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The effective treatment of brain-related diseases is severely
hampered by the presence of the blood-brain barrier (BBB),
a polarized layer of endothelial cells that physically separates
blood from brain tissue.l'! Besides being able to cross the
BBB, drugs must display sufficient stability and bioavailabil-
ity.?) Once drugs have reached the brain side, they are
exposed to multidrug resistance receptors on the endothelial
cell surface to rapidly clear them from the brain.”! These
obstacles can be overcome by the application of nanocarriers,
provided that they are effectively targeted to this endothelial
cell layer, and that they subsequently engage in transcytosis
across the BBB, thus leading to their entry into brain tissue.

The best studied nanocarriers for drug delivery over the
BBB are liposomes, which have been decorated® with
antibodies, proteins,”! or peptides® derived from protein-
binding domains.”’ However, all targeted liposomes showed
only a limited association with the BBB in vivo as was shown
by van Rooy et al.”! Only liposomes conjugated to transferrin
antibody RI7217—having a molecular weight of
90 kgmol '—were able to significantly enhance the uptake
by the brain.

A relatively new class of nanocarriers consists of poly-
meric vesicles or polymersomes,® which self-assemble in
aqueous media from amphiphilic block copolymers. They
resemble liposomes in their basic morphology, but have as
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a clear difference a thicker bilayer membrane which can be
100percent PEGylated; PEG = poly(ethylene glycol). This
renders them considerably more stable than liposomes, and
improves the blood circulation ability.”’] Furthermore, the
larger apolar compartment of polymersomes as compared to
liposomes allows a higher loading of hydrophobic drugs. Since
the majority of central nervous system (CNS) drugs is
hydrophobic, there is a large added value in preparing
polymeric carriers for efficient transport over the BBB into
the brain. Until now, only one research group reported
polymersomes for targeted transport over the BBB. In these
studies polymersomes were tagged with transferrin™ or
RI7217M analogous to liposomes. Clearly, to develop effi-
cient nanocarrier systems a broader choice in selective
targeting units and receptors is required. Moreover these
targeting units should still be active when conjugated to the
polymersome surface and preferentially have a low molecular
weight for simple synthesis and conjugation.

Herein we report the design and synthesis of a polymer-
some nanocarrier, tagged with a dodecamer peptide of only
1645 gmol ™', which is able to efficiently cross the BBB, both
in vitro and in vivo. The peptide G23 was identified by means
of phage display with ganglioside GM1 as target. Although
the G23 peptide has previously been reported for binding to
gangliosides,'? it has now been employed for the first time to
promote transport of nanocarriers over the BBB (Figure 1).

The block copolymers for the formation of polymersomes
are depicted in Scheme 1. Details on the synthetic procedures
can be found in the Supporting Information. We chose to
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Figure 1. Polymeric vesicles tagged with a small peptide that recog-
nizes GM1-enriched caveolae which serve as transcytotic entry portal.
These polymersomes are able to efficiently cross the BBB into the
brain parenchyma as shown herein, opening new routes toward
effective treatment of brain-related diseases.
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Scheme 1. Left side: Amphiphilic block copolymers used in this study.
Polymer 1 is the main building block of the polymersomes. Polymer 2
is a maleimide-functionalized analog to couple peptides. Starting from
polymer 3, fluorescein, rhodamine, and DTPA end-functionalized ana-
logs were obtained. Right side: TEM picture of polymersomes formed
from 1, 2, and 4 in a ratio of 8:1:1. The black bar represents 200 nm.

work with amphiphilic block copolymers (1) consisting of
polybutadiene and PEG mainly for two reasons. First of all,
this block copolymer is generally considered to be biocom-
patible, and secondly the low glass-transition temperature of
polybutadiene allows for extrusion—and therefore resizing—
of the polymersomes. This has been shown to be of great
importance for long in vivo circulation.'” Furthermore, PEG
induces stealth behavior of the vesicles and therefore
prevents cell adhesion as well as opsonisation and thereby
recognition by the reticulo endothelial system (RES). To
functionalize the polymersomes with targeting peptides,
maleimide end groups were introduced (2). As a tracing
moiety, either fluorescein (4), rhodamine (5), or diethylene-
triamine pentaacetate (DTPA) (6) was introduced in poly-
mer 3 through isothiocyanate derivatives of the tracer.

Peptides that were known before this study to target the
BBB were limited to the trans-activating transcriptional
activator (Tat) peptide,® opioid-derived peptides,'* and the
bigger RVG-9R peptide,” which all showed limited in vivo
delivery into the brain parenchyma.'™ To identify potentially
more potent peptides, we considered that caveolae, which are
present on the luminal surface of endothelial cells, are well-
known as cellular entry portals for transcytotic transport.!!
Since caveolae are enriched in GM1, we reasoned that this
could be an appropriate target to mediate transport into the
brain. We therefore performed a phage library selection,
using the Ph.D-12 library from BioLabs with immobilized
GMI1 as target.'! After three panning rounds 20 plaques were
selected of which three plaques shared the sequence defined
as G23. We selected the peptides defined as G23 and G88
based on their efficient binding and homogeneous patterning
upon interaction of the phages with human cerebral micro-
vascular endothelial cells (hRCMEC/D3)."®! The selected
peptides were synthesized through standard 9-fluorenylme-
thoxycarbonyl (Fmoc) chemistry with an additional C-termi-
nal cysteine.

Polymersomes were prepared by mixing block copoly-
mers 1, 2, and 4 (8:1:1) for all in vitro studies (Table 1). The
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Table 1: Characteristics of polymersome samples used for in vivo and
in vitro studies.

ID/Peptide®  Sequence® Size [PDI]  Chargel?  Zetal
Nong,,, - 220 (0.11) - ~6.32
G884, NPAGPSPAHIISC 220 (0.11) —0.8 ~14.59
G23,,,, HLNILSTLWKYRC ~ 220 (0.11)  +1.8 ~1.70
SClauer KISHLLNYRTWLC ~ 228 (0.10)  +1.8 283
G23(5%)ne,  HLNILSTLWKYRC 227 (0.12)  +1.8 —3.21
NOMos - 164 (0.10) - —2.64
G234 HLNILSTLWKYRC ~ 165 (0.12)  +1.8 —8.42

[a] The samples contain 10 mol % fluorescently labelled polymer (fluo-

r="fluorescein, rhod =rhodamine), 10% of the surface is covered with

peptides. [b] Peptide sequences with C-terminal cysteine for coupling to
the polymersome surface. [c] Formal charge at pH 7.8. [d] Measured in
water (pH 7.8) with an applied potential of 24 V.

polymeric vesicles were formed through the solvent switch
method, after which they were extruded to an average size of
220 nm with a polydispersity index (PDI) of 0.11. The selected
peptides were coupled through cysteine/maleimide chemistry,
starting from the same batch of maleimide-functionalized
polymersomes. The zeta potentials showed in all cases a clear
change in surface charge after the coupling of peptides
(Table 1). For in vivo experiments polymersomes were pre-
pared with rhodamine as tracer, thus combining polymers 1, 2,
and 5 (8:1:1). The polymersomes were reduced in size to
165 nm, to allow sufficiently long blood circulation to enable
accumulation in the brain vasculature, yet short enough to
prevent false comparison of targeted and nontargeted par-
ticles because of a big difference in blood clearance.!'*")

The transcytosis capacity of targeted and nontargeted
polymersomes was determined in hCMEC/D3 cells, cultured
on transwell filters (Figure 2¢). The hCMEC/D3 cell line is

a good model for the human blood-brain barrier."s"
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Figure 2. a) In vitro transcytosis capacity of polymersomes functional-
ized with the selected peptides. b) Scrambling of the G23 sequence
and lowering the surface functionalization with G23 both resulted in
reduced in vitro transcytosis. c) Schematic overview of the in vitro
hCMEC/D3 cell transwell assay. d) Kinetic plot of in vitro G23-medi-
ated transcytosis of polymersomes.
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Recently this approach has also been used by Ragnaill et al.”"!
to study the transcytosis of SiO, nanoparticles. Fluorescently
labeled polymersomes were added to the apical side of the
polarized endothelial monolayer and incubated for 18 h at
37°C, after which the percentages of the total applied dose in
the apical chamber (AP), basolateral chamber (BA), and
cellular monolayer (FIL) were determined by means of
fluorescence spectroscopy.

As evident from Figure2a, the G23 polymersomes
showed the most prominent transcytotic capacity. Specifically,
(30.8+1.4)% of the G23 polymersomes were recovered at
the basolateral side. This implies on average a more than four-
fold increase in the transcytotic capacity, compared to the
basolateral recovery of nontargeted polymersomes (5.7 +
0.8%), or polymersomes tagged with G88 (6.8 +1.9%). In
addition to a highly efficient appearance in the basolateral
medium, the G23 polymersomes showed an enhanced asso-
ciation with the cells (Figure 2a; G23; FIL). Thus, (5.5+
2.3) % of the added dose remained cell-associated, represent-
ing two—three times as much as the cellular association of the
other polymersome preparations tested. These data empha-
size the specific role of G23 in mediating the observed
transcytotic transport, and exclude potential leakiness of the
cell monolayer, as this should have resulted in a nonspecific
appearance of polymersomes in the basolateral medium. The
specificity of G23-mediated transport was further supported
by determining the kinetics of transcytosis of the G23 poly-
mersomes across hCMEC/D3 cells. As shown in Figure 2d,
typical saturation kinetics were obtained, supporting the
involvement of an active, receptor-mediated pathway, possi-
bly reflecting differences in the kinetics of transcytosis and
recycling of the receptor(s).

To investigate a potential correlation between physico-
chemical properties (e.g. charge and hydrophobicity) and
transcytotic capacity of the peptide, a scrambled version of
the G23 peptide (Scr) polymersomes was prepared and
compared to “native” G23 and nontargeted polymersomes.
As illustrated in Figure 2b a twofold reduction in transcytosis
across the invitro BBB model was observed between
Scr polymersomes and G23-targeted polymersomes. Next,
the peptide density was reduced from 10 to 5 mol %. Low-
ering the incorporation of G23 also led to a twofold reduction
in transcytosis (Figure 2b). Together, these data strongly
support the view that the G23 peptide, when coated on the
surface of polymersomes, displays a specific capacity in
mediating their transport across polarized hCMEC/D3 cells.

Although G23 was specifically selected for GMI1 as its
targeting receptor, the peptide was reported to bind to
a structurally similar ganglioside GT1b!"* and to displace its
natural ligand tetanus toxin C.! Together with this study this
binding behavior clearly indicates that G23 recognizes at least
two gangliosides. We therefore considered that gangliosides
GD1a, GD1b, and/or GT1b, which except for additional sialic
acid residues are structurally closely related to GM1 (see
Figure S1 in the Supporting Information), may also function
as receptors. When GMI, the related gangliosides GDla,
GD1b, and GT1b as well as the unrelated gangliosides GM2,
GM3, and GD3—spotted on a dot blot—were incubated with
radioactively labeled G23 polymersomes, binding only oc-
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curred to GM1 and GT1b. These data thus suggest that next
to GM1, GT1b also might act as a cellular receptor for the
G23-coupled polymersomes. Next, we determined whether
the binding of G23 polymersomes to GT1b also occurs in
a cellular context by establishing the extent of colocalization
between GT1b, as visualized by immunostaining, and fluo-
rescently labeled G23 polymersomes. Colocalization of
G23 polymersomes with GT1b was (16.2+6.4) %, whereas
colocalization with GD1a was less than 3% (see Figure S8 in
the Supporting Information).

To reveal the potential of G23 to also mediate the BBB
passage in vivo, rhodamine-labeled G23 polymersomes and
nontargeted polymersomes were administered by intracarotid
artery injection in BALB/c mice. The brain distribution of
both rhodamine-labeled polymersomes was then analyzed
24 h after injection by preparing thin brain slices as described
in detail in the Supporting Information. The brain micro-
vessels were visualized by staining for the platelet endothelial
cell adhesion molecule (PECAM, CD31), while the nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI). As
demonstrated in Figure 3 nontargeted polymersomes were
absent in the brain parenchyma (left panel), while significant

G23-targeted

Nontargeted

Figure 3. In vivo brain distribution of polymersomes after intracarotid
artery injection in mice. BALB/c mice were injected with G23 and
nontargeted polymersomes. 24 h after injection the brains were
isolated and processed as specified in the Supporting Information. In
contrast to the absence of nontargeted polymersomes in brain
parenchyma (left panel), significant accumulation of G23 polymer-
somes was found (right panel). Polymersomes are pseudocolored in
red, CD31 (brain microvessels) in blue, and nuclei in green. The scale
bars are 50 um.

accumulation was found for G23 polymersomes (right panel).
In depth analysis of all brain slices also revealed accumulation
of G23 polymersomes in the cortex, striatum (forebrain),
midbrain, pons, and cerebellum. In marked contrast, non-
targeted polymersomes were only found in the leaky vessels
of the forth ventricle, ependymal cells of the aqueduct and
only occasionally in brain parenchyma.

In conclusion, we have identified the low-molecular-
weight peptide, G23, which when coupled to polymeric
vesicles, binds to cell-surface-localized gangliosides GM1
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and GT1b. By doing so it is able to mediate the transport of
nanocarriers over the blood-brain barrier both in vitro and
in vivo. The combination of the low-molecular-weight G23
peptide, targeting GM1/GT1b receptors, the robust polymeric
carrier and the efficient in vitro and in vivo transcytosis is
unprecedented and therefore adds new possibilities to the
development of efficient drug nanocarriers for the treatment
of brain and CNS-related diseases.
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