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Abstract 

Due to the aging of the population, the incidence of neurodegenerative diseases, such 

as Parkinson’s and Alzheimer’s, is expected to grow and hence, the demand for 

adequate treatment modalities. However, the delivery of medicines into the brain for 

the treatment of brain-related diseases is hampered by the presence of a tight layer of 

endothelial cells that forms the blood-brain barrier (BBB). Furthermore, most 

conventional drugs lack stability and/or bioavailability. These obstacles can be 

overcome by the application of nanocarriers, in which the therapeutic entity has been 

incorporated, provided that they are effectively targeted to the brain endothelial cell 

layer. Drug nanocarriers decorated with targeting ligands that bind BBB receptors, may 

accumulate efficiently at/in brain microvascular endothelium and hence represent a 

promising tool for brain drug delivery.  

Following the accumulation of drug nanocarriers at the brain vasculature, the drug 

needs to be transported across the brain endothelial cells into the brain. Transport 

across brain endothelial cells can occur via passive diffusion, transport proteins, and 

the vesicular transport pathways of receptor-mediated and adsorptive-mediated 

transcytosis. When a small lipophilic drug is released from its carrier at the brain 

vasculature, it may enter the brain via passive diffusion. On the other hand, the passage 

of intact nanocarriers, which is necessary for the delivery of larger and more 

hydrophilic drugs into brain, may occur via active transport by means of transcytosis.  

In previous work we identified GM1 ganglioside and prion protein as potential 

transcytotic receptors at the BBB. GM1 is a glycosphingolipid that is ubiquitously 

present on the endothelial surface, and capable of acting as the transcytotic receptor for 

cholera toxin B. Likewise, prion protein has been shown to have transcytotic capacity 

at brain endothelial cells. Here we determine the transcytotic potential of polymersome 

nanocarriers functionalized with GM1- and prion-targeting peptides (G23, P50 and 

P9), that were identified by phage display, in an in vitro BBB model. In addition, the 

biodistribution of polymersomes functionalized with either the prion-targeting peptide 

P50 or the GM1-targeting peptide G23, is determined following intravenous injection 

in mice. We show that the prion-targeting peptides do not induce efficient transcytosis 

of polymersomes across the BBB in vitro nor induce accumulation of polymersomes in 

the brain in vivo. In contrast, the G23 peptide is shown to have transcytotic capacity in 

brain endothelial cells in vitro, as well as a brain-targeting potential in vivo, as 

reflected by the accumulation of G23-polymersomes in the brain in vivo at a level 

comparable to that of RI7217-polymersomes, which are targeted towards the 

transferrin receptor. Thus the G23 peptide seems to serve both of the requirements that 
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are needed for efficient brain drug delivery of nanocarriers.  An unexpected finding 

was the efficient accumulation of G23-polymersomes in lung. In conclusion, because 

of its combined brain-targeting and transcytotic capacity, the G23 peptide could be 

useful in the development of targeted nanocarriers for drug delivery into the brain, but 

appears especially attractive for specific drug delivery to the lung.  

 

Keywords: blood-brain barrier, polymersomes, transcytosis, prion, GM1 
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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 and high lipophilicity, for passive accumulation into the 

brain following systemic administration. Moreover, as such the blood-brain barrier 

(BBB) acts as a particularly solid fence that passively and actively precludes access to 

brain tissue. This line of defense is among others provided by tight interactions 

between vascular endothelial cells that constitute the BBB and the presence of 

extrusion machineries within these cells that actively secrete particular penetrating 

compounds. Therefore, sophisticated invasive and non-invasive strategies for drug 

delivery into the brain have been developed to obtain therapeutic activity at the target 

site in vivo. Invasive, surgical strategies include administration of the drug directly into 

the brain via intracerebroventricular and intracerebral injections [1-3]. One of the 

pitfalls of this approach is that drugs that are administered in this way show only 

limited penetration by diffusion across the brain from the site of injection. Noninvasive 

strategies include transvascular delivery via endogenous BBB transport mechanisms, 

including carrier- and receptor-mediated transport [4]. In principle, drug delivery into 

the brain via an endogenous BBB transport mechanism allows for drug penetration into 

the entire brain tissue, but may require reformulation of the drug so that it can be 

recognized by such a transport mechanism. For example, L-DOPA, a small therapeutic 

molecule for the treatment of Parkinson’s disease, can be transported via carrier-

mediated transport, i.e., by the type 1 neutral amino acid transporter at the blood-brain 

barrier [5, 6]. Other therapeutics, on the other hand, may require additional 

modification in order to allow or promote their cellular entry via receptor-mediated 

transport. In such cases, therapeutics are usually fused with a drug delivery vector, 

typically a peptide or an antibody, that recognizes a receptor at the apical surface on the 

endothelial cells of the BBB. Importantly, following endocytic internalization of the 

drug-vector conjugate, subsequent processing should lead to drug transport to the 

opposite basolateral surface where release should occur in order to allow delivery into 

brain tissue. Monoclonal antibodies against the transferrin and insulin receptor, i.e. 

OX26 and 83-14, respectively, that are present on the blood facing apical surface of the 

endothelial cells, have been successfully employed in animal models to deliver 

therapeutics across the BBB [7-10]. Alternatively, instead of direct fusion of the 

therapeutic to the antibody the drug can be loaded into a nanocarrier that is decorated 

with the targeting antibody [11-14]. The nanocarrier will shield the drug from its 

environment and increase its biological and chemical stability [15-19]. Moreover, drug 
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encapsulation within nanocarriers can enhance the drug concentration at the target site, 

and alter the drug biodistribution thereby reducing the uptake in non-targeted tissues. 

Additional pegylation of the nanocarriers may enhance their blood circulation time 

[20], which will allow for efficient accumulation at the target tissue as induced by a 

targeting ligand. 

In previous work, we showed the design of new drug delivery devices, i.e., 

polymersomes, targeted towards the ganglioside GM1 (unpublished). GM1-targeted 

polymersomes were shown to effectively cross the BBB, via the mechanism of 

transcytosis. The main goal of the present work was to evaluate the brain-targeting 

potential of these GM1-targeted polymersomes in vivo by examining the total 

biodistribution following intravenous administration in mice, and comparing it with 

polymersomes targeted to the transferrin receptor, using the monoclocal antibody 

RI7217 (OX26 analog). In addition, the transcytotic capacity of prion protein-targeted 

polymersomes was investigated in an in vitro BBB model, together with their brain-

targeting potential in vivo, as prion has likewise been recognized for its capacity to 

cross the BBB [21, 22]. In this study, non-biodegradable PBD-PEG polymersomes 

were used to determine the biodistribution of brain-targeted polymersomes without 

obscuring the data by a possible degradation of the polymersomes. Our data reveal that 

the GM1-targeting peptide G23 mediates accumulation of polymersomes in the brain at 

a similar level as the transferrin receptor-targeting antibody RI7217. 

 

Experimental Section 

Phage library selection on prion and GM1 

The human prion protein (23-230), obtained from Allprion (Schlieren, Switzerland) 

was dissolved in 0.1 M NaHCO3 (pH 8.6) to a final concentration of 100 µg/ml. 

Lyophilized streptavidin 1.5 mg (Ph.D.-12, BioLabs, New England) was dissolved in 1 

ml 10 mM sodium phosphate (pH 7.2) in 100 mM NaCl. For each target three wells of 

a 96 wells plate were coated with the prepared solutions, i.e., 150 µl /well overnight at 

4
0
C under gentle agitation. GM1-C11-N3 was covalently coupled to a 96-wells plate 

via the Azide-Alkyne Huisgen cycloaddition. Subsequently, three panning rounds with 

an existing phage library (Ph.D.-12, BioLabs, New England) encoding 12 amino acids 

sequences were performed according to the manufacturer’s protocol. Phages that were 

bound to the GM1- and prion-coated plate were eluted with 0.2 mol/l glycine-HCl 

containing 1 mg/ml BSA (pH 2.2). Elution in wells with streptavidin was performed 

with 0.1 mM biotin in TBS for 30 min at room temperature. Eluted phages were 

amplified in ER2738 E.coli, purified, and counted on IPTG/Xgal LB plates. After the 

third panning round, approximately 100 plaques were obtained. From 18 randomly 
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chosen placques the DNA was isolated, and sequenced (BaseClear BV, Leiden, The 

Netherlands).  

 

hCMEC/D3 cell line maintenance and differentiation 

Human brain microvessel endothelial cells, hCMEC/D3 (obtained from Dr. P.O. 

Couraud, Institut Cochin, Paris, France) were maintained in 25 cm
2
 flasks precoated 

with 100 µg/ml rat tail collagen type I (Cultrex, R&D Systems, Trevigen) in EBM-2 

basal medium (Lonza Group, Basel, Switzerland), supplemented with EGM-2-MV 

bullet kit (Lonza Group, Basel, Switzerland) containing VEGF, R
3
-IGF-1, hEGF, 

hFGF-B, hydrocortisone, and 2.5% FBS and 100 µg/ml penicillin/streptomycin. For 

differentiation of the cells EBM-2 basal medium was supplemented with 1 µmol/l 

dexamethasone (Sigma, St. Louis, MO) and 1 ng/ml bFGF (Invitrogen, Carlsbad, CA). 

Cells were maintained at 37
0
C under an atmosphere of 5% CO2.  

 

 

Interaction of phage particles with hCMEC/D3 cells 

Phages were labeled with fluorescein isothiocyanate (FITC) (Sigma, St. Louis, MO. 

The protein content in the phage suspension was determined with a NanoDrop 1000 

spectrophotometer (Thermo Scientific, Waltham, MA). Equal amounts of protein 

(phages) were added to hCMEC/D3 cells, grown onto coverslips, and incubated for 2 

hrs at 37
0
C. Phages were washed with prewarmed HBSS and the cells were fixed with 

2% paraformaldehyde. Samples were analyzed and representative images were 

acquired using a Provis AX70 epifluorescent microscope (Olympus Corporation, 

Center Valley, PA). 

 

Formation of fluorescently labeled peptide-functionalized polymersomes for 

in vitro transcytosis assay 

8 mg polybutadiene-b-poly(ethylene glycol) (1.7 µmol), 1 mg polybutadiene-b-

poly(ethylene glycol)–fluorescein (0.2 µmol) and 1 mg polybutadiene-b-poly(ethylene 

glycol)–maleimide (0.2 µmol) were dissolved in 200 mL THF. Polymersomes were 

formed by the slow addition of 0.8 mL PBS buffer pH 7.4. The samples were passed 

six times through a 200 nm syringe filter (Aerodisc) to yield polymersomes with a 

diameter of ~220 nm. To obtain polymersomes of around 160 nm the solution was 

extruded six times over a 100 nm filter (extrusion kit). The resulting opaque suspension 

was purified over a Sephadex G200 column (1.5 x 8 cm). The opaque fractions were 

combined and PBS was added to a total volume of 10 mL, resulting in a polymersome 
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suspension containing 1 mg polymer per mL. The final polymersome suspension was 

analyzed by DLS to determine the mean size and polydispersity index. 

Prion targeting peptides P50 and P9, GM1 targeting peptide G23 and a scrambled 

version of the G23-peptide (scrG23) were synthesized with an additional C-terminal 

cysteine to allow covalent binding to polymersomes via the maleimide group as 

follows: 0.5 mg Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was dissolved in 

100 µl PBS pH 7.4 and added to 1 mg peptide. The solution was allowed to stand for 

15 minutes, after which it was added to 1.5 ml of polymersomes. The coupling was 

allowed to proceed for three hours, after which the solution was transferred into a 

dialysis bag (Spectrapore MWCO 12-14 kD) and dialyzed overnight.  The scrambled 

G23 sequence was generated with a script for randomization, written in the 

programming language Python. 

 

Prion-coated NPs interact with endogenous prion 

The preparation of prion-coated NPs (PrPBs) has been described elsewhere [22]. 

hCMEC/D3 cells, grown on glass coverslips, were incubated with 20 µg/ml mouse 

monoclonal SAF32 against prion protein (Bertin pharma, France) for 1h at 37
0
C. The 

excess antibody was removed with PBS and 10 µg/ml PrPBs were added and incubated 

with the cells for 90 min. Cells were fixed with PFA and labeled with rabbit polyclonal 

anti-EEA1 (Abcam, UK). Immunospecific secondary antibodies were anti-mouse Cy3- 

and anti-rabbit Cy5-conjugated (Jackson Immuno- Research, UK).  

 

Formation of radiolabeled peptide-functionalized polymersomes for in vivo 

biodistribution 

9 mg Polybutadiene-b-poly(ethylene glycol) (1.9 µmol), 0.1 mg polybutadiene-b-

poly(ethylene glycol)–DTPA (0.02 µmol) and 1 mg  polybutadiene-b-poly(ethylene 

glycol)–maleimide (0.2 µmol) were dissolved in 200 mL THF. Polymersomes were 

formed by the slow addition of 0.6 mL 0.1 M. 2-(N-morpholino)ethanesulfonic 

acid buffer of pH 5.5. The samples were passed three times through a 200 

nm syringe filter to yield polymersomes of ~250 nm. The solution was extruded 

six times over a 100 nm filter (extrusion kit) to obtain polymersomes of around 160 

nm. The resulting opaque suspension was purified over a Sephadex G200 column (1.5 

x 8 cm), eluting with MES buffer. The opaque fractions were combined and the mean 

particle size was determined by DLS. 

To 0.2 mL of polymersomes, 25 MBq of [
111

In]Cl3 was added and allowed to react for 

20 minutes at room temperature, after which the coupling efficiency was analyzed on 
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iTLC-SG strips (see below). The sample was purified over a PD10 desalting column by 

elution with PBS buffer pH 7.4, and diluted with PBS to a total volume of 10 mL, 

giving a polymersome suspension containing 1 mg polymer per mL.  

RI7217 antibody was coupled to maleimide polymersomes by a sulfhydryl-maleimide 

coupling technique as described before [23] with minor modifications. Free sulfhydryl 

groups were introduced into the antibody using N-succinimidyl-S-acetylthioacetate, 

(SATA, Pierce, Rockford, IL) according to manufacturer’s instructions. Free SATA 

was separated from the antibody by centrifugation over a filter with a 30 kDa cutoff 

(MWCO). SATA groups were deacetylated for 90 min at room temperature by addition 

of 100 l of deacetylation solution (0.1M PBS, 0.5M hydroxylamine and 0.02 mM 

TCEP, pH 7.4) per milliliter of antibody to generate sulfhydryl groups. This resulted in 

an SH/protein (mol/mol) ratio of 3.1 as determined by Ellman’s reagent assay (Pierce, 

Rockford, IL). After deacetylation RI7217 antibody was allowed to react with 
111

In-

labeled maleimide polymersomes overnight at 4 C. 
111

In-labeled maleimide 

polymersomes were reacted with G23, scrG23, and P50 peptide as described under 

‘Formation of fluorescently labeled  peptide-functionalized polymersomes for in vitro 

transcytosis assay’ to make radioactively labeled G23-polymersomes. Targeted 

polymersomes were used for in vivo experiments the next day.  

 

Radio TLC 

Quality control of  the coupling of 
111

In to polymersomes was performed by spotting 5 

µL of the polymersome preparation on an iTLC-SG strip. TLC strips were developed 

with 0.1 M ammonium acetate (pH 5.5)/0.1 M EDTA (1:1, v/v) as the eluent. After 

development, the strips were air-dried and read in a VCS-103 radiochromatograph 

scanner (AmRay Medical, Drogheda, Co.Louth, Ireland). Regions of interest were 

drawn for 
111

In-labeled polymersomes (Rf value: 0) and unbound 
111

In (Rf value: 0.8-

0.9), and the relative amounts of these compounds for each sample were measured. 

Efficiency of 
111

In-labeling of polymersomes was >95% and 
111

In-labeled 

polymerisomes were stable at room temperature for more than 10 days. Nevertheless, 
111

In-labeled polymersomes were prepared fresh for each set of in vivo experiments.  
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Transcytosis assay  

The characteristics of hCMEC/D3 cells grown on Transwell filters have been 

extensively described elsewhere [22, 24]. For the transcytosis assay  2x10
5
 hCMEC/D3 

cells/cm
2
 were seeded onto Transwell filters with a pore size of 0.4 µm (Corning Life 

Sciences B.V., Amsterdam, The Netherlands), precoated with collagen type I. 

Differentiation media were changed twice a week and the TEER values were measured 

using a Millicell-ERS (Millipore, Billerica, MA). Experiments were performed on 

hCMEC/D3 monolayers cultured for 14-15 days with TEER values of ~ 30 Ω/cm
2
. 

Fluorescently-labeled polymersomes (40 µg/ml) diluted in EBM-2 medium were added 

to the apical compartment and incubated for 16-18 hrs at 37
0
C. The media in the apical 

and basal compartments were collected and the filter membrane with the cells was 

separated from the support. Subsequently, the filter was soaked in water to osmotically 

rupture the cells, resulting in release of the polymersomes. The fluorescence intensity 

(excitation at 495 nm, emission at 520 nm) in the three compartments (i.e. apical, basal, 

and the filter with cells) was measured with a Perkin-Elmer spectrofluorometer LS500 

(MA, USA).  

 

Tissue biodistribution of RI7217- and peptide-functionalized polymersomes 

Male Balb/c mice were obtained from Harlan (Horst, The Netherland). The mice were 

kept in standard macrolon cages under controlled conditions (23 ± 1°C, 12-h light, 12-h 

dark cycle, chow (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 (n = 4) were injected with 200 l radiolabeled polymersomes (~ 80 ug polymer 

per mouse = 13.3 nmol polymer / mouse; ~0.7 MBq) in PBS by penile vein injection 

using a 3 / 10 cc Terumo Insulin Syringe U-100 attached to a 29 G needle. At 4 h and 

24 h after injection the mice were sacrificed by cervical dislocation. At each time point 

the kidney, brain, liver, lung, muscle, spleen, and femur (containing bone marrow) 

were collected, and a blood sample was drawn. The brain was divided into cerebellum, 

cerebral cortex and remaining brain. The samples were weighed and the radioactivity 

was measured using a Compugamma CS 1282 gamma counter (LKB-Wallac, Turku, 

Finland). The radioactivity levels in the injected polymersome solutions served as 

internal standards. The results were expressed as percentage injected dose per gram of 

tissue (%ID/g). Where indicated, tissue levels were corrected for capillary blood 

content [25, 26] using the formula: corrected tissue concentration = [organ 

concentration – (capillary blood content x blood concentration)] / ( 1 – capillary blood 
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content), where the tissue capillary blood content is expressed as a fraction of the organ 

volume, which approximates for bone, brain, kidney, liver, lung, muscle and spleen: 

0.11; 0.03; 0.24; 0.31; 0.50; 0.04 and 0.17, respectively [27].  

 

Statistical analysis 

Results are presented as mean ± standard deviation. The statistical analysis was 

conducted using SPSS 16.0 for Windows. Due to inhomogeneity of variance  the 

biodistribution data were analyzed by the nonparametric Kruskal-Wallis test, followed 

by the Mann-Whitney U test to compare the groups for which the Kruskall-Wallis test 

was significant. P values < 0.05 were considered statistically significant.  

 

Results 

Phage library screening against prion protein identifies peptides displaying 

sequences that are homologous to prion N-terminal domain residues 16-28 

and prion residues 147-155. 

In previous work we showed that the coupling of prion protein to the surface of 

nanoparticles (NPs) enhanced their transcytotic transport across polarized monolayers 

of hCMEC/D3 brain endothelial cells, employed as an in vitro BBB model [22]. The 

prion-NPs were found to colocalize with endogenous prion protein in vesicular 

structures within the cytoplasm of the cells (Supplementary Figure 1), which 

presumably results from homophilic interactions that occur between apposed prion 

proteins. Here we used a phage library approach to identify peptides with affinity for 

prion, since small peptides are more convenient to use as targeting ligands than large 

proteins while their use may also diminish potential immunological side effects. 

Eighteen randomly chosen phage clones obtained from the phage library screening 

against prion were sequenced. Eight out of 18 clones showed distinct and novel amino 

acid sequences (Table 1). Nine clones fit the motif X1FRWAX6HX8HX10X11X12 (Table 

1), where the amino acid on position one (X1) is D or H, X6 is T or N, X8 is M or T, 

X10 is T or F, X11 is P or Q and X12 is A or T. This motif shares homology with the 

amino acids sequence 147-155 of the human prion protein, i.e., DRYYRENMHRYP 

(identical residues and amino acids with similar physicochemical properties are 

underlined). Interestingly, prion proteins have been shown to dimerize and the structure 

of prion dimers, as resolved with NMR [28, 29], shows that the dimerization involves 

amino acids 90-159, encompassing the prion protein sequence 147-155 that shows 

homology to the identified consensus. The sequence, designated as P9 (Table 1) has 
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been described as a peptide with an affinity for the glycine receptor, which is 

ubiquitously expressed in brain [30]. Moreover, the P9 peptide sequence partially 

overlaps with the N-terminal amino acid sequence 16–28 of the human prion protein, 

i.e., WSDLGLCKKRPK (identical residues and amino acids with similar 

physicochemical properties underlined). The N-terminal peptide region of prion 

(residues 1-28) has been found to translocate across cell membranes and function as a 

cell penetrating peptide (CPP) [31, 32]. 

 

 

 

 

 

 

Peptide  Sequence  Peptide  Sequence  

P9 WAETWPLAQRPP P39 HFRWANHTHFQT 

P10 DFRWATHMHTPA P40 GHGLLQYTDVMF 

P11 GTPPMSPQVSRV P41 QHTYWPNYTPLL 

P17 HFRWANHTHFQT P44 HTRRTTHHILR 

P18 TSQYQSPRAVHP P50 DFRWATHMHTPA 

P21 DFRWATHMHTPA P55 APIKAPTIRDTA 

P23 HFRWANHTHFQT P58 DFRWATHMHTPA 

P27 DFRWATHMHTPA P60 SKFEPISKYLQP 

P33 GLRNSVPYQTFT G23 HLNILSTLWKYR 

P36 DFRWATHMHTPA ScrG23 KISHLLNYRTWL 

 

To determine whether the prion-targeting peptides can mediate binding to hCMEC/D3 

cells, which is an obvious prerequisite to potentially induce transcytosis, the phages 

carrying the prion-targeting peptides were labeled with the fluorophore FITC, and 

incubated with the cells for 2 h. All phages showed binding to hCMEC/D3 cells and 

did not compromise cellular integrity, except for the phages carrying peptide P18, 

which were toxic to the hCMEC/D3 cells (data not shown). 

 

  

 

 

Table 1: Peptide sequences of prion-targeting peptides (P), identified by phage 

library, GM1 targeting peptide (G23) and scrambled G23 peptide (ScrG23). The 

prion-targeting peptide P9 shows homology to prion protein aa 16-28, i.e., 

WSDLGLCKKRPK. Prion-targeting peptide P50 matches the identified prion 

consensus sequence as described in the text (X1FRWAX6HX8HX10X11X12), showing 

homology to prion protein aa 147-155, i.e., DRYYRENMHRYP.  
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Transcytosis of prion- and GM1-targeted polymersomes across an in vitro 

BBB. 

The translocation of peptide-functionalized polymersomes across hCMEC/D3 cell 

monolayers (in vitro BBB model) was investigated next. The peptides that showed 

sequence homology to the natural prion protein were selected for further investigation. 

P50 peptide, a peptide that matches the identified consensus sequence for prion-

binding peptides, and P9 peptide, the peptide that is homologous to the N-terminal 

prion CPP, were covalently coupled to the surface of fluorescent polymersomes. The 

P50- and P9-functionalized polymersomes show a similar extent of translocation, as 

calculated from the percentage of fluorescence recovered in the basal (acceptor) 

compartment of the in vitro BBB model (Figure 1). For P50-polymersomes 6.5 ± 0.6%, 

and for P9-polymersomes 5.2 ± 0.4% of the polymersomes that were added apically to 

the cells reached the basal chamber. Previously, we identified in a similar manner, i.e., 

based on a phage display approach, peptides targeted towards the ganglioside GM1 

(unpublished work). One of those peptides, G23, when coupled to the surface of 

polymersomes, strongly promoted transcytosis of the polymersomes across the BBB 

cell model when compared to non-targeted polymersomes ( Figure 1). Thus relative to 

the P50- and P9-polymersomes a  5-fold increase in translocation was obtained for 

G23-polymersomes (27.4 ± 2.9 %), while non-functionalized polymersomes showed 

7.2 ± 1.0 % of transcytosis. These results indicate that the prion-targeting peptides P50 

and P9 do not stimulate the transcytosis of polymersomes in vitro, in contrast to the 

GM1-targeting peptide G23. 
 

 

 

 

 

Figure 1: Transcytosis of GM1- and prion-targeting polymersomes across an in vitro BBB. 

Fluorescently labeled polymersomes were added apically to hCMEC/D3 cells, grown on transwell 

filters. The transcytosis rate was calculated, based on fluorescence content after 18 hours 

incubation at 370C (y-axis represents % polymersomes in: AP – apical compartment, FIL – filter 

with cells, BL – basal compartment, i.e., the transcytosed fraction). 
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Clearly, although in vitro studies may serve the purpose of obtaining proof of principle 

for nanocarrier targeting towards specific cell surface receptors and their ensuing 

programmed processing, an obvious next step aimed at eventual application requires in 

vivo verification of such data. Here, an in depth in vivo study was carried out to 

determine the brain-targeting potential of G23-polymersomes, which was compared to 

that obtained for P50-polymersomes, which seemingly failed to display in vitro 

targeting and processing. 

 

G23-polymersomes efficiently accumulate in brain  

A high transcytotic capacity of G23-polymersomes was shown in the in vitro BBB 

model. However, for efficient transport into the brain tissue in the in vivo situation, the 

polymersomes first need to reach the brain vasculature. Therefore, to investigate the 

brain-targeting potential of G23-polymersomes in vivo, the total body distribution of 

radioactively-labeled polymersomes upon intravenous administration in mice was 

investigated. Polymersomes were labeled with 
111

In-DTPA and functionalized with 

G23, scrambled G23 (scrG23; Table 1), P50, and the monoclonal antibody RI7217 (rat 

anti-mouse analog of OX-26), which has been employed as targeting device for brain 

delivery in vivo [33]. The total body distribution was determined 4 h and 24 h after 

intravenous injection in BALB/c mice. The ex vivo biodistribution data indicate rapid 

clearance of all polymersome preparations from the blood after i.v. administration. 

After four hours there was only 1.7 ± 0.8; 0.4 ± 0.03; 1.3 ± 0.3 and 0.4 ± 0.3 % ID/g in 

blood of RI7217-, scrG23-, G23-, and P50-polymersomes, respectively, with a further 

drop to 0.4 ± 0.06; 0.09 ± 0.02; 0.3 ± 0.08 and 0.06 ± 0.02 %ID/g, respectively at 

t=24h (Table 2). The blood concentration was significantly higher for RI7217- and 

G23-polymersomes than for scrG23- and P50-polymersomes at both time points, 

indicating a prolonged circulation time for the former polymersomes. The 

polymersomes were effectively eliminated by the liver and the spleen as can be 

inferred from the relative high radioactivity in these organs (Table 2), which can be 

readily explained by the presence of the mononuclear phagocyte system 

(reticuloendothelial system (RES)) within these organs [34, 35]. Similarly, activity in 

the bone was high, which supports uptake of polymersomes by the RES, that includes 

the bone marrow (Table 2).  

Remarkably, G23-polymersomes showed an increased accumulation in the brain 

compared to scrambled and P50-polymersomes, both at 4 h and 24 h after 

administration. At t=24 h G23-polymersomes showed 0.047 %ID/g in brain compared 

to 0.008 and 0.005 %ID/g for scrG23- and P50-polymersomes, respectively. The 

amount of G23-polymersomes that accumulated in the brain of mice was similar to 
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RI7217-polymersomes, both at 4 hrs and 24 hrs after injection (Table 2) and 

comparable to levels obtained with other drug carrier systems, such as liposomes, 

functionalized with the RI7217 and OX26 antibodies [11, 36]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A more detailed brain distribution of polymersomes is shown in Figure 2. The brain 

accumulation of G23-polymersomes was significantly higher than that of scrG23-

polymersomes in cerebral cortex, cerebellum and remaining brain at 4h and 24h after 

administration. Four hours after administration the G23-polymersome accumulation in 

the different brain regions seemed slightly lower than that of RI7217-polymersomes, 

 RI7217 scrG23 G23 Pcs 

Tissue Tissue biodistribution at 4h 

Blood 1.695  + 0.749  0.347  + 0.029  1.324  + 0.336   † 0.442  + 0.309   * 

Bone 1.567  + 0.552  1.338  + 0.110  2.209  + 0.973  1.693  + 1.130  

Kidney 4.433  + 1.344  2.738  + 0.449  8.809  + 2.569 *† 0.790  + 0.196 *† 

Liver 37.136  + 23.342  64.653  + 6.715  60.556  + 7.531  75.199  + 4.525 *† 

Lung 4.235  + 3.164  1.752  + 0.162  30.449  + 5.785 *† 1.768  + 0.947  

Muscle 0.315  + 0.146  0.157  + 0.115  0.360  + 0.119  0.106  + 0.024   * 

Spleen 33.522  + 17.722  55.439  + 13.820  57.781  + 9.734   * 75.976  + 21.749 *  

Total brain 0.074  + 0.036  0.013  + 0.006  0.052  + 0.019   † 0.009  + 0.003   *  

             

 Tissue biodistribution at 24h 

Blood 0.402  + 0.061  0.088  + 0.020  0.299  + 0.078   † 0.056  + 0.015   * 

Bone 3.770  + 1.002  1.626  + 0.336  2.922  + 0.507 2.066  + 0.762  

Kidney 3.985  + 0.689  1.804  + 0.294  6.548  + 0.667 *†  0.657  + 0.080 *† 

Liver 38.004  + 6.716  56.899  + 4.717  51.500  + 4.769  82.395  + 2.638 *† 

Lung 1.629  + 0.480  0.464  + 0.319  13.701  + 2.850 *†  0.492  + 0.112   * 

Muscle 0.516  + 0.107  0.103  + 0.036  0.279  + 0.063   * 0.204  + 0.180  

Spleen 49.783  + 7.024  77.248  + 20.053  99.132  + 37.451   53.935  + 3.916  

Total brain 0.083  + 0.011  0.008  + 0.002  0.047  + 0.031   † 0.005  + 0.000   * 

Table 2: Biodistribution of targeted polymersomes 4h and 24 h after intravenous 

administration in mice. Mice were intravenously injected with radiolabeled polymersomes. At 

4 h and 24 h after injection the mice were sacrificed, and kidney, brain, liver, lung, muscle, 

spleen, femur (containing bone marrow), and blood were collected. The samples were weighed 

and the radioactivity was measured using a gamma counter. The results are expressed as 

percentage injected dose per gram of tissue. The data are corrected for capillary blood content. 

The nonparametric Kruskall-Wallis test followed by the Mann-Whitney's U test was 

performed for G23 vs RI7217, G23 vs scrG23, P50 vs RI7217, and P50 vs scrG23. P values < 

0.05 were considered statistically significant. (* statistically significant difference compared to 

RI7217, † statistically significant difference compared to scrG23.) 
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although the differences were statistically not significant. At 24h after polymersome 

administration accumulation of RI7217-polymersomes in the cerebral cortex and the 

remaining brain was significantly higher than that of G23-polymersomes.    

 

 

 

 

 

 

 

 

 

 

 

 

 
 

An unexpected finding was the high lung accumulation of G23 polymersomes (Table 

2). Four hours after polymersome administration the lung to blood ratio for G23-

polymersomes was 24.5 ± 8.6 and increased to 48.9 ± 17.4 after 24 hours (Figure 3). At 

the same time the lung to blood ratio for the other polymersomes was low, i.e., 2.3 ± 

1.2, 5.2 ± 0.2 and 5.9 ± 5.2 for RI7217-, scrG23-, and P50-polymersomes, respectively, 

at 4h after administration, and 4.0 ± 1.0, 5.6 ± 4.3, and 9.2 ± 3.3 at 24h after 

administration.  Specifically, the lung to blood ratio of G23-polymersomes after 24 h 

was an order of a magnitude higher than that of scrG23-polymersomes (Figure 3). Next 

to mediating accumulation of polymersomes in the brain, G23 effectively mediates the 

transport of polymersomes to the lung.  

 

 

 

Figure 2: Biodistribution of polymersomes in the brain. Mice were intravenously injected with 

radiolabeled polymersomes. At 4 h (A) and 24 h (B) after injection the mice were sacrificed, and 

the brains were isolated. The brain was divided into cerebellum, cerebral cortex and remaining 

brain. The samples were weighed and the radioactivity was measured using a gamma counter. The 

results are expressed as percentage injected dose per gram of tissue (%ID/g). The non-parametric 

Kruskall-Wallis test followed by the Mann-Whitney's U test was performed for G23 vs RI7217, 

G23 vs scrG23 and P50 vs RI7217 and P50 vs scrG23. P values < 0.05 were considered 

statistically significant. (* statistically significant difference compared to RI7217, † statistically 

significant difference compared to scrG23.) 
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Discussion 

Here we show the brain-targeting potential of polymersomes coupled to prion- and 

GM1-targeting peptides that were identified by phage display. Contrary to our 

expectations, the prion-targeting peptides conjugated to polymersomes did neither 

induce efficient transcytosis across endothelial cells in vitro nor show brain 

accumulation in vivo. In contrast, the transferrin receptor-targeting RI7217-

polymersomes show accumulation in brain, which is comparable to the levels obtained 

by RI7217-mediated delivery of liposomal systems [36]. However, it has been shown 

that the brain accumulation of transferrin receptor-targeting vectors is represented by 

accumulation within brain capillary endothelial cells, but does not reflect penetration 

into brain parenchyma [37-39]. As a consequence these vectors can only be used for 

the delivery of drugs that can diffuse through the endothelial cell layer, e.g. lipophilic 

drugs, or can be secreted from the endothelial cells, e.g. growth factors that are 

expressed upon gene delivery into the endothelial cells. However, for the delivery of 

macromolecular drugs, such as proteins and nucleic acids, directly into the brain 

parenchyma, delivery systems are needed that cross the endothelial cells intact and 

release their contents once they reach the brain parenchyma. Such delivery systems 

have to exhibit binding capacity to brain endothelial cells together with transcytotic 

capacity, i.e., the capability to traverse the endothelial cell layer. The G23-

polymersomes are the representation of such a drug delivery system. While we 

previously showed the transcytotic capacity of G23-polymersomes in brain endothelial 

cells in vitro and in vivo (unpublished work), we now show that G23-polymersomes 

also have a brain-targeting potential that is of a similar strength to the transferrin 

receptor-targeting RI7217 mAb. The combination of brain-targeting potential and 

transcytotic capacity make G23-polymersomes a potential candidate for the delivery of 

macromolecular drugs in the treatment of brain-related diseases. 

Based on lessons learned from liposome research, one would expect that pegylation of 

nanocarriers would strongly reduce their liver and spleen uptake [20]. However, our 

Figure 3: Lung accumulation of polymersomes. 

Mice were intravenously injected with 

radiolabeled polymersomes. At 4 h (white bars) 

and 24 h (grey bars) after injection the mice 

were sacrificed, and the lungs were isolated. 

The samples were weighed and the radioactivity 

was measured using a gamma counter. The 

results are expressed as tissue/blood ratio (± 

standard deviation).  
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results showed that polymersomes readily accumulate in these organs, irrespective of 

the fact that they are 100% pegylated. Therefore careful examination of polymersome 

parameters such as size, peg chain length and density is needed to improve their 

circulation kinetics to allow for further increase in their (peptide-mediated) tissue 

targeting. 

In addition, the accumulation of G23-polymersomes in the lung seems to be specific as 

polymersomes conjugated to a scrambled version of the G23 peptide, i.e., scrG23-

polymersomes, do not show accumulation in lung. It remains to be investigated if in 

this case transcytosis occurs across the lung vasculature, i.e., from blood into lung 

tissue.  If this can be proven, G23-functionalized polymersomes could be excellent 

targeted delivery vehicles for drugs against pulmonary diseases, especially for drugs 

that suffer from extensive plasma or hepatic metabolism.  

Finally, in previous in vitro studies we revealed that next to GM1, a structurally similar 

ganglioside GT1b may also serve as targeting receptor for G23 (unpublished work). 

Moreover, the binding affinity of the G23 peptide towards GT1b seems to be very 

strong as the G23 peptide can compete the natural ligand tetanus toxin C away from 

this receptor [40]. It will be intriguing to reveal the relative binding affinities of the 

G23 peptide to GM1 and GT1b, in conjunction with a determination which of these 

receptors is responsible for transcytosis. This is particularly relevant in light of the 

hypothesis that too strong binding to transcytotic receptors may prevent uncoupling of 

the ligand at the time of a drop in pH during endosomal processing, which may prevent 

successful transcytosis [37-39], which would imply that ligands with a moderate 

affinity for the receptor are best suited to mediate transcellular delivery of drug 

carriers.  
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Supplementary information to Chapter 7  

 

 
 

 

 

 

Supplementary Figure 1: Prion-coated nanoparticles (PrPBs) move intracellulary together with 

endogenous prion. PrPBs (red) colocalize with PrPc (green) in structures that are devoid of the 

early endosome marker EEA-1 (blue). Arrows in the merged image, and magnified insets indicate 

colocalization events. 
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