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Chapter 6

Abstract

The delivery of medicines into the brain for the treatment of brain-related dis-
eases is hampered by the presence of the blood-brain barrier (BBB). Drug nano-
carriers decorated with targeting ligands that bind BBB receptors, may accumu-
late efficiently at brain microvascular endothelium and hence represent a prom-
ising tool for brain drug delivery. However, next to accumulation at the brain
endothelium, successful therapy may require nanocarriers to reach the brain par-
enchyma, i.e their transendothelial transport. This is specifically true for nano-
carriers that encapsulate macromolecular drugs, such as peptides, proteins, and
nucleic acids, that cannot cross the endothelial cells by passive leakage.
Here, we demonstrate that the (glycosphingolipid) GM1-binding peptide “G23”
targets a transcytotic pathway in human brain capillary endothelial cells and me-
diates efficient transport of polymersomes across the blood-brain barrier, as re-
vealed both in an endothelial model in vitro and in vivo. This is the first evidence
for transport of intact peptide-targeted drug delivery vehicles across the BBB into
brain parenchyma.
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Introduction

High throughput in vitro screenings of large libraries of synthetic compounds
have yielded huge numbers of potential therapeutics for the treatment of brain-
related diseases. However, the newly discovered compounds often lack the
physicochemical characteristics, i.e., small size, high lipophilicity, for passive di-
fussion into the brain following systemic administration. To obtain activity at the
target site, invasive and non-invasive strategies for drug delivery into the brain
have been developed. Invasive, surgical strategies, involve the administration
of the drug directly into the brain via intracerebroventricular and intracerebral
injections [1], [2], [3]. One of the pitfalls of this approach is that drugs that are
administered in this way show only a limited penetration into the brain from
the site of injection. Noninvasive strategies include the transient opening of the
blood-brain barrier (BBB) by hypertonic solutions allowing free diffusion of the
drug into the brain [4] and transport via endogenous BBB transport mechanisms,
including carrier-mediated transport and receptor-mediated transport [5]. Drug
delivery to the brain via an endogenous BBB transport mechanism allows for
drug penetration into the complete brain, but clearly requires reformulation of
the drug so that it can be recognized by such a transport mechanism. L-DOPA,
a small therapeutic molecule for the treatment of Parkinson’s disease, can
be transported via carrier-mediated transport, by the type 1 neutral amino
acid transporter at the blood-brain barrier [6], [7]. On the other hand, large
therapeutics, such as peptides and proteins, can be modified to be transported
via receptor-mediated transport. To induce receptor-mediated transport, thera-
peutics are usually fused with a drug delivery vector, typically a peptide or an
antibody, that recognizes a receptor on the BBB. Monoclonal antibodies against
the transferrin and insulin receptor, OX26 and 83-14, respectively, have been suc-
cessfully employed in animal models to deliver large therapeutics across the BBB
[8]. In addition, instead of direct fusion of the therapeutic to the antibody, the
drug can be loaded into a nanocarrier that is decorated with targeting antibodies
[9]. Thus the drug is shielded from its environment, increasing its biological and
chemical stability [10], [11], [12], [13], [14]. Moreover, drug encapsulation within
nanocarriers enhances the drug concentration at the target site, and alters the
drug biodistribution thereby reducing the uptake in non-target tissues [15], [16],
[17].
In previous work, a GM1-targeting peptide was identified that - when coupled
to nanocarriers (polymersomes) - induced their transcytosis across the BBB in
vitro, and mediated their accumulation in the brain in vivo. Here, the transcytotic
capacity of GM1-targeted polymersomes is confirmed in vivo in brain, following
intracarotid artery injection in mice. In addition, the involvement of a vesicular
transport mechanism in the passage of GM1-targeted polymersomes across brain
endothelial cells is shown.
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Materials and Methods

hCMEC/D3 cell culture

Human cerebral microvessel endothelial hCMEC/D3 cells were maintained in
25 cm2 flasks precoated with 100 µg/ml rat tail collagen type-I (BD Biosciences,
Franklin Lakes, NJ) in endothelial basal medium-2 (EBM-2; Lonza Group, Basel,
Switzerland), supplemented with EGM-2-MV bullet kit (Lonza) containing
vascular endothelial growth factor, R3-insulin-like growth factor-1, human
epidermal growth factor, human fibroblast growth factor-basic, hydrocortisone,
and 2.5 % fetal bovine serum and 100 µg/ml penicillin/streptomycin. For dif-
ferentiation of the cells EBM-2 basal medium was supplemented with 1 µmol/l
dexamethasone (Sigma Aldrich) and 1 ng/ml bFGF (Invitrogen, Carlsbad, CA).
Cells were maintained at 37 ◦C under an atmosphere of 5% CO2.

Formation of peptide-targeted polymersomes

The preparation and characterization of polymersomes can be found in the Ap-
pendix.

Inhibition studies

For blocking experiments the ganglioside antibodies (Seikagaku Corp., Japan)
and CTxB-biotin (Sigma, St. Louis MO) were diluted in EBM-2. Anti-GD1a 10
µg/ml, anti-GD1b 10 µg/ml, anti-GT1b 40 µg/ml, and the cholera toxin b sub-
unit (CTxB-biotin) 20 µg/ml, were incubated with monolayers of hCMEC/D3
cells for 30 min at 10 ◦C. Subsequently, an equal volume of G23-polymersomes
(80 µg/ml) was added and the cells were incubated for an additional 30 min at 10
◦C. After extensive washing of the apical compartment, prewarmed serum-free
medium EBM-2 was added and the inserts were incubated at 37 ◦C overnight.
The fluorescence in the combined washing fraction and the three compartments
was assessed as mentioned in Chapter 5 under Transcytosis assay.

Immunofluorescence detection of gangliosides

2 × 105 hCMEC/D3 cells were seeded onto glass coverslips, precoated with 100
µg/ml collagen type I, and maintained in differentiation medium. The medium
was refreshed at confluent state and the experiments were performed on the next
day.
To detect cell surface exposed glycosphingolipids, live cells were incubated
with primary and secondary antibodies in 1 % BSA (PBS) for 40 and 20 min,
respectively, at 10 ◦C. Cells were fixed with 2.4 % paraformaldehyde in the
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presence of DAPI and mounted.
To saturate plasma membrane receptors and mark intracellular compartments
1 µg/ml CTxB – Alexa Fluor 555 (Invitrogen, Carlsbad, CA) [18] or 50 µg/ml
LDL-DiI (Invitrogen, Carlsbad, CA), diluted in EBM-2, were added to the
endothelial cells, for 30 min at 10 ◦C. The medium was aspirated and 40 µg/ml
of G23-polymersomes were added for an additional 30 min at 10 ◦C. The cells
were washed three times with cold PBS++, after which prewarmed serum-free
EBM-2 medium was added. After 1 hour and 4 hours of incubation at 37 ◦C,
the cells were fixed with 2.4 % paraformaldehyde (0.1 mol/l sodium cacodylate,
0.1 mol/l sucrose). Samples, containing LDL-DiI were immunolabeled with
primary mouse monoclonal anti-LAMP1 H4A3 (Developmental hybridoma
bank, University of Iova) at 4 ◦C for 72 hours and secondary Cy5 – conjugated
antibody (Jackson ImmunoResearch, UK) for 1 hour at room temperature.
The coverslips were mounted onto microscopic slides with Faramount aqueous
mounting medium (Dako). Images were acquired with confocal microscope
[Leica TCS SP2 (AOBS)], 63× oil objective, NA=1.4. Further processing was with
ImageJ software (NIH, http://rsb.info.nih.gov/ij). After background correction,
the colocalization analysis was performed according to the auto-tresholding
method described in [19]. The colocalization data are presented as percentage of
colocalizing pixels, between particles and the protein of interest, divided by the
total number of particles pixels.

Dot blot analysis of G23-polymersome binding to brain ganglios-
ides

Binding properties of G23-polymersomes to gangliosides was determined in a
dot blot assay as described by [20] with minor modifications. 10 µl of a 0.5 µmol/l
solution of GM1, and 5 µl of a 1 µmol/l solution of GM2, GM3, GD3, GD1a,
GD1b and GT1b gangliosides (Alexis Corporation, Läufelfingen, Switzerland)
were spotted onto an immobulon-FL (PVDF) membrane (Millipore Corporation,
Billerica, MA). The membrane was incubated with radiolabeled G23-polymer-
somes diluted 200 times in phosphate-buffered saline (Invitrogen, Paisley, UK)
containing 1 % bovine serum albumin (Sigma-Aldrich, St. Louis, MO) over 3
hours. Upon extensive washing the membrane was air dried, covered with a
multipurpose Cyclone phosphor imaging screen (PerkinElmer, Downers Grove,
IL, USA), and placed in an x-ray film cassette overnight at room temperature.
The screen was subsequently analyzed using a PerkinElmer Cyclone Storage
Phosphor System (Downers Grove, IL, USA). The positions of gangliosides
were visualized on the membrane by spraying with Ehrlich’s reagent (20 ml
of 37 % hydrochloric acid added to 0.6 g of 4-(dimethylamino)-benzaldehyde
(Sigma-Aldrich, Steinheim, Germany) solubilized in 80 ml ethanol), and heating
at 120 ◦C for 10 min [21].
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Electron microscopy

Ultrastructural information on the intracellular distribution of G23-polymer-
some, contrasted with Gd-DTPA, and LDL-DiI photoconverted DAB, was
obtained with electron microscopy. 1 × 106 hCMEC/D3 cells were cultured
onto 35 mm glass-bottom dishes (MatTek Corporation, Ashland, MA) precoated
with 100 µg/ml collagen type I, and grown till confluency in differentiation
medium. The cells were simultaneously incubated for 1 hour at 10 ◦C with 100
µg/ml LDL-DiI (Invitrogen, Carlsbad, CA) and 40 µg/ml of G23-polymersomes,
loaded with Gd-DTPA, diluted in EBM-2. After three times wash with cold
PBS++, the LDLs and the G23-particles were chased in prewarmed serum-free
EBM-2 medium for 1 hour and 4 hours. Control samples contain LDL-DiI and
G23-polymersomes (not photoconverted) solely or none. All further steps were
performed on ice. The cells were fixed in fixing solution (2.5 % paraformalde-
hyde, 0.5 % glutaraldehyde in 0.1 mol/l sodium cacodylate) for 10 min. The
samples were washed five times with 0.1 mol/l sodium cacodylate, blocked for
30 min in blocking buffer (50 mmol/l glycine, 5 mmol/l KCN, 0.3 % H2O2 in 0.1
mol/l sodium cacodylate), and the blocking buffer refreshed once more. Freshly
prepared, filtered and chilled DAB solution (6 mmol/l diaminobenzidine in
blocking buffer) was added to the cells. Target areas, with O2 needle supply, sub-
merged into the solution, were illuminated with Till iMic fluorescent microscope
(TILL Photonics, Munich, Germany) with Zeiss Fluar 20×/0,75 dry objective
at wavelength 550.9 nm. The illumination was terminated when deposits were
visible. Not reacted DAB was removed with 0.1 mol/l sodium cacodylate,
samples postfixed with 2 % glutaraldehyde in 0.1 mol/l sodium cacodylate
for 15 min, stained with 1 % OsO4 for 30 min in 0.1 mol/l sodium cacodylate,
dehydrated with ethanol in increasing concentrations and embedded in EPON.
The ultrathin sections were contrasted with 2 % uranyl acetate in methanol and
examined with Philips CM 100 electron microscope (Philips, Eindhoven, The
Netherlands).

Intracarotid artery injection of G23-polymersomes in mice

Male 20 - 25 g male BALB/c mice were obtained from Harlan (Horst, The
Netherland). The mice were kept in standard macrolon cages (26.2×42×15 cm)
under controlled conditions (23 ± 1 ◦C , 12-h light, 12-h dark cycle, pellets (Arie
Blok, Woerden, The Netherlands) and water ad libidum). All experiments were
approved by the Animal Ethics Committee of the University of Groningen, The
Netherlands and performed by licensed investigators in accordance with the
Law on Animal Experiments of The Netherlands.

Mice were anesthetized by isoflurane/oxygen. The neck was shaved and the
mouse was placed under dissecting microscope. The neck was prepared for
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surgery with chlorhexidine and the skin was cut by a mediolateral incision. The
muscles were separated to expose the right common carotid artery, which is then
separated from the vagal nerve. The proximal end of the common carotid artery
was clamped with a micro clamp. The tip of 29 G needle connected to a 0.3 ml
syringe was inserted into the carotid artery. The polymersomes were injected
over 15 - 20 s (< 0.01 ml/s) in order not to open the blood-brain barrier [22].
Upon polymersome administration the needle was retracted the puncture hole
was closed by suture and covered with collagen to eliminate any leakage. The
micro clamp was removed to establish the blood flow. The skin was closed with
5-0 sutures. At the end of the procedure, 0.1 mg/kg buprenorfine (Temgesic)
was injected subcutaneously for postoperative pain relief. The animal was kept
warm during recovery. The surgical procedure took 15 min/animal. Rhodamine
labeled G23-polymersomes and non-targeted polymersomes were injected in 3
animals each.

24 hours after polymersomes administration the mice were sacrificed by carbon
dioxide asphyxiation, the brains were isolated, snap frozen in liquid nitrogen
and stored at -80 ◦C until further processing. 8 and 10 µm sections were made on
a Leica CM 3050 cryostat microtome and mounted onto polylysine microscopic
slides (ThermoScientific, Waltham, MA). The sections were air dried for 1 hour
at room temperature and fixed for 15 min at -20 ◦C in acetone. After blocking
with 10 % goat serum in PBS for 1 hour at room temperature, the sections
were incubated with an antibody against PECAM-1 (CD31) (MEC 13.3, BD
Biosciences) overnight at 4 ◦C. Alexa Fluor 633 conjugated secondary antibody
(Invitrogen Carlsbad, CA) was applied for 2 hours at room temperature, together
with DAPI. Samples were analyzed with confocal microscope (BME Leica SP2)
and TissueFaxs fluorescent microscope (TissueGnostics, Vienna, Austria).

Results

Transcytosis of G23-polymersomes across the BBB in vitro

In previous work, the transcytotic capacity and the brain-targeting potential of
G23-polymersomes were shown in an in vitro BBB model and in vivo following in-
travenous injection in mice, respectively (Chapter 5). To better determine the spe-
cificity of G23-mediated transport the kinetics of transcytosis of the G23-polymer-
somes across hCMEC/D3 cells was measured. As shown in Fig. 1a, a typical sat-
uration kinetics was obtained, supporting the involvement of an active, receptor-
mediated transport pathway. Moreover, a scrambled version of the G23-peptide
(scrambled G23) was prepared and its ability in mediating transcytotic transport
of polymersomes was compared to that of “native” G23 and non-targeted poly-
mersomes. As illustrated in Fig. 1b, significant difference in transcytosis across
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the in vitro hCMEC/D3 BBB model was observed between G23-polymersomes
and scrambled G23-polymersomes, further underlining the specificity of G23. A
final piece of evidence in support of G23-specificity was obtained by modulation
of the ligand density. Thus lowering the incorporation of G23 on the polymer-
somes from 10 mol % to 5 mol % leads to a two-fold reduction in transcytosis
(Fig. 1c). Together, these data strongly support the view that the G23 peptide,
when coated on the surface of polymersomes displays a specific capacity in me-
diating their transcytotic transport across polarized hCMEC/D3 cells, i.e., an in
vitro BBB model. Although the G23 peptide was specifically selected for bind-
ing to GM1, by phage display against GM1-coated surfaces, we next examined
whether this specificity also holds for the G23-coated polymersomes when inter-
acting with the cell surface.

Figure 1: Transcytosis of G23-functionalized polymersomes across endothelial
hCMEC/D3 cells. (a) hCMEC/D3 cells cultured on transwell filters were incubated
with G23-polymersomes for 24 hours. The amount of fluorescently-labeled polymersomes
at the abluminal side (BL - basal compartment) was quantified at 2, 4, 6, 8, 18, and 24
h using fluorometry, to assess the kinetics of G23-polymersome transcytosis across the
in vitro BBB. (b) Transcytosis of polymersomes decorated with scrambled G23 peptide
or (c) reduced number of surface exposed G23 is significantly lower than transcytosis of
G23-polymersomes. Error bars represent s.e.m. *, P < 0.05.
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Gangliosides GM1 and GT1b, present on the surface of
hCMEC/D3 cells, are putative receptors for the G23-peptide

To verify the identity of the cell surface receptor(s) for G23-coated polymersomes
on the hCMEC/D3 cells, competition experiments were carried out using cholera
toxin B (CTxB), which is a natural ligand for ganglioside GM1. Thus, hCMEC/D3
cells were incubated with CTxB (30 min, 10 ◦C) prior to the addition of G23-poly-
mersomes (30 min at 10 ◦C), followed by a wash to remove unbound polymer-
somes and a subsequent incubation for 18 hours at 37 ◦C. Although, a decrease
in polymersome binding, internalization and transcytosis would be anticipated,
neither cell-association nor transcytosis of G23-polymersomes were significantly
affected at these conditions (Fig. 2a, b).

Figure 2: Effect of CTxB on the uptake and the transcytosis of G23-polymersomes.
(a) Cellular association of G23-polymersomes in the absence (left) and presence (right)
of cholera toxin B. hCMEC/D3 cells were pretreated with CTxB-biotin (10 µg/ml) for
30 min at 10 ◦C. G23-polymersomes were added (40 µg/ml) and cells incubated for an
additional 30 min at 10 ◦C. After removal of unbound polymersomes by washing, the
fraction of bound polymersomes was determined. (b) Alternatively, cells were incubated
for an additional 18 hours (37 ◦C) and transcytosis was determined. The transcytosis of
G23-polymersomes is set to 100 %. (c) Colocalization between G23-polymersomes (green)
and CTB (red) following a 60 min incubation with hCMEC/D3 cells. Quantification of
the colocalization events in 5 images, with approx 10 cells each, of 3 samples gives on
average 41.1 ± 3.0 % of colocalization. (d) Confluent monolayer of hCMEC/D3 cells,
corresponding to the same field acquired in (c). Scale bars, 20 µm.

However, following a 60 min chase rather than an incubation for 18 hours at 37
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◦C after initial binding of CTxB (30 min, 10 ◦C), subsequent addition of G23-
polymersomes (30 min, 10 ◦C) and a wash to remove non-bound polymersomes,
41.11±2.97 % of the polymersomes colocalized with CTxB intracellularly (Fig. 2c).
This suggests that either G23-polymersomes and CTxB bind to different epitopes
on the same receptor, allowing for their co-internalization, or that they interact
with different receptors of which the uptake and processing pathways merge at
some point in the cell. Notably, binding of CTxB to receptors other than GM1
has been described [23]. Alternatively, we considered the possibility that the gan-
gliosides GD1a, GD1b, and GT1b may also function as receptors for G23-poly-
mersomes. These lipids are structurally most closely related to GM1 in that they
contain, next to the same carbohydrate head group core structure as in GM1, one
(GD1a and 1b) or two (GT1b) additional (acidic) sialic acid residues (Fig. 3). We
first examined whether GD1a, GD1b, and GT1b are expressed on the surface of
hCMEC/D3 cells. Using a set of specific antibodies against individual gangli-
osides, immunoanalysis (Fig. 4a) reveals the presence of GD1a and GT1b, but
not GD1b at the cell surface of hCMEC/D3 cells. GD1a was primarily visible
at cell-cell contact sites, as reflected by the enhanced fluorescence intensity in re-
gions between neighboring cells in the D3 monolayer, while GT1b showed a more
homogeneous dotted-like distribution at the plasma membrane. Subsequently,
we investigated in vitro whether the G23-polymersomes displayed binding ca-
pacity towards GD1a and GT1b. Other related and unrelated gangliosides were
included as controls.

Figure 3: Structure of GM1 and the structurally related gangliosides GD1a, GD1b,
and GT1b. Sialic acid groups are indicated in red.
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Figure 4: Interaction of G23-polymersomes with isolated gangliosides and
ganglioside-containing membranes. (a) Cell surface exposure of the gangliosides
GD1a, GD1b, and GT1b was determined in hCMEC/D3 cells. D3 cells were incub-
ated with primary antibodies against gangliosides, fixed and incubated with secondary
antibody without permeabilization. (b) G23-polymersomes bind to GM1 and GT1b, as re-
vealed from a dot blot of gangliosides incubated with radioactively-labeled polymersomes.
Left: dot blot treated with Ehrlich’s reagent to visualize the position of the gangliosides;
right: visualization of G23-polymersome binding by phosphor imaging. Black circles
indicate positive spots for G23-polymersome binding. (c) Colocalization of G23-polymer-
somes with gangliosides GD1a (left) and GT1b (right) at the cell surface of hCMEC/D3
cells. (d) Quantification of the extent of colocalization of G23-polymersomes with gangli-
osides GD1a and GT1b in D3 cells (n=3, approx. 50 cells were analyzed per experiment).
Scale bars, 20 µm.
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As shown in Fig. 4b, when gangliosides, spotted on a dot blot, were incub-
ated with radioactively-labeled G23-polymersomes, they only bound to GM1 and
GT1b, suggesting that next to GM1, GT1b might also act as a cellular receptor
for the G23 peptide. Accordingly, we then 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
fluorescently-labeled G23-polymersomes. Colocalization of G23-polymersomes
with GT1b was 16.2 ± 6.42 %, while colocalization with GD1a was less than 3
% (Fig. 4c, d). Hence, these data support the notion that both GM1 and GT1b
may function as target sites for G23-polymersomes on the surface of hCMEC/D3
cells, the failure to colocalize with GD1a emphasizing the specificity of this inter-
action. To verify whether binding towards GT1b also leads to transcytosis of the
G23-polymersomes, hCMEC/D3 cells were pretreated with an antibody against
GT1b, prior to addition of the G23-tagged polymersomes. In contrast to the in-
effectiveness of CTxB towards GM1, the GT1b antibody strongly inhibited the
binding of G23-polymersomes to hCMEC/D3 cells (Fig. 5a). Interestingly, as a
result transcytosis of the G23-polymersomes was inhibited by approximately 40
% (Fig. 5b).

Figure 5: Effect of antibody against GT1b on the binding and the transcytosis of
G23-polymersomes. hCMEC/D3 cells were pretreated with anti-GT1b (20 µg/ml) for
30 min at 10 ◦C. G23-polymersomes were added (40 µg/ml) and cells were incubated for
an additional 30 min at 10 ◦C. After extensive washing, cells were (a) fixed or (b) chased
for 18 hours, after which the extent of transcytosis was determined. The transcytosis of
G23-polymersomes is set to 100 %. Scale bars, 20 µm.
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Involvement of transcytosis in the transport of G23-polymer-
somes across hCMEC/D3 monolayers

The data obtained so far support the view that in vitro G23-coupled polymer-
somes, when added at the apical surface, can cross endothelial cells, thereby
reaching the basolateral medium. Circumstantial evidence supports a process
of transcytosis as the most likely mechanism. To obtain more direct evid-
ence for such a pathway, the following experiments were undertaken. LDL
is known to be transcytosed by brain endothelial cells using the multivesicu-
lar body (MVB) pathway, i.e., via a non-degradative LAMP-1-positive vesicu-
lar compartment[24]. We therefore investigated the intracellular processing of
G23-polymersomes in hCMEC/D3 cells, and determined its potential correlation
with the flow of fluorescently labeled LDL, as transcytotic marker. First, the cells
were incubated at 10 ◦C to allow for effective binding of DiI-labeld LDL (30 min)
and FITC-labeled G23-polymersomes (30 min). Subsequently, the temperature
was raised to 37 ◦C and after 1 hour the cells were fixed and immunostained for
LAMP-1. After this time interval, LDL and G23-polymersomes colocalized to a
limited extent of approx. 4.5 ± 0.2 %, while 11.5 ± 4.3 % of the internalized LDL
colocalized with LAMP-1 (Fig. 6a-d, i). However, G23-polymersomes were rarely
found in LAMP-1-positive compartments (Fig. 6a-d, i).
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Figure 6: Localization of G23-polymersomes and DiI-LDL within LAMP-1 com-
partments. hCMEC/D3 cells were incubated with DiI-LDL (50 µg/ml) for 30 min at
10 ◦C, washed and subsequently incubated with G23-polymersomes for 30 min at 10 ◦C.
Then the cells were transferred to 37 ◦C and incubated for 1 hour (a, insets b-d, j) and 4
hours (e, insets f-h, k). G23-polymersomes pseudocolored in green, DiI-LDL in red and
LAMP-1 in blue. (a,d) After a 1 hour incubation period, LDL reached LAMP-1-positive
compartments. (c) G23-polymersomes were found to colocalize with LDL, but (d) rarely
with LAMP-1. (e) After a 4 hours incubation period, both LDL and G23-polymersomes
increasingly colocalized with LAMP-1. (f) G23-polymersomes colocalized with LAMP-
1. (g) Triple colocalization of LDL, G23-polymersomes, and LAMP-1 appears as a white
signal. (h) A LAMP-1 compartment containing LDL and G23-polymersomes. (i) Quan-
tification of colocalization events. Scale bars, (a-h) 20 µm.
For ultrastructural investigation with transmission electron microscopy DAB photocon-
version was applied for the visualization of DiI-LDL and G23-polymersomes were loaded
with Gd-DTPA to provide contrast, as described in Appendix. (j) LDL and G23-polymer-
somes are contained in vesicular structures at t = 1 h. (k, left panel) At t = 4 hours cells
are occupied with many MVB-like structures, that contain G23-polymersomes. (k, right
panel) At t = 4 hours cells with MVBs that contain both G23-polymersomes and LDL
are detected. Arrows indicate G23-polymersomes, arrowheads DiI-LDL. Scale bar, (j) left
panel 2 µm; (j) right panel 1 µm; (k) left panel 5 µm; (k) right panel 1 µm.
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At the ultrastructural level, as visualized by transmission electron microscopy,
DiI-LDL, (contrast-enhanced by DAB precipitation) appeared like electron-
dense membranes in electron-translucent vesicles (Fig. 6j, arrowhead), consist-
ent with observations previously reported[25]. The G23-polymersomes (contrast-
enhanced by loading with Gd-DTPA) were detected in adjacent, but reminiscent
structures, filled with granular material (Fig. 6j, arrows). When similar analyses
were carried out after an incubation period of 4 hours, a significant increase
in LAMP-1-positive compartments was detected (Fig. 6e-h). The fractions of
LDL and G23-polymersomes colocalizing with LAMP-1 (Fig. 6e-h, i) increased
to 26.6 ± 4.4 % and 9.8 ± 1.3 %, respectively. Additionally, the number of G23-
polymersomes colocalizing with LDL increased (6.3 ± 3.0 %). Triple colocaliz-
ation between LAMP-1, LDL and G23-polymersomes was detected, as well as
localization of LDL and G23-polymersomes at opposite sites within the same
LAMP-1 compartment (Fig. 6f, g and h). Electron micrographs of cells obtained
after 4 hours of incubation revealed the presence of G23-polymersomes within
compartments that appeared larger and more heterogeneous in size compared to
the G23-polymersome-containing compartments, seen after 1 hour of incubation
(Fig. 6k and j). Compartments that contained both G23-polymersomes (Fig. 6k,
right panel, arrows) and LDL-DiI, indicated by the presence of electron-dense
membranes (Fig. 6k, right panel, arrowheads), were also detected. Together,
these data show a vesicular transport pathway for G23-polymersomes that at
least partially overlaps with the intracellular processing of LDL. Together with
the integrity of the hCMEC/D3 cellular monolayer upon incubation with G23-
polymersomes and the absence of cellular toxicity (Fig. 7a and b), both exclud-
ing paracellular transport of polymersomes, the data support the involvement of
transcytosis for transport of G23-polymersomes across endothelial cells.

Figure 7: The integrity of the hCMEC/D3 monolayer is not compromised in the
presence of polymersomes. (a) ZO-1 staining pattern in hCMEC/D3 cellular mono-
layers is intact upon incubation with G23-polymersomes. Polymersomes are omitted for
simplicity. Scale bar, 20µm (b) LDH release is similar in untreated hCMEC/D3 cells and
cells incubated with non-targeted or G23-polymersomes.
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The results obtained thus far demonstrate that G23-polymersomes are transpor-
ted across endothelial cells in a specific and highly efficient manner, presumably
relying on transcytosis following an efficient targeting and processing via their
interaction with the gangliosides GT1b and GM1, expressed on the apical surface
of the BBB cell model. To investigate whether this capacity of the G23-polymer-
somes also holds for in vivo processing, thus potentially serving as an efficient
nanocarrier for introducing drugs into the brain, we subsequently analyzed the
fate of the G23-polymersomes after intracarotid artery injection to obtain proof
of principle.

In vivo blood-brain barrier passage of G23-polymersomes

To reveal the potential of G23 to also mediated BBB passage in vivo, rhodamine-
labeled G23-polymersomes and non-targeted polymersomes were administered
by intracarotid artery injection in balb/c mice. The brain distribution of both
rhodamine-labeled polymersomes was then analyzed 24 hours after injection.
As demonstrated in Fig. 6, next to their localization with the endothelial cells
of the blood-brain barrier (Fig. 8a, b - upper panel), substantial amounts of the
G23-polymersomes reached the brain parenchyma (Fig. 8a, b - lower panel, c),
which indicates that they crossed the BBB and penetrated into the brain tis-
sue. In marked contrast, non-targeted polymersomes were found mainly in the
leaky vessels of the forth ventricle (Fig. 8d) and ependymal cells of the aqueduct
(Fig. 8e, f - lower panel), and only occasionally in brain parenchyma (Fig. 8e, f
- upper panel), further emphasizing the potency of G23 to mediate transfer of
nanoparticles across the BBB. The few non-targeted polymersomes that could be
detected in the brain parenchyma were at all times located close to the brain vent-
ricles, which suggests that they passed the blood-CSF barrier, and not the blood-
brain barrier.
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Figure 8: In vivo brain distribution of polymersomes after intracarotid artery in-
jection in mice. BALB/c mice were injected with G23- and non-targeted polymersomes.
24 hours after injection brains were isolated and processed as specified in Methods. (a,
magnification in (b) upper panel) G23-polymersomes are found in microvessels, visual-
ized with CD31 (PECAM), and in (c, magnification in (b) lower panel) brain paren-
chyma. (d) Non-targeted polymersomes are found in the leaky vessels of the forth vent-
ricle, and in (e, magnification in (f) upper panel) in parenchyma, and (magnification in
(f) lower panel) ependymal cells of the aqueduct. Polymersomes are pseudocolored in red,
CD31 in blue, and nuclei in green. Scale bars, 50 µm.

Discussion

Here we show the transcellular trafficking of polymersomes across human brain
endothelial cells as induced by the GM1-binding peptide G23. Our data (binding
studies, colocalization experiments, antibody blocking) suggest that the under-
lying mechanism of transport relies on processing by transcytosis, involving
GM1 and GT1b as receptors for the G23-coupled polymersomes. Although
specifically selected for its binding to GM1, the G23 peptide was previously
shown to effectively remove tetanus toxin C from its ganglioside receptor GT1b,
indicating affinity for this receptor as well [26], which is consistent with the
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present observations. Importantly, our data also imply that the peptide thus
maintains its functionality and effectiveness towards the ganglioside receptors
following its binding to the surface of polymersomes.
The fact that a reduced G23 density on the surface of the polymersomes results
in a diminished level of transcytosis, could be suggestive for the need of receptor
clustering and/or multivalent binding in triggering transcytosis of the nanocar-
riers. Similarly, it was recently demonstrated that through multivalent binding
to cell surface GM1, SV40 virus can induce plasma membrane curvature, thereby
promoting its own internalization via endocytosis[27]. In this manner different
pathogens and pathogenic factors may probably exploit a common mechanism,
i.e., based on glycosphingolipid clustering, to drive bending of the plasma
membrane as an initial step in their cellular internalization by endocytosis.
In light of this intriguing possibility, it will be interesting to investigate the
propensity of the G23-peptide, in relation to its ‘multivalency’ as accomplished
when bound to the surface of nanocarriers, to induce membrane curvature and
the precise connection to a subsequent processing via the transcytotic pathway.
The G23-polymersomes will thus provide unique opportunities to subsequently
investigate their ability to carry encapsulated aqueous contents, including
therapeutic agents, into the brain. For this purpose properties will have to be
conveyed that destabilize the carrier and release contents once the nanocarriers
have reached their destination. The inclusion of exchangeable PEGylated
polymers [28], [29] may be an instrumental tool in accomplishing such an
effect, as the time-dependent release of these may destabilize the integrity of
the polymersomes [30] in a programmable manner, and this work is currently
in progress. In conjunction with options to also decorate the polymersomes
with additional molecular devices [31], [32], [33] to target specific cells within
the brain, the present findings may pave the way for effective drug delivery by
means of nanocarriers into the brain.
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