reduce the toxicity
and side effect of drugs for the normal tissues.
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Figure 3. In vitro drug release of PAPEAD at pH 5.5 and pH 7.4. Error bars represent
the standard deviation (n = 3).
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3.4 In vitro evaluation of cytotoxicity and
intracellular uptake

To evaluate the biocompatibility and biosafety of
the dual-targeting drug delivery system, the
cytotoxicity of the peptide ligands (EP-1 and Ang?2)
and the blank dendrimer-based carriers (P4, PAP and
P4PEA) without encapsulating DOX in HBMEC and
U87-MG cells was investigated by [3-(4, 5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) cell
proliferation colorimetric assay. We found that after
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incubating the HBMEC and U87-MG with Ang2 or
EP-1 over a range of peptide concentrations for 48
hours, the viability of these two cell lines remained
~90% (Figure 4a and b), which revealed the biosafety
of the peptides as targeting probes. G4 PAMAM
dendrimer (P4) without any modification exhibited
high toxicity to both of the cells due to its cationic
surface (P4, Figure 4c and d). The toxicity of P4 in
HBMEC cells was much higher than that in U87-MG
cells due to higher tolerance of tumor cells than
normal cells. PEG modification significantly
decreased the cytotoxicity of the dendrimer for
HBMEC and U87-MG cells benefiting from the charge
shielding effect of PEG (P4P, Figure 4c and d). Over
80% of U87-MG cells and 60% of HBMEC cells were
survival after exposing the cells to P4P for 48 h at the
concentration of 31.25 uM. Functionalization of the
carriers with the peptide ligands further reduced the
cytotoxicity of the dendrimer so that more than 85% of
the cells were alive over a range of peptide
concentrations (P4PEA, Figure 4c and d). Besides, the
biocompatibility and biosafety of the dual-targeting
dendrimer was also examined by hemolysis assay and
Calcein-AM/PI co-stained assay. As shown in Figure
S8a, no significant hemolysis (less than 8%) was
found in the presence of P4PEA for 8 h. Besides,
strong green fluorescence signal and negligible red
fluorescence signal were recorded after being treated
with P4APEA detected by Calcein-AM/PI co-stained
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assay, which demonstrated the low cytotoxicity of the
dual-targeting dendrimer (Figure S8b). These results
demonstrated the good biocompatibility and
biosafety of the peptide-functionalized dual-targeting
dendrimer vehicles.

We then evaluated the anti-proliferation effect of
different DOX formulations against HBMEC and
U87-MG cells by MTS assay (free DOX, P4PD and
P4PEAD, Figure 4c and d). The viability of the
HBMEC increased at low DOX concentration when
DOX was encapsulated in the dendrimer compared to
the free DOX (Figure 4c), indicating reduced
cytotoxicity of DOX to the normal cells by the
dendrimer-based carrier. However, at high DOX
concentration, the viability of HBMEC treated with
the dendrimer-encapsulated DOX reduced to the
same level as the one treated with free DOX. This
might be due to the released DOX during the
experimental period reached to the -effective
inhibition concentration for HBMEC cells. The
viability of the tumor cells U87-MG significantly
decreased when incubating with DOX-encapsulating
dendrimer (P4PD and P4PDEA) compared to free
DOX (Figure 4d), indicating the increased
anti-proliferation effect of DOX induced by the
dendrimer-based drug carrier. We further calculated
the half maximal inhibitory concentration (ICso) of the
cells. DOX displayed an inhibited cytotoxicity to the
normal cells HBMEC after being loaded into
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dendrimer compared to free DOX (Figure 4e, ICso was
determined to be 0.07, 0.17 and 0.18 pM for free DOX,
P4PD and P4PEAD, respectively), suggesting that
limited DOX released from the dendrimer-based
carriers and diffused into the nuclei of the normal
cells. On the contrary, DOX exhibited higher
cytotoxicity for U87-MG cells in the presence of the
carriers compared with free DOX (Figure 4e, ICs5) was
determined to be 0.49, 0.36 and 0.23 pM for free DOX,
P4PD and P4PEAD, respectively), suggesting that the
carriers could improve the intracellular uptake of
DOX and the controllable release of the drugs in a
short time. The carriers modified with the peptide
ligands further increased the cytotoxicity of DOX
significantly to U87-MG compared with the
non-modified dendrimer, indicating the enhanced
cellular wuptake of therapeutics due to the
peptide-induced targeting effect.

The short-term cytotoxicity of different DOX
formulations against HBMEC cells was evaluated to
eliminate the interference of the cytotoxicity of the
drug delivery system to HBMEC cells during
transporting BBB in vitro (Figure 4f). As expected, free
DOX exhibited high cytotoxicity to HBMEC cells (cell
viability of 73.4%) after 3 h’s incubation. However,
when DOX was loaded into the dendrimers, the cell
viability of HBMEC excessed 90% (Figure 4f),
indicating that the dendrimer significantly reduced
the cytotoxicity of DOX. These results also suggested
that the in vitro BBB model established on the basis of
HBMEC cells could keep integral when incubating
with the dendrimers, confirming the reliability of the
in vitro BBB model.

We further investigated the targeting effect of
the dual-targeting carriers through quantifying the
intracellular uptake of the drugs by HBMEC and
U87-MG cells. We first evaluated the expression of
EGFR and LRP1 in U87-MG and HBMEC cells. Flow
cytometry analysis showed that the expression of
EGFR was high (99.6%) in U87-MG while low (21.5%)
in HBMEC cells, in accordance with the confocal
imaging showing the overexpression of EGFR in
U87-MG cells while negligible expression of EGFR in
HBMEC cells (Figure S4b and S9a). Meanwhile, the
expression of LRP1 was high (89.6%) in HBMEC and
moderate (53.7%) in U87-MG cells (Figure S9b, c), in
accordance with the previous reports showing high
expression of LRP1 in HBMEC cells [38].

We then investigated the intracellular uptake of
DOX from different DOX formulations. After
incubating the cells with different DOX formulations
for 2 h at the DOX concentration of 20 pM, the
fluorescent intensities of the cells were investigated by
flow cytometry. As expected, the fluorescent intensity
of the cells was significantly higher in U87-MG than in
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HBMEC (Figure 5a), demonstrating the targeting
effect of the peptide-functionalized dendrimers to the
tumor cells. The fluorescent intensity of HBMEC was
significantly higher after incubating the cells with the
Ang?2-functionalized dendrimers compared to the
nonfunctionalized and EP-1 modified ones (Figure
5a), indicating the effective Ang2-induced targeting
effect of the dendrimers to the cells with high
expression of LRP1. EP-1-modified dendrimers
exhibited higher fluorescent intensity in HBMEC than
the non-modified dendrimers, and the
dual-functionalized dendrimers exhibited the highest
fluorescent intensity (Figure 5a). This was due to the
moderate expression of EGFR (21.5%) in HBMEC. The
cellular uptake of DOX in U87-MG was in the order of
P4APEAD > DOX > PAPED > P4PAD > P4PD (Figure
5b), consistent with the overexpression of EGFR and
the moderate expression of LRP1 in U87-MG cells.
These results demonstrated the targeting effect
induced by Ang2 and EP-1 peptides. They also
showed that the dual-functionalized dendrimer
significantly enhanced the intracellular uptake by the
ligand-receptor mediated endocytosis.

The intracellular disposition of DOX in HBMEC
and U87-MG cells was further determined by confocal
imaging after incubating the cells with different DOX
formulations for 2 h. As expected, almost all the free
DOX penetrated into the cells and accumulated in the
nuclei in both cells (Figure S10). However, after DOX
was loaded into the dendrimer-based carriers, most
DOX was found to be located in the cytoplasma in
HBMEC (Figure S10a), indicating that the interaction
between the drugs and the dendrimers was strong
enough to limit the drug release in the normal cells,
which largely reduced the cytotoxicity of the drugs.
By contrast, in U87-MG, the dendrimer-encapsulated
DOX was found to be located in the nuclei for all the
formulations (Figure S10b), indicating the fast release
of DOX from the dendrimers in the tumor cells. The
strongest fluorescence intensity in these two cells after
incubating with PAPEAD compared with the other
DOX-loaded carriers also revealed the enhanced drug
internalization mediated by the targeting effect of
EP-1 and Ang?2 peptide.

We further investigated the subcellular
localization of the DOX-loaded dendrimers. As
endosomal/lysosome uptake and escape is an
important process in the nanoparticle-based drug
delivery [63], we investigated the colocalization of the
dendrimers and lysosome in the cells. In HBMEC
cells, we found that the lysosome distributed around
the nuclei with small amounts and the carriers mainly
distributed in cytoplasma within 2 h after being
uptake by cells (Figure 5c¢), which would slow down
the drug release induced by the weak acidic condition
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of lysosomes. This phenomenon could decrease the
cytotoxicity of drugs for normal cells and provide
enough time for transcytosis of the dendrimer-based
carriers in BBB model. However, the lysosomes were
abundant in glioma U87-MG cells and distributed
randomly in cytoplasma. Confocal images exhibited
completely colocalization of the dendrimer-based
carriers with the lysosomes in the U87-MG cells
(Figure 5d). The weak acidic environment in
lysosomes would accelerate the drug release from the
dendrimers, then the released DOX could diffuse out
of lysosomes and further diffused into the nuclei to
kill the tumor cells. This process significantly
improved the effective concentration of drugs and
enhanced the anti-tumor effect of drugs.

3.5 In vitro Evaluation of the BBB penetration
of the dual-targeting carrier

The BBB targeting and penetrating efficacy of the

dual-targeting dendrimers was investigated in an in
vitro BBB model based on the transwell inserts
cultured with a compact HBMEC monolayer as was
reported before (Figure 6a) [47]. The integrity of the
HBMEC cell monolayer was evaluates by the TEER
value and the leakage ability of the monolayer.
Different DOX formulation were added into the
transwell inserts at a DOX concentration of 20 pM
when the TEER value of the BBB model was above 250
Q/cm? and when no leakage was observed within
several hours. DOX transported across the in vitro BBB
model was quantified to evaluate the ability of
different DOX formulations to cross the BBB. We
found that only ~3.89% of the free DOX was
transported through the BBB, while the transported
DOX significantly increased after being encapsulated
into the dendrimers (transport ratio of ~6.57% for
P4PD, ~7.49% for PAPED, and ~10.25% for PAPAD).
What's more, about ~11.32% of DOX encapsulated in
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the  dual-targeting  dendrimers that were
functionalized with both Ang?2 and EP-1 crossed the
BBB (Figure 6c). These results indicated that the
dual-functionalization of the dendrimers with the
peptides significantly improved the BBB penetrability
of the therapeutics. They also demonstrated that Ang2
peptide played a key role in the BBB penetrating by
receptor-mediated transcytosis, as was reported in the
previous studies [38]. The effect of EP-1 peptide to
enhance BBB penetration might be due to the
synergistic effect by adsorption-mediated transcytosis
[44, 45]. The enhanced BBB penetration of DOX
encapsulated in the non-functionalized dendrimer
might be due to the slightly positive charge on the
dendrimer that could improve the adsorption-
mediate transcytosis.

We further evaluated the dual-targeting effect of
the dendrimers in the U87-MG and HBMEC
co-culture model. U87-MG cells were seeded into the
12-well plate and were cultured for 24 h, then the
established BBB model was put onto the U87-MG cells
and different DOX formulations were added into the
BBB model (Figure 6b). After incubating for 3 h, the
inserts were moved and the plates were divided into
two groups. U87-MG cells in one group were
collected to detect the intracellular uptake of drugs,
while U87-MG cells in the other group were cultured
for another 24 h and the cell viability was detected by
MTS assay. We found that the viability of U87-MG
cells decreased in the DOX-loaded dendrimer groups
compared to the free DOX group. U87-MG cells
exhibited decreased viability when treated with
dendrimers functionalized with peptides compared to
the PEGylated dendrimer. The viability of U87-MG
cells was the lowest when treated with the
dual-targeting dendrimer that were functionalized
with both EP-1 and Ang?2 (Figure 6d), indicating the
highest anti-glioma efficacy of the dual-targeting
dendrimers compared to the other DOX formulations.
These results were consistent with the flow cytometry
analysis of the intracellular uptake of DOX by
U87-MG cells which showed that the intracellular
uptake of DOX by the tumor cells was higher in the
dendrimer groups compared to free DOX group, and
was higher when the cells were treated with
peptide-functionalized dendrimers compared to the
PEGylated dendrimer. The dual-targeting dendrimers
that were functionalized with both EP-1 and Ang?2
exhibited the highest intracellular uptake of DOX in
U87-MG cells (Figure 6e). These results, taken
together with the transport ratio of the DOX
formulations across the BBB model, demonstrated
that the modification of the dendrimers with Ang?2
and EP-1 peptides enhanced the BBB penetrability
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and the glioma targeting efficacy synergistically. The
possible mechanism of this dual-targeting effect was
speculated as follows: 1) the modification of EP-1 and
Ang? peptides on dendrimer improved its targeting
and accumulating effect to BBB, then the
dendrimer-based carrier transported across the BBB
by Ang2-LRP1 mediated transcytosis and the
adsorption-mediated transcytosis. 2) the dendrimers
transported across the BBB would target glioma cells
via EP-1 and Ang2-incuded targeting effect due to the
high expression of EGFR and the moderate expression
LRP1 on U87-MG cells.

3.6 In vivo evaluation of glioma targeting and
anti-tumor efficacy

We first investigated the BBB penetrability and
glioma targeting effect of the dual-targeting
dendrimer-based carrier using glioma-bearing CB-17
SCID mice in vivo. The glioma-bearing CB-17 SCID
mice model was established by stereotaxically
injecting U87-MG cells into the striatum. The
dendrimer-based carriers were labeled by Cy5.5
before administration. Then the labeled dendrimers
were injected into the gliomas bearing mice with a
Cy55 dose of 2 mg/kg wvia tail vein. After
accumulating for 6 h, 12 h, 24 h and 48 h, the amount
of the Cy5.5 labeled dendrimers which crossed the
BBB and accumulated in gliomas was measured using
in vivo fluorescent imaging system (Figure 7). We
found that modification of the dendrimers with Ang2
peptide significantly improved the BBB penetrability
of the dendrimer-based carriers by LRP1-mediated
transcytosis. The dendrimer mono-modified by Ang?2
peptide could also target glioma site after crossing the
BBB due to the moderated expression of LRP1 on
U87-MG cells. As expected, the dual-functionalized
dendrimer exhibited the highest fluorescent intensity
in the glioma site than the mono-functionalized and
PEGylated dendrimer within 48 h, indicating the
enhanced BBB penetrating and glioma targeting effect
of the dendrimer mediated by Ang2 and EP-1
peptides. The higher fluorescent intensity of EP-1
modified dendrimer than PEGylated dendrimer
revealed that EP-1 peptide could improve BBB
penetrability by recognizing endothelial cells of BBB
and adsorption-mediated transcytosis. The significant
enhancement of BBB penetrability and glioma
targeting effect demonstrated that the EP-1 and Ang2
peptides played a synergistic effect in the process of
glioma targeting. In addition, the biodistribution was
also administrated by in vivo imaging, the highest
fluorescent intensity in kidneys indicated that the
major metabolic pathway of drug vehicles was renal
metabolism (Figure S11).
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Furthermore, we investigated the antitumor
effect according to the treatment process in
gliomas-bearing BALB/c nude mice (Figure 8a). We
found that the group treated with dual-targeting
dendrimer (P4APEAD) exhibited the longest survival
time than any other groups, which indicated that the
dual-functionalization of the dendrimer remarkably
improve the BBB penetrating and glioma targeting
effect of the drug delivery system (Figure 8b). The
controllable  drug  release in the tumor
microenvironment enhanced the anti-tumor effect of
the drugs. Meanwhile, the overall survival time was
31 days for Ang2 modified dendrimer (P4PAD) and
27 days for EP-1 modified dendrimer (P4PED), which
longer than the group treat with PEGylated
dendrimer (PEPD, 24 days) and free DOX (19 days)
(Figure 8b). These results demonstrated that the
peptides modification synergistically improved the
anti-glioma effect by improving BBB penetrability and
glioma targeting.

We further evaluated the toxicity and side effects
of the drug delivery systems. As shown in Figure 8c,
slight bodyweight loss was observed in the saline
treated mice during the entire treatment period. In
contrast, the bodyweight of the mice treated with free
DOX decreased dramatically after treatment. As
expected, the toxicity of DOX was significantly
inhibited after being encapsulated into the dual-
functionalized and mono-functionalized dendrimers
compared with the PEGylated dendrimer and free
DOX. That was because the enhanced BBB

penetrating and glioma targeting effect of the carriers
reduced the concentration of drugs in the circulation
and the strong interaction between drugs and carriers
in the physiological environment limited the drug
leakage. The lack of BBB penetrability of the
PEGylated dendrimer and free DOX improved the
toxic to normal tissues. As DOX is well known for its
cardiotoxicity [64], we performed histological
examination of the heart tissues using hematoxylin-
eosin (H&E) staining method (Figure S12). For the
mice administrated with free DOX, the obviously
myocardial damage was observed, while there were
no obvious damages to the hearts after encapsulating
DOX into the carriers. Meanwhile, no obviously
damages were observed in the other major organs. In
summary, the results confirmed that the dual-
targeting carrier effectively improved therapeutic
effect of anticancer drugs for glioma while reducing
its systemic toxicity via the enhanced BBB penetrating
ang glioma targeting effect mediated by EP-1 and
Ang? peptides.

4. Conclusion

In this work, we obtained an EGFR-targeting
peptide-1 (EP-1) by peptide screening, and
demonstrated the high affinity and specificity of this
peptide at both molecular and cellular levels. Then we
developed a dual-targeting drug delivery system
based on the fourth generation PAMAM dendrimer
conjugated with EP-1 and Ang2, a peptide that could
induce BBB transport through binding to LRP1 that
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was highly expressed in the endothelial cells of BBB.
DOX was encapsulated into the interior cavities of the
dendrimers. This dual-functionalized carrier could
release the anticancer drugs responding to the weak
acidic microenvironment of tumor. Additionally, the
dual-targeting dendrimer-based carriers exhibited
enhanced BBB penetrability and glioma targeting
effect both in vitro and in vivo due to the synergistic
effect of the two peptides. We further demonstrated
that the dual-targeting drug delivery system
significantly enhanced the therapeutic efficacy of
DOX for glioma and reduced the systemic toxicity of
DOX in vivo through the enhanced BBB penetrating
and glioma targeting of the combined peptide ligands.
This smart dendrimer-based carrier not only
demonstrated a promising strategy in glioma therapy,
but also showed a strategy to overcome the BBB
through peptide stapling technique.

Abbreviations
Ang?2: Angiopep-2 peptide;
EP-1: EGFR-targeting peptide-1;
PAMAM: ploy(amidoamine) dendrimer;
P4: Generation fourth PAMAM,;
P4P: PEGylated generation fourth PAMAM;
P4PE: EP-1 modified P4P;
P4PA: Ang2 modified P4P;
P4PEA: EP-1 and Ang?2 co-modified P4P;
P4PD: DOX-loaded P4P;
P4PED: DOX-loaded P4PE;
P4PAD: DOX-loaded P4PA;
P4PEAD: DOX-loaded P4PEA.

Supplementary Material

Supplementary figures and tables.
http:/ /www.ntno.org/v03p0311s1.pdf

Acknowledgements

This work was supported by the National Key
Research and Development Program of China
(2016YFF0203803), the National Natural Science
Foundation of China (Nos. 31600803, 21773042), and
the Youth Innovation Promotion Association of
Chinese Academy of Science (2018048).

Data Availability

The authors declare that all data supporting the
findings of this study are available within the paper
and Supplementary Information.

Competing Interests

The authors have declared that no competing
interest exists.

329

References

[1] Goodenberger ML, Jenkins RB. Genetics of adult glioma. Cancer Genet. 2012;
205: 613-621.

[2] Tan Z, Song L, Wu W, Zhou Y, Zhu J, Wu G, et al. TRIM14 promotes
chemoresistance in gliomas by activating Wnt/beta-catenin signaling via
stabilizing Dv12. Oncogene. 2018; 37: 5403-5415.

[3] Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK, Wen PY, Olson JJ.
Exciting new advances in neuro-oncology: the avenue to a cure for malignant
glioma. CA Cancer J. Clin. 2010; 60: 166-193.

[4] Ji], XuR, Zhang X, Han M, Xu Y, Wei Y, et al. Actin like-6A promotes glioma
progression through stabilization of transcriptional regulators YAP/TAZ. Cell
Death Dis. 2018; 9: 517.

[5] Furtado D, Bjornmalm M, Ayton S, Bush Al, Kempe K, Caruso F. Overcoming
the Blood-Brain Barrier: The Role of nanomaterials in treating neurological
diseases. Adv. Mater. 2018; 30: e1801362.

[6] Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions at the
blood-brain barrier. Nat. Rev. Neurosci. 2006; 7: 41-53.

[7] Armulik A, Genove G, Mae M, Nisancioglu MH, Wallgard E, Niaudet C, et al.
Pericytes regulate the blood-brain barrier. Nature. 2010; 468: 557-561.

[8] Daneman R, Zhou L, Kebede AA, Barres BA. Pericytes are required for
blood-brain barrier integrity during embryogenesis. Nature. 2010; 468:
562-566.

[9] Pardridge WM. BBB-Genomics: creating new openings for brain-drug
targeting. Drug Discov. Today. 2001; 6: 381-383.

[10] Yang R, Wei T, Goldberg H, Wang W, Cullion K, Kohane DS. Getting drugs
across biological barriers. Adv. Mater. 2017; 29: 1606596.

[11] Moseley CK, Carlin SM, Neelamegam R, Hooker JM. An efficient and practical
radiosynthesis of [''C] temozolomide. Org. Lett. 2012; 14: 5872-5875.

[12] Lam FC, Morton SW, Wyckoff J, Vu Han TL, Hwang MK, Maffa A, et al.
Enhanced efficacy of combined temozolomide and bromodomain inhibitor
therapy for gliomas using targeted nanoparticles. Nat. Commun. 2018; 9: 1991.

[13] Skinner M, Ward SM, Emrick T. Versatile synthesis of polymer- temozolomide
conjugates. ACS Macro Lett. 2017; 6: 215-218.

[14] Herve F, Ghinea N, Scherrmann JM. CNS delivery via adsorptive transcytosis.
The AAPS J. 2008; 10: 455-472.

[15] Liu L, Xu K, Wang H, Tan PK, Fan W. Venkatraman SS, et al. Self-assembled
cationic peptide nanoparticles as an efficient antimicrobial agent. Nat.
Nanotechnol. 2009; 4: 457-463.

[16] Zhang H, Wu Y, Wang ], Tang Z, Ren Y, Ni D, et al. In vivo MR imaging of
glioma recruitment of adoptive T-cells labeled with NaGdF4 -TAT
nanoprobes. Small. 2018: 14: 1702951.

[17] Yun SP, Kam TI, Panicker N, Kim S, Oh Y, Park JS, et al. Block of A1l astrocyte
conversion by microglia is neuroprotective in models of Parkinson's disease.
Nat. Med. 2018; 24: 931-938.

[18] Regina A, Demeule M, Che C, Lavallee I, Poirier J, Gabathuler R, et al.
Antitumour activity of ANG1005, a conjugate between paclitaxel and the new
brain delivery vector angiopep-2. Br. J. Pharmacol. 2008; 155: 185-197.

[19] Bertrand Y, Currie JC, Poirier J, Demeule M, Abulrob A, Fatehi D, et al.

Influence of glioma tumour microenvironment on the transport of ANG1005

via low-density lipoprotein receptor-related protein 1. Br. J. Pharmacol. 2011;

105: 1697-1707.

Thomas FC, Taskar K, Rudraraju V, Goda S, Thorsheim HR, Gaasch JA, et al.

Uptake of ANG1005, a novel paclitaxel derivative, through the blood-brain

barrier into brain and experimental brain metastases of breast cancer. Pharm.

Res. 2009; 26: 2486-2494.

Shein SA, Kuznetsov II, Abakumova TO, Chelushkin PS, Melnikov PA,

Korchagina AA, et al. VEGF- and VEGFR2-targeted liposomes for cisplatin

delivery to glioma cells. Mol. Pharm. 2016; 13: 3712-3723.

[22] Qiao C, Yang J, Shen Q, Liu R, Li Y, Shi Y, et al. Traceable nanoparticles with
dual targeting and ROS response for RNAi-based immunochemotherapy of
intracranial glioblastoma treatment. Adv. Mater. 2018; 30: e1705054.

[23] Jia Y, Wang X, Hu D, Wang P, Liu Q, Zhang X, et al. Phototheranostics: active
targeting of orthotopic glioma using biomimetic proteolipid nanoparticles.
ACS Nano 2018; 13: 386—398.

[24] Gao F, Xie WS, Miao YQ, Wang D, Guo ZH, Ghosal A, Li YS, Yen Wei, Feng
SS, Zhao LY, Fan HM. Magnetic hydrogel with optimally adaptive functions
for breast cancer recurrence prevention. Adv. Healthcare Mater. 2019; 1900203.

[25] Jiang Y, Yang W, Zhang ], Meng F, Zhong Z. Protein toxin chaperoned by
LRP-1-targeted virus-mimicking vesicles induces high-efficiency glioblastoma
therapy in vivo. Adv. Mater. 2018; 30: €1800316.

[26] Li], Yang H, Zhang Y, Jiang X, Guo Y, An S, et al. Choline derivate-modified
doxorubicin loaded micelle for glioma therapy. ACS Appl. Mater. Interfaces.
2015; 7: 21589-21601.

[27] Israel LL, Braubach O, Galstyan A, Chiechi A, Shatalova ES, Grodzinski Z, et
al. A combination of tri-Leucine and angiopep-2 drives a polyanionic
polymalic acid nanodrug platform across the blood-brain barrier. ACS Nano.
2019; 13: 1253-1271.

[28] Yan H, Wang L, Wang J, Weng X, Lei H, Wang X, et al. Two-order targeted
brain tumor imaging by using an optical/ paramagnetic nanoprobe across the
blood brain barrier. ACS Nano. 2012; 6: 410-420.

[29] You L, Wang J, Liu T; Zhang Y, Han X, Wang T, et al. Targeted brain delivery
of rabies virus glycoprotein 29-modified deferoxamine-loaded nanoparticles
reverses functional deficits in parkinsonian mice. ACS Nano. 2018; 12:
4123-4139.

[20

[21

http://lwww.ntno.org



Nanotheranostics 2019, Vol. 3

[30] Xie WS, Gao Q, Wang D, Guo ZH, Gao F, Wang XM, Cai Q, Feng SS, Fan HM,
Sun XD, Zhao LY. Doxorubicin-loaded Fe304@Mo0S2-PEG-2DG nanocubes as
a theranostic platform for magnetic resonance imaging guided
chemo-photothermal therapy of breast cancer. Nano Res. 2018; 11: 2470-2487.

[31] Gao X, Yue Q, Liu Z, Ke M, Zhou X, Li S, et al. Guiding brain-tumor surgery
via blood-brain-barrier-permeable gold nanoprobes with acid-triggered
MRI/SERRS signals. Adv. Mater. 2017; 29: 1603917.

[32] Peng XQ, Wang BQ, Yang Y, Zhang YH, Liu YG, He Y, Zhang C, Fan HM.
Liver tumor spheroid reconstitution for testing mitochondrial targeted
magnetic hyperthermia treatment. ACS Biomater. Sci. Eng. 2019; 5: 1635-1644.

[33] Lee C, Hwang HS, Lee S, Kim B, Kim JO, Oh KT, et al. Rabies virus-inspired
silica-coated gold nanorods as a photothermal therapeutic platform for
treating brain tumors. Adv. Mater. 2017; 29: 1605563.

[34] Liu XL, Peng ML, Li GL, Miao YQ, Luo H, Jing GY, He Y, Zhang C, Zhang F,
Fan HM. Ultrasonication-triggered ubiquitous assembly of magnetic Janus
amphiphilic nanoparticles in cancer theranostic applications. Nano Lett. 2019;
19: 4118-4125.

[35] Kuthala N, Vankayala R, Li YN, Chiang CS, Hwang KC. Engineering novel
targeted boron-10-enriched theranostic nanomedicine to combat against
murine brain tumors via MR imaging-guided boron neutron capture therapy.
Adv. Mater. 2017; 29: 1700850.

[36] Andreone BJ, Chow BW, Tata A, Lacoste B, Ben-Zvi A, Bullock K, et al.
Blood-brain barrier permeability is regulated by lipid transport-dependent
suppression of caveolae-mediated transcytosis. Neuron. 2017; 94: 581-594.

[37] Tuma PL, Hubbard AL. Transcytosis: crossing cellular barriers. Physiol. Rev.
2003; 83: 871-932.

[38] Boye K, Pujol N, I DA, Chen YP, Daubon T, Lee YZ, et al. The role of
CXCR3/LRP1 cross-talk in the invasion of primary brain tumors. Nat.
Commun. 2017; 8: 1571.

[39] Warshawsky I, Broze GJ, Schwartz AL. The low density lipoprotein
receptor-related protein mediates the cellular degradation of tissue factor
pathway inhibitor. Proc. Natl. Acad. Sci. USA. 1994; 91: 6664.

[40] Boado RJ, Pardridge WM. Brain and organ uptake in the rhesus monkey in
vivo of recombinant iduronidase compared to an insulin receptor antibody-
iduronidase fusion protein. Mol. Pharm. 2017; 14: 1271-1277.

[41] Boado RJ, Lu JZ, Hui EKW, Lin H, Pardridge WM. Insulin receptor
antibody—a-N-Acetylglucosaminidase fusion protein penetrates the primate
blood-brain barrier and reduces glycosoaminoglycans in sanfilippo type B
fibroblasts. Mol. Pharm. 2016; 13: 1385-1392.

[42] Fan K, Jia X, Zhou M, Wang K, Conde J, He J, et al. Ferritin nanocarrier
traverses the blood brain barrier and kills glioma. ACS Nano. 2018; 12:
4105-4115.

[43] Jefferies WA, Brandon MR, Hunt SV, Williams AF, Gatter KC, Mason DY.

Transferrin receptor on endothelium of brain capillaries. Nature. 1984; 312:

162.

Wu D, Qin M, Xu D, Wang L, Liu C, Ren J, et al. A bioinspired platform for

effective delivery of protein therapeutics to the central nervous system. Adv.

Mater. 2019; €1807557.

[45] Han L, Liu C, Qi H, Zhou ], Wen ], Wu D, et al. Systemic delivery of
monoclonal antibodies to the central nervous system for brain tumor therapy.
Adv. Mater. 2019; €1805697.

[46] Demeule M, Currie JC, Bertrand Y, Che C, Nguyen T, Regina A, et al.
Involvement of the low-density lipoprotein receptor-related protein in the
transcytosis of the brain delivery vector angiopep-2. J. Neurochem. 2008; 10:
1534-1544.

[47] He H, Li Y, Jia XR, Du J, Ying X, Lu WL, et al. PEGylated Poly(amidoamine)
dendrimer-based dual-targeting carrier for treating brain tumors.
Biomaterials. 2011; 32: 478-487.

[48] Mahvi DA, Liu R, Grinstaff MW, Colson YL, Raut CP. Local cancer recurrence:
the realities, challenges, and opportunities for new therapies. CA Cancer J.
Clin. 2018; 68: 488-505.

[49] Svenson S, Tomalia DA. Dendrimers in biomedical applications —reflections
on the field. Adv. Drug Deliver. Rev. 2012; 64: 102-115.

[50] Wang W, Ma Z, Zhu S, Wan H, Yue J, Ma H, et al. Molecular cancer imaging in
the second near-infrared window wusing a renal-excreted NIR-II
fluorophore-peptide probe. Adv. Mater. 2018; 30: €1800106.

[51] Wang W, Wei Z, Zhang D, Ma H, Wang Z, Bu X, et al. Rapid screening of
peptide probes through in situ single-bead sequencing microarray. Anal.
Chem. 2014, 86 (23), 11854-11859.

[52] Agrawal P, Gupta U, Jain NK. Glycoconjugated peptide dendrimers-based
nanoparticulate system for the delivery of chloroquine phosphate.
Biomaterials. 2007; 28: 3349-3359.

[53] Han L, Huang R, Liu S, Huang S, Jiang C. Peptide-conjugated PAMAM for
targeted doxorubicin delivery to transferrin receptor overexpressed tumors.
Mol. Pharm. 2010; 7: 2156-2165.

[54] Kuang ], Song W, Yin ], Zeng X, Han S, Zhao YP, et al. iRGD modified
chemo-immunotherapeutic nanoparticles for enhanced immunotherapy
against glioblastoma. Adv. Funct. Mater. 2018; 28: 1800025.

[55] Gray BP, Brown KC. Combinatorial peptide libraries: mining for cell-binding
peptides. Chem. Rev. 2014; 114: 1020-1081.

[56] Geng L, Wang Z, Yang X, Li D, Lian W, Xiang Z, et al. Structure-based design
of peptides with high affinity and specificity to HER2 positive tumors.
Theranostics 2015; 5: 1154-1165.

[57] Zhao S, Yang M, Zhou W, Zhang B, Cheng Z, Huang J, et al. Kinetic and
high-throughput profiling of epigenetic interactions by 3D-carbene chip-based

[44

330

surface plasmon resonance imaging technology. Proc. Natl. Acad. Sci. USA.
2017; 114: E7245-E7254.

[58] Subik K, Lee JF, Baxter L, Strzepek T, Costello D, Crowley P, et al. The
expression patterns of ER, PR, HER2, CK5/6, EGFR, Ki-67 and AR by
immunohistochemical analysis in breast cancer cell lines. Breast Cancer: Basic
Clin. Res. 2010; 4: 35-41.

[59] Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, Dvorak HF, et al. Analysis of
nanoparticle delivery to tumors. Nat. Rev. Mater. 2016; 1: 16014.

[60] Vidal F, Vasquez P, Diaz C, Nova D, Alderete J, Guzman L. Mechanism of
PAMAM dendrimers internalization in hippocampal neurons. Mol. Pharm.
2016; 13: 3395-3403.

[61] Vergara-Jaque A, Comer J, Monsalve L, Gonzalez-Nilo FD, Sandoval C.
Computationally efficient methodology for atomic-level characterization of
dendrimer-drug complexes: a comparison of amine- and acetyl-terminated
PAMAM. J. Phys. Chem. B. 2013; 117: 6801-6813.

[62] Liu Y, Bryantsev VS, Diallo MS, Goddard Iii WA. PAMAM dendrimers
undergo pH responsive conformational changes without swelling. J. Am.
Chem. Soc. 2009; 131: 2798-2799.

[63] Senapati S, Mahanta AK, Kumar S, Maiti P. Controlled drug delivery vehicles
for cancer treatment and their performance. Signal Transduction and Targeted
Therapy. 2018; 3: 7.

[64] Cao N, Feng SS. Doxorubicin conjugated to D-alpha-tocopheryl polyethylene
glycol 1000 succinate (TPGS): conjugation chemistry, characterization, in vitro
and in vivo evaluation. Biomaterials. 2008; 29: 3856-3865.

http://lwww.ntno.org



