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ABSTRACT

The non-invasive delivery of nanocarriers across the blood-brain barrier (BBB) is facilitated 

by the conjugation of nanocarriers with moieties that target native receptors on the brain 

endothelium and promote transcellular transport via receptor-mediated transcytosis. 

Decoration of polymersomes, alginate-iron oxide nanoparticles, and RNA-binding 

protein with the GM1 ganglioside-targeting peptide G23 was demonstrated to enhance 

their transport across the BBB. Likewise, decoration of AAV virions with the transferrin 

receptor-targeting peptide THR was shown to enhance the virions’ ability to cross the 

BBB. Here, we compared the ability of the G23 and THR peptide to induce transcytosis of 

PEG-P(CL-g-TMC) polymersomes across an in vitro BBB model. In addition, we prepared 

polymersomes that were functionalized with both peptides. Dual-targeted G23/THR 

polymersomes presented a size of ~130 nm with a slightly negative ζ-potential, which 

was similar to the size and ζ-potential of single-targeted G23 and single-targeted THR 

polymersomes. Using a filter-free in vitro BBB model, the dual-targeted polymersomes 

(G23/THR-PEG-P(CL-g-TMC)) demonstrated a reduction in transcytosis compared to 

single-targeted G23-PEG-P(CL-g-TMC) polymersomes, while single-targeted THR-

PEG-P(CL-g-TMC) polymersomes failed to induce uptake and transcytosis at the in 

vitro BBB model. Our data suggest that the THR peptide is unable to mediate uptake 

and transcytosis of polymersomes by brain endothelial cells. This is most likely due to 

improper presentation of the peptide at the nanoparticle surface, which seemingly can’t 

be prevented by the 100% PEG shield that is present on the polymersomes.
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INTRODUCTION

The delivery of therapeutic agents from the blood into the brain is hampered by the 

presence of the blood-brain barrier (BBB), a polarized layer of brain capillary endothelial 

cells [1]. Loading of a therapeutic agent in nanoparticles prevents its degradation during 

systemic circulation, and allows for its transport across the BBB via the so-called Trojan-

horse mechanism whereby the nanoparticles cross the BBB as passengers on a physiological 

transport route. Carrier-mediated transport facilitates BBB translocation of endogenous 

molecules by specific transporters, such as glucose via the glucose transporter GLUT1 [2]. 

Although the conjugation of GLUT1-targeting ligands to the surface of nanoparticles was 

shown to enhance transport of certain nanoparticles across the BBB [3−5], the carrier-

mediated transport process is thought to be primarily suited for the delivery of single 

hydrophilic drug molecules [6]. The process of adsorptive-mediated transcytosis, which 

is initiated by electrostatic interactions between positively charged nanoparticles and 

negatively charged domains on the luminal plasma membrane of brain endothelial cells, 

enables transcellular transport of nanoparticles, e.g. cationic serum albumin-conjugated 

polymersomes [7]. Since the internalization of cationic nanoparticles is triggered by 

electrostatic interaction and may not involve steric complementarity between ligand 

and receptor, adsorptive-mediated transcytosis is considered to be a non-specific 

transport process. Therefore, the development of delivery platforms for drug delivery 

to the brain is predominantly focusing on exploiting the process of receptor-mediated 

transcytosis through the conjugation of ligands to nanoparticles that specifically target 

native receptors on the brain endothelium that promote transendothelial transport [8, 9].

Receptor-mediated transcytosis is an energy-dependent vesicular transport process. 

Upon interaction of a (targeting) ligand with the relevant receptor, internalization occurs 

via endocytosis [10−12]. Subsequent intracellular vesicular transport results in either 

exocytosis of the ligand at the opposite cell surface of the endothelium, recycling, or 

degradation in lysosomes. The binding affinity of the ligand for the receptor, or rather its 

capacity to dissociate from the receptor after internalization, may affect its intracellular 

distribution and thereby its capacity to mediate transcytosis of nanoparticles across the 

BBB [13−15].
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The conjugation of native receptor ligands, such as transferrin, have demonstrated 

to enhance the delivery of nanoparticles into the brain [16]. However, these targeting 

moieties compete with the endogenous ligand for binding sites and may hamper 

the physiological transport function of the receptor. Vice versa, saturation of the 

specific epitope by the endogenous ligand may diminish transcytosis efficiency of 

the nanoparticle across the BBB. The competition with endogenous ligands can be 

circumvented by the use of alternative targeting moieties, e.g. antibodies or peptides, 

with affinity for a different epitope of the receptor. Peptide ligands are advantageous 

over antibodies and antibody fragments in terms of potential immunogenicity, synthesis 

and chemical versatility [17, 18].

In previous work we have demonstrated, both in vitro and in vivo, the transcytosis of 

polymersomes decorated with the G23 peptide across the BBB [19−21]. The dodecamer 

G23 peptide was identified by a phage display screening against GM1 [20], a ganglioside 

concentrated in caveolae at the luminal plasma membrane of endothelial cells [22]. The 

enrichment of GM1 in these membrane microdomains suggests a possible involvement 

of caveolae-mediated endocytosis in the transendothelial transport of GM1-targeted 

nanoparticles. Other studies have recently shown the use of the GM1-targeting peptide 

G23 for brain-targeted delivery of doxorubicin-loaded nanoparticles in glioblastoma 

tumour-bearing mice, and siRNA against β-secretase 1 in a mouse model for Alzheimer’s 

disease [23−25]. The dodecamer THR peptide sequence, which was identified by a 

phage display screening against the human transferrin receptor [26], has demonstrated 

to enhance transport of a recombinant adeno-associated virus vector across the BBB, 

resulting in AAV vector accumulation in the brain [27].

Here, we set out to compare the transcytosis of poly(ethylene glycol)-block-

poly(caprolactone-gradient-trimethylene carbonate) (PEG-P(CL-g-TMC)) polymersomes 

functionalized with either the GM1-targeting peptide G23, or the transferrin receptor-

targeting peptide THR, or a combination of both peptides, using our recently developed 

filter-free BBB model. Our data reveal that, unlike the G23 peptide, the THR peptide is 

unable to mediate the transcytosis of PEG-P(CL-g-TMC) polymersomes across the in vitro 

BBB.
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MATERIALS AND METHODS

Cell culture

Human cerebral microvascular endothelial hCMEC/D3 cells were maintained in 25 cm2 

flasks precoated with 150 μg/ml rat tail collagen type-I (Enzo LifeSciences #ALX-522-

435) in endothelial basal medium-2 (EBM-2) (Lonza #CC-3156) supplemented with 1 ng/

ml human basic fibroblast growth factor (Peprotech #100-18B), 5 μg/ml ascorbic acid 

(Sigma-Aldrich #A4544), 1.4 μM hydrocortisone (Sigma-Aldrich #H0888), 10 mM HEPES 

(Gibco #15630-056), 1% (v/v) chemically defined lipid concentrate (Gibco #11905-031), 5% 

(v/v) foetal bovine serum (FBS), 100 units/ml of penicillin and 100 μg/ml streptomycin at 

37 °C in a humidified atmosphere with 5% CO
2
.

Experiments were performed using a filter-free in vitro BBB model [19]. hCMEC/D3 cells 

(passage 30−38) were seeded at a density of 1 × 105 cells/cm2 onto collagen gels, with a 

gel volume of 450 μl per well, in a 24-wells plate (Corning #3524), and grown for five days 

in 1 ml of culture medium. The medium of hCMEC/D3 cells was replaced every other 

day. Collagen gels were prepared at a collagen concentration of 2 mg/ml by mixing 400 

μl of the stock collagen solution (Enzo LifeSciences #ALX-522-435) with 100 μl of 10× 

phosphate-buffered saline (PBS), 490.8 μl of dH
2
O and 9.2 μl of 1 M NaOH per ml of final 

collagen solution on ice, and incubated for 1 hour at 37 °C in a humidified atmosphere to 

allow collagen gel formation.

Assembly of PEG-P(CL-g-TMC) polymersomes

Amphiphilic block copolymers were produced as previously described [28]. Polymersomes, 

composed of poly(ethylene glycol)
22

-block-poly(caprolactone
28

-gradient-trimethylene 

carbonate
31

) (PEG
22

-P(CL
28

-g-TMC
31

)), nitrobenzoxadiazole-labelled poly(ethylene glycol)
22

-

block-poly(caprolactone
28

-gradient-trimethylene carbonate
31

) (NBD-PEG
22

-P(CL
28

-g-TMC
31

)) 

and maleimide-functionalized poly(ethylene glycol)
75

-block-poly(caprolactone
28

-gradient-

trimethylene carbonate
31

) (MAL-PEG
75

-P(CL
28

-g-TMC
31

)) copolymers were assembled 

through the direct hydration method, as previously described [19]. Briefly, the PEG
22

-P(CL
28

-

g-TMC
31

), NBD-PEG
22

-P(CL
28

-g-TMC
31

) and MAL-PEG
75

-P(CL
28

-g-TMC
31

) copolymers were each 

dissolved at 10 wt% in poly (ethylene glycol) methyl ether (350) (Fluka #81318) at 60 °C 

and mixed at a molar ratio of 94:4:2. After the copolymer solution had cooled down to 

room temperature, 150 and 300 μl of PBS (pH 7.4) were added to 4 mg of copolymer and 

magnetically stirred at 200 rpm for 5 min after each addition. The polymersome emulsion 

was extruded 11 times over a 100 nm polycarbonate filter.
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Conjugation of peptides to polymersomes

Peptides were synthesized by JPT Peptide Technologies (Berlin, Germany) with a purity 

of over 90% as analysed by HPLC and mass spectrometry. The addition of an amidated 

C-terminal cysteine residue to the native peptide sequences allowed for their conjugation 

to the polymersomes via a maleimide-thiol reaction. 200 µg of peptide lyophilisate was 

dissolved in 50 µl of 10 mM acetic acid, and subsequently mixed with 50 µl PBS (pH 7.4). 

The concentration of peptides was determined by measuring the absorbance at 280 

nm with the Nanodrop One spectrophotometer (Thermo Scientific). G23, THR or an 

equimolar mixture of both peptides was added to the polymersomes in a 2-fold molar 

excess relative to MAL-PEG
75

-P(CL
28

-g-TMC
31

) copolymer and the conjugation reaction 

was allowed to proceed for 2 hours at room temperature. Since the G23 and THR peptide 

have comparable molecular weights of 1646 and 1593 g/mol, respectively, and the 

conjugation of both peptides to the polymersomes is performed via an identical thiol-

maleimide reaction, a similar conjugation efficiency was assumed for both targeting 

ligands. The polymersomes were diluted to a concentration of 2 mg/ml by the addition 

of PBS. Non-coupled peptide was removed by dialysis against sterile PBS with two buffer 

changes over a 24-hour period using a 10 kDa molecular weight cut-off dialysis cassette 

(Thermo Scientific #66380) at 4 °C. The polymersomes were diluted to a concentration of 

1 mg/ml in PBS and stored at 4 °C.

Characterization of the polymersomes

Size, polydispersity, and ζ-potential of the polymersomes were determined at a 

temperature of 25 °C with a Zetasizer Nano ZS particle analyser (Malvern Instruments) 

using a standard 633 nm laser. The polymersomes were diluted in 10 mM NaCl to a 

concentration of 100 µg/ml, and subsequently loaded into a folded capillary cell (Malvern 

Instruments #DTS1070). Dynamic light scattering measurements were performed in 

triplicate with a backscattering detection angle of 173°. Size and polydispersity were 

calculated by the cumulant analysis method using Zetasizer software version 7.10. The 

ζ-potential was determined by measuring the electrophoretic mobility and calculated 

using the Smoluchowski approximation.

Transcytosis assay

The transcytosis of polymersomes across the BBB was quantified using a filter-free in vitro 

BBB model, as previously described [19]. hCMEC/D3 cell monolayers were washed once 

with prewarmed Hank’s balanced salt solution (HBSS). Subsequently, 500 μl of 100 μg/ml 

NBD-labelled polymersomes diluted in EBM-2 + 5% FBS was added apically to the cells 
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and incubated for 4, 8 and 16 hours at 37 °C. After the incubation period, the medium 

was collected and the cells were washed with 500 μl prewarmed HBSS to collect residual 

polymersomes (total volume of apical fraction: 1 ml). The collagen gels were digested in 

200 μl 0.25% (w/v) collagenase A (Roche #10103578001) in HBSS for 90 min at 37 °C. The cells 

were pelleted by centrifugation at 200 g for 5 min. The supernatant was collected and mixed 

with 400 μl EBM-2 + 5% FBS (total volume of basolateral fraction: 1 ml). The hCMEC/D3 cell 

pellet was soaked in 500 μl of ultrapure water for 10 min, and subsequently mixed with 500 

μl of EBM-2 + 5% FBS (total volume of cellular fraction: 1 ml). The fluorescence intensities 

in the apical, cellular, and basolateral fractions were measured in triplicate using black 

flat-bottomed microplates (Greiner Bio-One #655209) and a Fluostar-Optima microplate 

reader (BMG Labtech) with excitation and emission at 485 nm and 520 nm, respectively. 

The fluorescence in the distinct apical, cellular, and basolateral fractions of non-treated cell 

monolayers, i.e. background fluorescence, was subtracted from the measured intensity 

values. The percentage of polymersomes fluorescence associated with the apical, cellular 

and basolateral fraction was expressed relative to the total fluorescent content present 

in all three fractions collectively. The percentage of total recovery was calculated from 

the ratio between the total fluorescent content measured in all three fractions and the 

fluorescence of the polymersome solution that was added apically at the onset of the assay. 

The percentages of total recovery were > 90%.

RESULTS AND DISCUSSION

Characterization of GM1 ganglioside-targeted, transferrin receptor-
targeted, and dual-targeted PEG-P(CL-g-TMC) polymersomes

Biodegradable polymersomes composed of 94 mol% of PEG
22

-P(CL
28

-g-TMC
31

), 4 mol% 

of fluorescently-labelled PEG
22

-P(CL
28

-g-TMC
31

) and 2 mol% of maleimide-functionalized 

PEG
75

-P(CL
28

-g-TMC
31

) copolymers were conjugated to the GM1 ganglioside-binding 

peptide G23, the transferrin receptor-binding peptide THR, or an equimolar mixture 

of both peptides. The sizes as well as the ζ-potentials of the different functionalized 

polymersomes were identical and ranged from 121 to 130 nm and −5.8 to −5.4 mV 

(Table 1), respectively. Thus, this allows for a comparison of the interaction of the 

different functionalized polymersomes with brain endothelial cell monolayers that is not 

influenced by differences in size and ζ-potential of the polymersomes.

THR TRANSFERRIN RECEPTOR-TARGETING PEPTIDE IS INEFFECTIVE IN PROMOTING 
TRANSCYTOSIS OF PEG-P(CL-g-TMC) POLYMERSOMES ACROSS THE BLOOD-BRAIN BARRIER

4



72

Table 1. Physical characterization of the PEG-P(CL-g-TMC) polymersomes conjugated to G23 and/or 
THR peptides. Mean diameter, polydispersity (PDI), and ζ-potential of the polymersomes functionalized 
with G23, THR or an equimolar mixture of both peptides was measured using a particle analyser. Each 
value represents the mean ± S.D. of two different batches of polymersomes.

Polymersomes Peptide sequence Size (nm) PDI ζ-potential (mV)
G23-P(CL-g-TMC) H-HLNILSTLWKYRC-NH2 130 ± 2.6 0.20 ± 0.01 −5.8 ± 1.1

THR-PEG-P(CL-g-TMC) H-THRPPMWSPVWPC-NH2 121 ± 4.9 0.11 ± 0.01 −5.4 ± 0.4
G23/THR-PEG-P(CL-g-TMC) 127 ± 3.5 0.13 ± 0.01 −5.6 ± 0.4

Transcytosis of GM1 ganglioside-targeted, transferrin receptor-targeted, 
and dual-targeted PEG-P(CL-g-TMC) polymersomes across the BBB

In order to assess whether the conjugation of THR peptide enhances the transcellular 

transport of G23-PEG-P(CL-g-TMC) polymersomes across the BBB, the transcytosis 

capacity of dual-targeted G23/THR-PEG-P(CL-g-TMC) polymersomes was compared with 

that of single-targeted polymersomes, i.e. G23-PEG-P(CL-g-TMC) and THR-PEG-P(CL-g-

TMC) polymersomes. For this purpose, the recently developed filter-free BBB model was 

used [19]. Fluorescently-labelled polymersomes were added apically to hCMEC/D3 cell 

monolayers cultured on collagen gels and incubated for 4, 8 and 16 hours at 37 °C, after 

which the apical, cellular and basolateral fractions of polymersomes were measured by 

means of fluorescence spectroscopy. The G23-PEG-P(CL-g-TMC) polymersomes showed 

a basolateral accumulation of 4.8 ± 1.9%, 5.7 ± 1.7% and 5.7 ± 1.3% after 4, 8 and 16 

hours of incubation (Figure 1a−c), respectively, which was similar to previously reported 

percentages of transcytosis of this type of polymersomes across the filter-free BBB model 

[19]. The THR-functionalized polymersomes demonstrated a basolateral accumulation 

of only 1.0 ± 0.5% after 16 hours of incubation (Figure 1c), which corresponds to the 

transcytosis capacity of non-functionalized PEG-P(CL-g-TMC) polymersomes [19]. 

Moreover, the hCMEC/D3 cell monolayer internalized a negligible 0.3 ± 0.4% of the THR-

PEG-P(CL-g-TMC) polymersomes, whereas a cellular uptake of 4.4 ± 1.6% of G23-PEG-P(CL-

g-TMC) polymersomes was observed after 16 hours of incubation (Figure 1c). Although 

the hCMEC/D3 cells have been shown to express the transferrin receptor [29, 30], the data 

indicate that the transferrin receptor-targeting ligand THR is not able to mediate uptake 

and transcytosis of PEG-P(CL-g-TMC) polymersomes in hCMEC/D3 cell monolayers.
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Figure 1. Transcytosis of G23-PEG-P(CL-g-TMC), THR-PEG-P(CL-g-TMC) and G23/THR-PEG-P(CL-g-TMC) 
polymersomes in the filter-free BBB model. Fluorescently-labelled polymersomes at a quantity of 50 µg 
were added apically to the cells and incubated for 4 (a), 8 (b) and 16 (c) hours at 37 °C. The percentage 
of polymersomes associated with the apical, cellular and basolateral fraction is expressed relative to the 
total fluorescent content present in all three fractions collectively. Each value represents the mean ± 
S.D. of four independent experiments performed in duplicate. Data were analysed by one-way ANOVA 
followed by a Tukey post hoc test and significant differences between G23-PEG-P(CL-g-TMC) and G23/
THR-PEG-P(CL-g-TMC) polymersomes are indicated with (*) for a p value lower than 0.05.

The use of the THR peptide for functionalization of other types of nanoparticles to induce 

their transport across the BBB led to variable success. The THR peptide was shown to 

enhance the transcytosis of a recombinant adeno-associated virus vector across the 

hCMEC/D3 cell monolayer [27]. However, decoration of gold nanoparticles with the 

THR peptide did not efficiently enhance the accumulation of gold in rat brain, and the 

authors hypothesized that the conjugation to a nanoparticle may negatively affect the 

recognition of the THR peptide by the transferrin receptor [31]. Likewise, conjugation 

of the THR peptide to a chelator for radiolabelling did not promote radiolabel uptake 

[32], while functionalization of polyplexes with THR even reduced polyplex uptake in 

transferrin receptor-expressing human cancer cells [33]. Because our PEG-P(CL-g-TMC) 

polymersomes are 100% pegylated, and the peptide-presenting copolymer has an 

extended PEG length (PEG
75

) compared to the other copolymers (PEG
22

) present in the 
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formulation, we assumed that the peptides could acquire the proper conformation. 

Apparently, the presence of a dense hydrophilic shield does not guarantee a proper 

presentation of the THR peptide at the polymersome surface, rendering the THR peptide 

ineffective in inducing transport of polymersomes across the BBB model.

The dual-targeted G23/THR-PEG-P(CL-g-TMC) polymersomes showed a basolateral 

accumulation of 1.8 ± 0.3%, 2.5 ± 1.2% and 3.0 ± 0.8% after 4, 8 and 16 hours of 

incubation (Figure 1a−c), respectively, demonstrating a ~2-fold reduction in the 

transcytosis capacity compared to G23-PEG-P(CL-g-TMC) polymersomes. The reduced 

transport of dual-targeted PEG-P(CL-g-TMC) polymersomes across the filter-free BBB 

model can be explained by the presence of only half the amount of G23 peptide on 

the surface of G23/THR-PEG-P(CL-g-TMC) polymersomes when compared to G23-PEG-

P(CL-g-TMC) polymersomes. A similar 2-fold reduction in transcytosis across hCMEC/

D3 cell monolayers was observed for G23-poly(ethylene glycol)-block-poly(butadiene) 

polymersomes after lowering the G23 peptide density at the polymersome surface 

from 10 mol% to 5 mol% [20]. Altogether, the data indicate that transcytosis of G23-

functionalized polymersomes across the BBB is dependent on the density of G23 peptide 

at the polymersome surface. Finally, the G23-PEG-P(CL-g-TMC) polymersomes showed 

a cellular uptake of 3.2 ± 1.0%, 3.6 ± 2.1% and 4.4 ± 1.6%, whereas the internalization of 

G23/THR-PEG-P(CL-g-TMC) polymersomes was only 0.2 ± 0.3%, 0.6 ± 0.4% and 0.9 ± 0.5% 

after 4, 8 and 16 hours of incubation (Figure 1a−c), respectively. This means that G23-

PEG-P(CL-g-TMC) polymersomes showed a 5−16 fold increase in uptake compared to 

G23/THR-PEG-P(CL-g-TMC) polymersomes, while their level of transcytosis was increased 

only 2−3 fold. Of note, the stimulating effect of the higher amount of G23 peptide on 

the uptake and transcytosis of the polymersomes became less pronounced over time. 

This suggests that the G23 peptide density at the polymersome surface particularly 

facilitates the uptake of polymersomes by cells, presumably by improving binding of the 

polymersomes to the brain endothelial cells. Moreover, it may also suggest that there is 

a maximum to the amount of internalized polymersomes that can undergo transcytosis 

within a certain time frame. Further studies are needed to address these questions.
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CONCLUSIONS

In the present study, we have decorated biodegradable PEG-P(CL-g-TMC) polymersomes 

with a transferrin receptor-binding peptide THR and demonstrated that this targeting 

ligand, at a peptide density of 2 mol%, is not able to enhance the internalization and 

transcytosis of PEG-P(CL-g-TMC) polymersomes across the filter-free BBB model. 

GM1 ganglioside and transferrin receptor dual-targeted G23/THR-PEG-P(CL-g-TMC) 

polymersomes showed a 2-fold reduction in transcytosis across the BBB compared to 

single-targeted G23-PEG-P(CL-g-TMC) polymersomes. Assuming the presence of equal 

quantities of G23 and THR peptide on G23/THR-PEG-P(CL-g-TMC) polymersomes, the 

presence of only half the amount of G23 peptide on the dual-targeted polymersomes 

compared to single-targeted G23-PEG-P(CL-g-TMC) polymersomes can explain for 

their reduced transcytosis. In conclusion, the GM1-targeting ligand G23 mediates 

transendothelial transport of polymersomes in a density-dependent manner, which 

suggests that an increase in the number of G23 peptides that are conjugated to the 

polymersomes may further improve the internalization and transcytosis of G23-PEG-

P(CL-g-TMC) polymersomes across the BBB.
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