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Abstract

Targeted delivery of drugs across endothelial barriers remains a formidable challenge, especially in the case of the brain, where the
blood—brain barrier severely limits entry of drugs into the central nervous system. Nanoparticle-mediated transport of peptide/protein-based
drugs across endothelial barriers shows great potential as a therapeutic strategy in a wide variety of diseases. Functionalizing nanoparticles
with peptides allows for more efficient targeting to specific organs. We have evaluated the hemocompatibilty, cytotoxicity, endothelial
uptake, efficacy of delivery and safety of liposome, hyperbranched polyester, poly(glycidol) and acrylamide-based nanoparticles
functionalized with peptides targeting brain endothelial receptors, in vitro and in vivo. We used an ELISA-based method for the detection of
nanoparticles in biological fluids, investigating the blood clearance rate and in vivo biodistribution of labeled nanoparticles in the brain after
intravenous injection in Wistar rats. Herein, we provide a detailed report of in vitro and in vivo observations.
© 2016 Elsevier Inc. All rights reserved.
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Table 1

Overview of the peptides used to decorate nanoparticles.

Peptide name Sequence Modifications

S5A napvsipgKGGC Biotin Carboxyfluorescein
151 CGGKTFFYGGCRGKRNNFKTEEY

NBO03B

HKKWQFNSPFVPRADEPARKGKV

TAMRA

HIPFPLDNITCRVPMAREPTVIHGKREVTLHLHPDH

Peptide SA was used as a reporter peptide. Peptides 151 and NB03B were used as targeting peptides. Lower case amino acid letters denote D-amino acids and

upper case L-amino acids.

Although considerable advances have been made in the last
years towards understanding and treatment of central nervous
system (CNS) disorders, it is still a major challenge to
specifically target the brain using current pharmaceutics [1].
One of the obstacles a drug needs to overcome in order to reach
the brain is the blood—brain barrier (BBB) [2]. The purpose of
the BBB is both to ensure a constant environment within the
CNS and to supply essential nutrients [3]. The BBB is formed by
endothelial cell tight junctions in the microvessels of the brain. In
contrast to peripheral capillaries, the BBB is more restrictive in
the exchange of substances between blood and tissue parenchy-
ma. However, contrary to what was first thought, the BBB is not
impermeable and allows passage of proteins, such as antibodies
and other pharmaceutical compounds, into the brain [4].

A possible way to improve delivery of drugs to the brain is the
use of colloidal drug carriers such as nanoparticles (NPs), including
liposomes, polymeric nanospheres and nanogels [3]. NPs can be
loaded with peptides and proteins, facilitating their transfer across
biological membranes. In addition, NPs protect their cargo against
enzymatic degradation [5]. Thus, these complexes should be highly
useful as targeted drug delivery systems.

Liposomes have attracted considerable attention as potential
drug carriers that can be targeted to specific organs [6,7], including
the brain [8,9]. Liposomes are small artificial vesicles of spherical
shape which consist of an aqueous core entrapped by one or more
bilayers composed of natural or synthetic, biocompatible and
biodegradable lipids similar to biological membranes. The
biophysical properties of liposomes such as size, surface charge,
lipid composition and amount of cholesterol are variable and able to
control distribution, tissue uptake and drug delivery [10].

Symmetric dendrimeric [11-13] and non-symmetric hyper-
branched polymers [14,15], known as dendritic polymers, are
nanometer-sized, highly branched macromolecules which con-
sist of a central core, branching units and terminal functional
groups. The existence of nanocavities, which can encapsulate
various bioactive compounds, is their major structural feature.
Furthermore, surface functionalization of dendritic polymers has
been established as a successful approach for preparing a wide
range of materials including drug delivery systems [16—18].
Another structural feature is the accumulation of a significant
number of functional groups on their external surface. This has
been proven to induce intense binding to multiple cell receptors
due to the so-called multivalency effect [19,20].

Nanospheres have also been explored as drug carriers [21].
They are sub-micron-sized colloidal structures composed of
synthetic and semi-synthetic polymers that vary in size from 1 to
1000 nm in which a drug can be dissolved or encapsulated.

Compared with other colloidal carriers, polymeric nanospheres
show higher stability when in contact with biological fluids. In
addition, the use of biodegradable materials for nanoparticle
preparation allows sustained drug release at the targeted site [22].

Nanogels are hydrophilic polymers cross-linked in porous
networks capable of retaining water-soluble therapeutical
peptides and proteins [23—-25]. The typical size of nanogels is
10—400 nm. Therefore, they are large enough to avoid clearance
from the circulation by glomerular filtration in the kidneys while
small enough to limit clearance by the reticuloendothelial system
[26]. Nanogels can be designed for stimulus-responsive
degradation and drug release [27,28], and they have also been
investigated as vehicles for drug delivery to the brain [29].

Both liposomes and nanospheres are usually rapidly cleared
from the blood following intravenous administration. More than
90% of the NPs are removed from the blood stream within 5 min
in mice [30,31]. Their surface modification with polysorbate 80,
poly(ethylene glycol) (PEG) or poly(ethylene oxide) significant-
ly alters the pharmacokinetics and the biological distribution of
NPs [32-35].

Tissue specific targeting of NPs can be improved by coating
them with peptides that bind to receptors on the target tissue [36].
Upon binding the receptor, the peptide-nanoparticle complex
will be taken up by receptor-mediated endocytosis [37].
Receptors on brain endothelial cells, such as the low density
lipoprotein receptor (LDLR), transferrin receptor and the insulin
receptor can be used for this purpose [38,39].

Due to the potential of various NPs to be used as drug carriers,
we have evaluated the efficacy of delivery and safety of
liposome, functionalized hyperbranched polyester NPs, poly(-
glycidol) based nanogels and two types of acrylamide-based NPs
functionalized with peptides targeting brain endothelial recep-
tors, in vitro and in vivo. Their hemocompatibility was assessed
by in vitro assays, and their cytotoxicity and endothelial uptake
were evaluated in various cell types. We investigated the blood
clearance rate and in vivo biodistribution of labeled NPs in the
brain after intravenous injection in Wistar rats.

Methods

Lipopolysaccharide/Endotoxin detection and cytotoxicity
screening

Endotoxin content was determined by the PYROGENT Ultra
Gel Clot LAL Assay (sensitivity 0.06 EU/ml; Lonza, Basel,
Switzerland). The test was performed according to the
information supplied by the manufacturer.
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Table 2

Nomenclature of the nanoparticles used in the study and the peptides attached
to the nanoparticles. All nanoparticles were coated with a reporter peptide.
Additionally, some nanoparticles were coated with both a reporter and a
targeting peptide.

Nanoparticle Reporter Targeting Nomenclature
peptide peptide nanoparticles (name
nanoparticle + targeting
peptide)
Liposomes peptide SA none Liposomes
peptide SA  peptide 151  Liposomes-15I
peptide SA NBO3B Liposomes-NB03B
BH40-polyester peptide SA none BH40-polyester
peptide SA  peptide 151 ~ BH40-polyester-151
poly(amidoamine)  peptide SA  none PAA
(PAA)
peptide SA  peptide 151  PAA-151
Acrylamide peptide SA none Acrylamide
peptide SA peptide 151  Acrylamide-151
peptide SA NBO3B Acrylamide-NB03B
poly(glycidol) peptide SA none poly(glycidol)
peptide SA  peptide 151 poly(glycidol)-15I
peptide SA  NBO3B poly(glycidol)-NB03B

The human endothelial cell line EAhy926 (kind gift from Dr.
C. J. Edgell) was used for evaluating the toxicity of the NPs.
These cells were cultured at 37 °C in a humid 95% air/5% CO,
atmosphere. Cells were seeded in DMEM, 10% FBS,
2 mM L-glutamine and 1% penicillin/streptomycin 24 h prior
to the exposures. NP preparations were tested in concentrations
up to 200 pg/ml of reporter peptide and three different assays
were used to confirm the data. Viability was evaluated after 4 h
and 24 h of exposure to NPs by formazan bioreduction using
CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay
(Promega, Mannheim, Germany) according to the manufac-
turer’s instructions and a SPECTRA MAX plus 384 plate reader
(Molecular Devices, Wals-Siezenheim, Austria).

In vitro hemocompatibility

The hemocompatibility of NPs was assessed by a panel of in
vitro tests. NPs were incubated with whole blood for analysis of
complement pathway activation, hemolysis and hemostasis
activation as described [40].

Peptides

To evaluate the blood clearance rate and biodistribution of the
NPs we attached the reporter peptide SA to every NP. This
peptide contained a carboxyfluorescein and a biotin group,
allowing detection by ELISA. Additionally, we used brain
targeting peptides 151 and NBO3B. The amino acid sequence and
modifications of these peptides are shown in Table 1.

Nanoparticles

In this study NPs of different chemical compositions were
used: Liposomes, functionalized hyperbranched aliphatic poly-
ester Boltorn H40 (BH40-polyester), Poly(amidoamine) (PAA),
acrylamide and poly(glycidol) (Table 2). A brief description of

the synthesis of these NPs is provided below and detailed
synthetic routes can be found in the Supporting Information.

Liposomes

14.9 pmol of 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)-2000 (DSPE-MAL) were
reacted with 14.9 umol of peptide 5A using a solution of
0.01 mM tris(2-carboxyethyl)phosphine (TCEP). Subsequently,
liposomes were prepared by lipid film method. 316.8 pmol SPC
and 148.5 umol cholesterol were dissolved in the DSPE-MAL-
peptide SA mixture and heated to 60 °C under bath sonication.
The batch was divided in 3 equal parts and DSPE-PEG was
post-inserted by co-incubating for 1 h at 55 °C. Peptides NBO3B
and 151 were post-inserted by co-incubating the liposomes with an
equimolar solution of DSPE-PEG-MAL and peptide for 1 h at 55
°C.

Hyperbranched polyester NPs

Hyperbranched aliphatic polyester Boltorn H40, (BHA4O0,
(M,, = 5100 g mol™', M/M, = 1.8, hydroxyl number =
485 mg KOH/g) bearing 44 hydroxyl end groups was kindly
donated by Perstorp AB, Sweden. BH40 with 32 carboxyl
groups containing peptide SA was prepared as described in the
Supporting Information.

BH40-Polyester-151 was prepared by adding an equal volume
of the targeting peptide 151 (3 mg/ml) to the preformed complex
BH40-polyester/peptide SA with a charge ratio ca. 4 and the
solution was stirred and centrifuged. Finally, the supernatant
solution was taken and uncomplexed peptides were removed by
one-hour dialysis using a dialysis membrane with 3500 Da
cut-off.

Poly(glycidol) based nanogels

Nanogels were synthesized via inverse mini-emulsion
method [41,42]. For the preparation of the mini-emulsion,
37.5 mg of surfactant (3:1 weight ratio of Span 80 and Tween
80) were dissolved in 1.25 ml of n-hexane and was used as
organic phase. The aqueous phase consisted of 50 mg
(1.1 x 107> mM) of SH-PG and the respective peptides were
dissolved in 125 ul of 0.04 M PBS buffer (pH 7.4). The organic
and the aqueous phases were pre-emulsified by magnetic stirring
for 10 minutes. After stirring, the system was ultrasonicated
under ice cooling for 1 min. Crosslinking was initiated by
subsequent addition of 30 pl of 0.1 M H,O, followed by further
sonication for 1 min. The reaction was allowed to proceed for
20 minutes at room temperature with constant stirring followed
by quenching of the free thiol groups by 2-hydroxy ethyl acrylate
at pH 7.4. Any further oxidation was stopped by addition of
1.5 ml of acidic water (pH 3). Separation of the nanogels was
achieved by centrifugation at 10,000 rpm for 30 minutes
followed by decantation of the supernatant. Nanogels present
in the aqueous layer were carefully washed with hexane
(2 x 1.5 ml) and THF (4 x 2.5 ml), dialysed and stored in DI
water at 4 °C for further use.

Synthesis of Poly(amidoamine) NPs

A series of PAA polymers were synthesized via Michael
polyaddition of the primary amine monomers, 4-amino-1-butanol
(ABOL) and cPEG-NH,, to the N,N’-cystaminebisacrylamide
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Table 3
Summary of the cytotoxicity assay studies with the peptide-coated nanoparticles.
Nomenclature Concentration Cell viability® Endotoxin Hemcompatibility?
nanoparticle (he 1.'ep Omg 4h 24 h (EU/mL)* Hemolysis Complement Quick APTT

peptide/ml) L

activation

Liposomes 200 105+ 5 110 + 4 <0.06 <2% 380 100 100
Liposomes-151 200 109 +9 105 +3 <0.06 <2% 420 100 100
Liposomes-NB03B 200 107 £2 100 + 2 <0.06 <2% 700 100 100
BH40-polyester 200 101 +3 95+ 4 <0.06 <2% 150 100 30
BH40-polyester-151 200 102 £2 99 +3 <0.06 <2% 120 100 40
PAA 200 95+ 5 96 £ 5 >1 <2% 136 98 100
PAA-151 80 103 £2 85+3 >1 <2% 189 97 100
Acrylamide 200 107 + 4 105 + 4 <0.06 <2% 100 100 100
Acrylamide-151 200 100 £ 5 96 £ 6 <0.06 <2% 115 95 99
Acrylamide-NBO3B 200 98 +3 104 + 4 <0.06 <2% 110 98 97
poly(glycidol) 250 98 +4 100 = 1 <0.06 <2% 105 99 96
poly(glycidol)-151 250 90 + 7 98 £ 6 <0.06 <2% 110 95 98
poly(glycidol)-NB03B 250 98 £ 3 95 +1 <0.06 <2% 107 98 99

2 The concentrations shown are determined by the amount of reporter peptide coated on the nanoparticles. “The viability was determined by MTT reduction of
EAhy926 cells incubated with nanoparticles at the concentration shown in column 2. “Endotoxin levels were quantified using a commercial assay. Values of
<0.06 are below the detection threshold. ‘Hemocompatibility data include: hemolysis, complement activation, and hemostasis activation (Quick and TCA) after
a 15 min incubation of the NPs at 37 °C in whole blood. Hemolysis percent represent free plasma hemoglobin released as a result of contact with the test material
divided by the total blood hemoglobin multiplied by 100. Complement activation is expressed as a % of C3a concentration, adopting normal blood incubated in
the same conditions as 100%. Ctrl + : blood incubated with Zymosan. Quick and TCA hemostasis assays are reported in % of the clotting ability of the sample

compared to the clotting ability of a standard human plasma normalized to 100.

(CBA) using equimolar monomeric amine/acrylamide ratios. For
the synthesis of p(CBA-ABOL/cPEG-NH,), a co-polymer aiming
for 10% PEG side chains, CBA (2.63 g, 10 mmol), ABOL
(0.89 g, 9.8 mmol) and cPEG-NH, (0.67 g, 0.2 mmol) were
dissolved in 5 ml MeOH/DI water (4/1 v/v) mixture.

Peptide 5A was dissolved in a PBS/EtOH solution and
incubated with the cPEG-p(CBA-ABOL) polymers at a 12:1
polymer:peptide ratio.

A similar procedure was carried out for the synthesis of
p(BAP-ABOL/cPEG-NH,). The terminal carboxylic acid group
present in the side chains of the polymer p(BAP-ABOL/
cPEG-NH,) (200 mg) was activated using EDC (66 mg) and
sulfo-NHS (67 mg) in HEPES buffer (10 mM, pH 8). Then, the
targeting peptide 151 (15 mg) dissolved in a mixture of HEPES
buffer (10 mM, pH 8) and EtOH (3/2 v/v) was added to the
mixture.

To prepare the nanosystems with targeting peptide 151, a
similar formulation procedure as previously described was
followed, except that 100 pl out of the 800 ul of polymer used
were substituted with targeting peptide-grafted polymer
p(BAP-ABOL/151-g-cPEG-NH,).

Synthesis of Acrylamide NPs

Acrylamide NPs were synthesized by the free-radical
polymerization method in a microemulsion system as described
[43], where the monomers used were N-isopropylacrylamide,
N,N'-dimethylacrylamide and acrylic acid, the cross-linker was
methylenebisacrylamide, the surfactant, sodium dodecyl sulfate,
and the initiator, ammonium persulphate.

In vitro uptake of NPs

The human cerebral microvascular endothelial cell line,
hCMEC/D3, was provided by the group of Pierre-Olivier

Couraud (Department of Cell Biology, Institut Cochin, Paris,
France) and was first characterized by Weksler et al. [44]. The
cells were cultured on fibronectin-coated culture flasks in
endothelial cell basal medium (ECBM; Customer Formulation)
supplemented with 15% fetal bovine serum, 2.5 ng/ml basal
fibroblast growth factor and 10 pg/ml sodium heparin (both
Sigma-Aldrich, St. Luis, USA), and 10,000 units/ml penicillin/
10,000 pg/ml streptomycin (both Gibco, Carlsbad, USA).

Cells were seeded onto fibronectin-coated LabTek chamber
slides (Nunc, Roskilde, Denmark) in ECBM culture medium
(surface 0.7cm?/well). After 48 h cells were incubated with 200
pl of various nanoparticle-ECBM suspensions. After the
incubation period, cells were washed twice with HEPES buffer
including 0.2% BSA and then fixed with 3.7% paraformalde-
hyde at room temperature for 20 min. Afterwards, cells were
washed and incubated with mouse anti-human CD31 antibody
(DakoCytomation, Glostrup, Denmark) and the corresponding
secondary antibody (goat anti-mouse Alexa Fluor 546; Molec-
ular Probes, Carlsbad, USA) at RT for 1 hour each. The nuclei
were stained with Hoechst 33,342 (Sigma-Aldrich). The
LabTeks were embedded with GelMount (Biomeda, Natutec,
Germany) and analyzed by fluorescence microscopy (Olympus
IX71 with Delta Vision system, Applied Precision, USA).

Animals and tissue preparation

2 month old male Wistar rats were obtained from Harlan
(Indianapolis, IN). The animals were housed three per cage with
ad libitum food and water and a 12:12 hour light:dark cycle. All
animal experiments complied with Dutch law and were approved
by the ethical committee of Maastricht University. All animals
received humane care in accordance with institutional guidelines.

Three animals per time point were used for each NP. After
intravenous injection of NP formulations containing 0.5 mg
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No targeting peptide 15l REGNBO0O3B

Acrylamide Liposomes

PAA BH40-Polyester

Poly(glycidol)

Figure 1. Evaluation of nanoparticle uptake by brain endothelial cells (hCMEC/D3). hCMEC/D3 cells were incubated with different nanoparticles containing a
fluorescently labeled reporter peptide, and coated with or without targeting peptides 151 and NB03B for 24 h. Representative fluorescent microscopy pictures
showing uptake of liposomes (A-C), acrylamide (D-F), polyester (G and H), PAA-based (I and J) nanoparticles and poly(glycidol) nanogels (K-M). Cell
membranes were stained with anti-CD31 antibody (D-F and H-I, shown in red). The BH40-polyester nanoparticles were directly labeled with thodamine. Cell
nuclei were stained with Hoechst dye (blue). Arrows indicate cells containing nanoparticles.
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Figure 2. Blood plasma concentration of peptide SA containing nanoparticles
after intravenous injection in rats. Blood was taken immediately and at 15,
30, 60 minutes and at 2, 4, 8 and 24 hours after injection from the tail vein.
Plasma was prepared and peptide SA concentration was measured by ELISA.
All nanoparticles contained the reporter peptide 5A, and were coated with or
without targeting peptides 151 and NBO3B. Liposomes were detected in
plasma up to 24 hours after injection (A) while the other nanoparticles were
not detectable in plasma after 4 hours (B and C). Data are shown on a
logarithmic time scale as the mean + S.E.M. plasma concentration of peptide
SA in 3 animals per nanoparticle.

peptide 5A /kg, the animals were anesthetized and either
decapitated (unperfused) or transcardially perfused with Tyr-
ode’s buffer for 10 minutes to remove residual blood. Subse-

quently, the brain and liver were dissected and either flash frozen
in liquid nitrogen for analysis by ELISA or frozen on a metal
platform partially submerged in liquid nitrogen for analysis by
immunohistochemistry. CSF was collected before sacrificing the
animals. All samples were stored at —80 °C until further analysis.

ELISA for the detection of peptide 54

Streptavidin coated ELISA 96-well-microplates (Steffens
Biotechnische Analysen, Ebringen, Germany) were used for
the detection of SA in plasma and tissue samples as described
[43]. Briefly, the carboxyfluorescein group present on the
reporter peptide was detected by incubating with monoclonal
mouse-anti-fluorescein peroxidase-conjugated IgG (Dianova,
Hamburg, Germany) diluted 1:100,000 in PBS with 0.1% BSA
for one hour. Soluble high sensitivity TMB (SDT, Baesweiler,
Germany) was used as a chromogenic substrate to visualize
bound antibody.

Peptide 5A detection in blood plasma, brain, liver and
cerebrospinal fluid after intravenous injection

Detection of peptide SA in blood plasma was performed as
described [43]. The brain, liver and cerebrospinal fluid (CSF) of
3 animals per time point were analyzed for peptide SA content by
ELISA. Tissue samples were homogenized in lysis buffer
(137 mM NaCl, 20 mM Tris, 10% glycerol, 1% IGEPAL
CA-630 (Sigma), pH 7.4) at a weight to volume ratio of 1:4 in a
tube containing Lysing Matrix D (MP Biomedicals, Santa Ana,
CA). Samples were cooled on ice before and between four
rounds of homogenization for 30 seconds in a mini-beadbeater
(Biospec, Bartlesville, OK).

Detection of injected nanoparticles in rat tissue by
immunohistochemistry

10 pm thick cryosections were fixed with Somogyi fixative
containing glutaraldehyde, blocked with 0.3% H,0O, and probed
with monoclonal mouse-anti-fluorescein peroxidase-conjugated
IgG (Dianova, Hamburg, Germany). Peroxidase activity was
visualized with DAB substrate. For immunofluorescence
microscopy, the tyramide signal amplification system (Perkin
Elmer) was used in conjunction with Alexa fluor 488 labeled
streptavidin. As a negative control, the primary antibody was
omitted. Brightfield photomicrographs were acquired on an
AX70 microscopy workstation (Olympus, Shinjuku, Tokyo,
Japan) and fluorescence photomicrographs were acquired on an
Olympus BX81 with a disk scanning unit.

Results
In vitro cytotoxicity and hemocompatibility of NPs

The NPs listed in Table 2 were tested for the presence of
endotoxin contamination and potential cytotoxic effects using
EAhy926 endothelial cells. Viability of the cells was tested after
4 hours and 24 hours of incubation with the NPs. No decrease in
viability was observed for any of the NPs, as evaluated by
formazan bioreduction (see Table 3). In addition, most of the
samples showed less than 0.6 EU of endotoxin measured by LAL
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Figure 3. Concentration of peptide 5A in brain homogenate after intravenous injection of nanoparticles. Animals were sacrificed at different time points after
injection and the concentration of peptide SA in brain homogenate was measured by ELISA. All nanoparticles contained the reporter peptide SA, and were either
coated with targeting peptides 151 and NBO3B, or not. Data are shown as the mean + S.E.M. peptide SA concentration of 3 animals.

assay. The PAA NPs and in some cases poly(glycidol) nanogels
tested at more than 1 EU (see Table 3). In the case of nanogels,
these contaminations resulted from contaminated water during
nanogel purification and these samples were not used for in vivo
studies. Cell morphology was not affected by the NPs (data not
shown).

Additionally, the hemocompatibility of these NPs was
evaluated in vitro using human blood (Table 3). Several
toxicological reactions potentially occur when NPs are diluted
in the blood stream, in particular: Embolisation, hemolysis,
cellular activation, but also biological cascades such as
coagulation, complement activation, kinin/kininogen, fibrinoly-
sis. Moreover, if one wants to target nanoparticles, the first
barrier that the material will encounter is the blood itself and the

Reticulo-Endothelial System (RES). All of the NPs tested
showed good hemocompatibility without any severe adverse
reactions.

Uptake of NPs in vitro by human brain endothelial cells

The uptake of NPs with and without targeting peptides 151
and NBO3B in the human cerebral microvascular endothelial cell
line hCMEC/D3 was studied. Four different NP compositions
were used, containing the reporter peptide SA (Figure 1 4-J) or
Rhodamine (Figure 1 K-L) as a label. Uptake of NPs was
observed in all conditions studied for liposomes (A-C),
acrylamide (D-F), BH40-polyester (G-H) and PAA (I-J) NPs.
In contrast, uptake of poly(glycidol) nanogels was seen only
when the nanogels contained a targeting peptide (K-M).
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Figure 4. Concentration of peptide SA in liver homogenate after intravenous injection of nanoparticles. Animals were sacrificed at different time points after
injection and the concentration of peptide SA in liver homogenate was measured by ELISA. All nanoparticles contained the reporter peptide SA, and were either
coated with targeting peptides 151 and NB0O3B or not. The combination of Liposomes with NBO3B was not measured at 1440 minutes (A). Data are shown as the

mean + S.E.M. peptide 5A concentration of 3 animals.

Plasma concentrations of intravenously injected NPs

The aim of the next experiment was to determine the time
that the NPs remained in circulation and whether this was
affected by the presence of a targeting peptide. For this
purpose we intravenously injected NPs (Table 2) in Wistar
rats, collected repeated blood plasma samples and measured
peptide SA concentration by ELISA. For the majority of the
NPs injected, we were able to detect the attached peptide SA in
plasma (Figure 2, A-C and Figure S1). In Figure 2, 4, we show
that the peptide 5A attached to liposomes was detected up to
24 hours after injection. In contrast, peptide SA attached to
acrylamide, BH40-Polyester, PAA NPs and poly(glycidol)

nanogels was only detected up to 2 hours. When 151 or
NBO3B targeting peptides were anchored to liposomes, a
reduction of peptide SA plasma concentration by 36 and 64%,
respectively, 30 minutes after injection was observed (Figure
2, A). The 64% reduction in plasma concentration observed
with NBO3B liposomes suggests faster elimination from the
circulation in the presence of this peptide, possibly due to
increased uptake.

In contrast, no clear effect of the targeting peptides on peptide
5A concentration was observed when acrylamide (Figure 2, B)
hyperbranched polyester (Figure 2, C), and poly(amidoamine)
(Figure S1, 4) NPs as well as poly(glycidol) nanogels (Figure
S1, B) were used.
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Figure 5. Concentration of peptide SA in CSF after intravenous injection of nanoparticles. Animals were sacrificed at different time points after injection and the
concentration of peptide SA in CSF was measured by ELISA. All nanoparticles contained the reporter peptide SA, and were coated with or without targeting
peptides 151 and NBO3B. The presence of targeting peptides on the nanoparticles did not result in increased peptide SA concentration in the CSF (A-C). A
higher concentration of peptide SA was observed 15 minutes after injection PAA-15I nanoparticles compared to PAA nanoparticles without 151 targeting
peptide (D). Data are shown as the mean = S.E.M. peptide SA concentration of 3 animals.

Detection of NPs in the brain, liver and CSF

To determine whether the NP compositions listed in Table 2
reached the brain, ELISA and immunohistochemistry methods
were used to detect peptide SA in brain tissue from intravenously
injected animals. To avoid contamination of brain tissue samples
with blood from the brain vasculature, the animals were
transcardially perfused before removal of the brain at the time
of sacrifice. Peptide SA was detected in brain homogenates by
ELISA (Figure 3), although the amount of peptide was below
10 ng per gram of tissue for all NP-peptide combinations.
Interestingly, when the targeting peptide 151 or NBO3B were
anchored to liposomes, the concentration of peptide SA in the
brain increased over time (Figure 3, 4). Addition of targeting
peptides to acrylamide NPs did not result in a difference in peptide
SA concentrations in the brain compared to non-targeted NPs
(Figure 3, B). For BH40-Polyester NPs, lower peptide SA
concentrations with 151 were observed at 2 hours (p < 0.05),
4 hours (p < 0.01) and 24 hours (p < 0.05). The same pattern was
observed with poly(glycidol) nanogels containing NB03B target-
ing peptide (Figure 3, E), suggesting that the co-presence of the
targeting and reporter peptides result in a reduced brain uptake. No
difference in peptide SA concentration was observed between
PAA NPs with and without 151 targeting peptide (Figure 5, D).

Because of the role of the liver in the clearance of NPs,
peptide 5A concentration was also determined in liver

homogenates of the same animals (Figure 4). The highest
concentrations of peptide SA were detected in animals injected
with liposomes (Figure 4, A) compared to the other NP
compositions (Figure 4, B-E) where the concentrations detected
were significantly lower. Compared to non-targeted liposomes,
we observed an increase over time of 15I-liposomes, with the
highest concentration after 24 hours (p < 0.05). The addition
of NBO3B targeting peptide to acrylamide NPs resulted in
higher uptake of these NPs by the liver at 15 minutes
(» <0.01), 2 hours (p < 0.05) and 4 hours (p < 0.01) (Figure
4, B). No statistically significant differences in liver uptake
were observed between non-targeted and targeted BH40-Po-
lyester and PAA NPs and also poly(glycidol) nanogels.
Furthermore, BH40-Polyster NP and poly(glycidol) nanogel
accumulation in the liver was low, as expected, due to their
hydrophilic nature.

In parallel to the brain homogenate measurements, we studied
whether NPs were present in CSF collected from the same
animals described above. Peptide SA was detected in the CSF of
liposome-injected animals up to 24 hours after injection (Figure
5, 4). Moreover, with the concentration of peptide 5A in CSF
(Figure 5, A-D) tended to show the same pattern as in brain
homogenate (Figure 3).

Immunohistochemical analysis of unperfused brain and liver
tissue obtained from rats injected with peptide SA/NBO3B
loaded liposomes revealed the presence of peptide SA in the
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Figure 6. Immunohistochemical detection of peptide 5A in brain (A-C) and liver (D-F) tissue sections injected with liposomes containing peptides 5A and
NBO3B. Peptide SA was detected with a monoclonal antibody against FITC in brain tissue sections of animals sacrificed without transcardial perfusion
15 minutes (A), 2 hours (B) and 24 hours (C) after injection. 3 animals per time point were analyzed and representative images are shown. Brain and liver
photomicrographs from the same animal are shown on each row. Scale bar is 200 pm.

choroid plexus and surrounding blood vessel-like structures
(Figures 6 and 7). The strongest staining in the brain was
observed 15 minutes after injection (Figure 6, 4), compared to
weaker staining 2 hours after injection (Figure 6, B) and almost
undetectable levels 24 hours after injection (Figure 6, C). Liver
tissue from the same animals showed a similar pattern over time
(Figure 6, D-F). In contrast, peptide SA was undetectable by
immunohistochemistry in the brains of animals that were
transcardially perfused after injection with peptide SA/NB0O3B
loaded liposomes (data not shown).

Discussion

The aim of this study was the development of NPs
functionalized with targeting peptides for specific brain delivery.
We report the synthesis of different types of NPs (liposomes,
hyperbranched polyester, poly(glycidol) and acrylamide based)

conjugated to targeting peptides. Important NP design consid-
erations were their ability to carry peptide/protein cargo and their
biodegradable nature. The NPs were labeled with a reporter
peptide containing biotin and fluorescein (peptide SA), and with
different peptides containing targeting properties based on the
angiopep sequence (peptide 15I) and a novel peptide based on a
Semliki forest virus (SFV) protein (NB0O3B). Angiopep peptides
are derived from the Kunitz domain of aprotinin and have been
proposed as a suitable brain delivery system by utilizing receptor
mediated transcytosis via the low-density lipoprotein receptor-
related protein at the BBB [45]. The SFV is a neuroinvasive virus
that is thought to cross the BBB [46]. We used a peptide based on
a SFV protein with the potential to bind and cross brain
endothelial cells. Since the safety of nanomaterials is an
important consideration [47,48], initially all NPs were screened
for in vitro cytotoxicity and hemocompatibility, and subsequent-
ly only the NPs that did not show significant adverse effects were
used for in vivo studies. In line with the in vitro toxicity and
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Figure 7. Fluorescence immunohistochemistry of FITC labeled reporter
peptide 5A in brain tissue. A 10 pm brain section of an unperfused 2 month
old Wistar rats 15 minutes after injection with peptide 5A liposomes
containing NBO3B targeting peptide was stained for FITC and GFAP. Green
channel: FITC labeled peptide 5A; Red channel: Astrocyte marker GFAP;
Blue channel: Nucleus (Hoechst). Scale bar is 50 pm.

hemocompatibility experiments, none of the injected NP
formulations showed any signs of acute toxicity or other adverse
effects in vivo.

Additionally we evaluated the selective uptake of NP
compositions by brain endothelial cells (ECs). The representa-
tive images in Figure 1 indicate that the NP can be internalized
by brain ECs and that as a consequence a transcytosis of the NPs
across the cells may be possible. However, the fact that NPs
without targeting peptides showed uptake indicates that they
might not be internalized by a receptor-mediated pathway,
except for the poly(glycidol) based nanogels, which show in
vitro uptake only when the nanogels contained either the
targeting peptide. It is important to mention that we determined
the total amount of peptide attached to the mix of NPs for each
formulation, but, the distribution, number of peptides and the
accessibility of the peptide per single NP was not determined.
Since it is known that physico-chemical properties of NPs are
also responsible for cell-nanoparticle interactions, the uptake of
those in brain endothelial cells in vitro may be explained. As
shown by Kasper et al. and Freese et al. [49,50], the uptake of
silica and polymer-modified gold NPs of different sizes was
mediated by a clathrin- and caveolin-1 independent pathway as
described by Glebov et al. [51] which demonstrates that binding
to a specific receptor is not essential for nanoparticle uptake. We
have to take into account that the semi-quantitative analysis of
the in vitro uptake images might not have been sensitive enough
to observe small differences which could account for the detected
accumulation in the brain.

The effect of targeting peptides on the blood clearance rate
and biodistribution of the NPs was studied after intravenous

injection in Wistar rats. After analyzing brain homogenates, no
preferential uptake of the NPs in brain tissue could be detected.
Thus the in vivo experiments are in accordance with the results
shown in the in vitro studies. In line with these results, a recent
study showed no increase in brain uptake of the enzyme
arylsulfatase A when conjugated to angiopep [52]. In contrast, it
has been shown that conjugating angiopep-2 to neurotensin
results in a ten-fold increase in brain uptake [53], and it has been
reported that angiopep increases uptake of lipid based NPs
2.4-fold in vitro [54].

A fraction of the NPs did reach the brain as confirmed by the
ELISA results showing low accumulation of NPs in brain
homogenates and CSF. In addition, we detected the fluorescent
label on liposomes in the brain of unperfused animals by
immunofluorescence microscopy. In contrast, perfusing the
brain after injection of liposomes resulted in markedly decreased
immunofluorescent signal, limited to the choroid plexus.

Liver homogenate concentrations of acrylamide, BH40-po-
lyester, PAA and poly(glycidol) were similar to those found in
brain homogenates while a larger fraction of the injected dose of
liposomes was found in the liver. This indicates that the liver
only plays a significant role in NP clearance for liposomes.

The low amounts of NPs detected in the brain could be
explained by the following factors: i) the combinations of NPs
and targeting peptides did not show sufficient specificity for
brain endothelial cells as shown in our in vitro experiments; ii)
the low stability of the nanoparticle-peptide complex in vivo e.g.
due to enzymatic degradation of the targeting peptide and/or
reporter label [55].

Interestingly, the anchoring of targeting peptides to liposomes
resulted in altered blood plasma levels, with increased clearance
from the circulation.

In this study, various formulations with different physico-
chemical properties were evaluated. The obtained results further
strengthen the concept that structural and physicochemical
characteristics of NPs define their cellular uptake and biodis-
tribution. Therefore, the successful uptake cannot be attributed
only to the presence of the targeting ligand but also to the nature
of the NPs. It is also important to note that localization and
accessibility of the targeting peptides in NPs might also play a
role in the efficacy of the targeting. In conclusion, in order to
improve brain targeting of NPs, it is essential that the
combination of physical characteristics of the NPs and the
targeting peptides confer high specificity for brain endothelial
cells versus other endothelial cells in different organs.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2016.11.009.
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