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SUMMARY

The brain endothelium actively regulates the transcellular transport of biomolecules 

across the blood-brain barrier (BBB) in order to maintain homeostasis in the brain. As a 

consequence, brain endothelial cells greatly hamper the delivery of therapeutics from 

the blood into the brain. In addition to the limited transendothelial transport of drugs 

across the BBB, the effective treatment of brain diseases is further precluded by the 

degradation of therapeutic agents during circulation in the blood. The encapsulation of 

drugs in nanoparticles and decoration of drug-loaded nanoparticles with moieties that 

allow for specific binding to the brain endothelium and stimulate subsequent transcytosis 

across the BBB seems a promising strategy for successful protection of the drug against 

degradation and its delivery to the brain. Polymersomes, i.e. bilayer vesicles composed of 

polymers, can carry both hydrophilic and hydrophobic compounds, thus representing a 

versatile nanocarrier system. Conjugation of the GM1-binding peptide G23 promotes the 

transendothelial transport of polymersomes and other types of nanocarriers, including 

alginate-iron oxide nanoparticles. This thesis described the design of biodegradable 

G23 peptide-decorated PEG-P(CL-g-TMC) polymersomes and showed their ability to 

cross an in vitro BBB model, which triggers further development of G23-functionalized 

polymersomes for targeted drug delivery to the brain.

A general introduction of polymersomes as drug delivery vehicles for effective 

transport of therapeutic cargo across the BBB was given in Chapter 1. Receptor-

mediated transcytosis represents the most promising transport route for the delivery of 

nanocarriers, such as polymersomes, from the blood into the brain. The high chemical 

versatility of the building blocks of polymersomes, i.e. amphiphilic block copolymers, 

allows for tuning of nanoparticle properties. The biodegradability of polymersomes is a 

particularly important property for biomedical applications.

The direct hydration method is a procedure for the assembly of polymersomes without 

the use of small organic solvents, which are highly toxic to cells and may denature the 

therapeutic cargo during encapsulation. Instead, the amphiphilic block copolymers are 

blended with oligo(ethylene glycol) prior to hydration. In Chapter 2, we reported the 

formation of biodegradable polymersomes with variable membrane thickness through 

a modified direct hydration method. The processing temperature for the hydration step 

was lowered to 37 °C in order to allow encapsulation of heat-sensitive therapeutics in 

the future. The adjustable thickness of the polymersome membrane, which correlated 
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to the length of the hydrophobic segment of block copolymers, provides the possibility 

to tune the degradation time of polymersomes and inhibit potential leakage of cargo. 

In addition, the as-prepared polymersomes showed good biocompatibility to brain 

endothelial cells, which is a prerequisite for their biomedical application.

The adhesion of polymersomes to the membrane filter of the conventional Transwell® in 

vitro BBB culture systems, precluded the quantification of their transendothelial delivery 

potential, and therefore stimulated us to develop and validate a filter-free in vitro BBB 

model, as described in Chapter 3. This filter-free BBB model consisted of a continuous 

monolayer of tightly connected brain endothelial cells grown on a collagen gel, and 

allowed for the quantification of the transendothelial transport of fluorescently-labelled 

compounds, including polymersomes, by means of fluorescence spectroscopy. Using 

our newly developed filter-free in vitro BBB model, we could show that the conjugation 

of G23 peptide induced a 7-fold increase in the transcytosis capacity of biodegradable 

polymersomes compared to non-functionalized polymersomes. Furthermore, the 

inability of eight other GM1-binding peptides to mediate transendothelial transport 

of polymersomes, emphasised the distinctive capacity of the G23 peptide to promote 

transcytosis of nanocarriers across the BBB.

The transferrin receptor is a recognised target for inducing transcytosis at the BBB. The 

native receptor ligand transferrin as well as transferrin receptor-binding peptides are 

widely investigated as ligands for targeted drug delivery to the brain. In order to compare 

the transcytosis capacity of the G23 peptide with that of the transferrin receptor-targeting 

peptide THR, we prepared polymersomes functionalized with either G23 peptide, or THR 

peptide, or a combination of both peptides, and assessed their transcytosis capacity using 

the filter-free BBB model (Chapter 4). Contrary to our expectations, the THR peptide was 

unable to mediate the transcytosis of polymersomes across the in vitro BBB. Moreover, 

a 2-fold reduction in BBB translocation of G23/THR polymersomes compared to G23 

polymersomes indicated that the G23 peptide mediates transendothelial transport of 

polymersomes in a density-dependent manner.

In addition to the decoration of drug-loaded nanocarriers with targeting ligands, 

targeting ligands can be directly coupled to the therapeutic compound. In order 

to promote the cellular uptake of ligand-coupled therapeutics, the ligands should 

possess so-called cell-penetrating properties. To investigate if the G23 peptide has cell-

penetrating properties, it was coupled to β-galactosidase, i.e. an enzyme that is unable 
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to enter cells by itself. In Chapter 5, we reported that the G23 peptide is able to mediate 

the delivery of macromolecular cargo, i.e. β-galactosidase, across cellular membranes. 

Moreover, we showed the capacity of the G23 peptide to destabilise membranes and 

its propensity to adopt secondary structure in the presence of negatively charged lipid 

vesicles, which indicated that the peptide is able to interact with (artificial) membranes. 

Our data collectively suggest that the G23 peptide may function as a cell-penetrating 

peptide (CPP). In conclusion, we showed that, in addition to promoting the endocytosis 

and transcytosis of nanocarriers across the BBB, the G23 peptide has CPP-like properties.

PERSPECTIVES

As the number of people suffering from brain diseases will continue to increase, the 

demand for nanocarriers that enable effective delivery of therapeutics into the brain 

will grow accordingly. The biodegradable G23 peptide-decorated polymersomes, as 

described in this thesis, may provide the opportunity to translocate a variety of therapeutic 

macromolecules, such as antisense oligonucleotides, siRNAs, peptides and proteins, 

across the BBB. Transendothelial transport of these GM1-targeted polymersomes across 

the in vivo BBB and their ability to deliver therapeutic cargo into the brain remains to 

be addressed in future studies. In addition to its affinity for the GM1 ganglioside, the 

G23 peptide has been shown to have affinity for another ganglioside, i.e. GT1b, which 

exists almost exclusively in nerve cells. Therefore, upon successful transcytosis across 

the endothelium, the binding affinity of the G23 peptide for GT1b may facilitate specific 

targeting of PEG-P(CL-g-TMC) polymersomes to (GT1b-enriched) neuronal cells, enabling 

cell-specific delivery of nanocarriers within the brain.

The application of nanocarriers for drug delivery necessitates the release of their cargo 

upon arrival at the target site. Because of the susceptibility of PEG-P(CL-g-TMC) copolymers 

to hydrolytic and enzymatic degradation, the polymersomes will slowly degrade after 

their systemic administration and start to release the therapeutic cargo at some point. 

Although the inclusion of stimuli-responsive (e.g. pH-responsive) copolymers that can 

destabilise the polymer bilayer upon the encounter of a specific stimulus (e.g. a drop in 

pH) may seem useful to promote cargo release from G23-PEG-P(CL-g-TMC) polymersomes 

in a programmable manner, it should be made sure that the polymersomes do not 

encounter this specific stimulus during their transport across the BBB. For example, if 

the transcytotic processing of polymersomes in the brain endothelial cell involves the 
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acidification of endosomes, pH-responsive polymersomes would destabilise and show 

premature release of their therapeutic cargo, which would limit drug delivery at the 

target site. Additionally, the therapeutic cargo could be harmful to the brain endothelial 

cells. Instead, the timing of cargo release from polymersomes can be tuned by modifying 

the PEG length of the block copolymer to exceed the time it takes for the polymersomes 

to arrive at and cross the BBB.

The distinctive capacity of the G23 peptide to promote transcytosis of different types 

of nanoparticles across the BBB, both in vitro and in vivo, makes G23 a promising 

ligand for drug delivery into the human brain. Upon intravenous administration, the 

targeting peptides on the surface of polymersomes will be exposed to proteases in the 

circulation. In order to reduce the degradation of the GM1-targeting ligand in future in 

vivo drug delivery studies, a C-terminally amidated version of the G23 peptide was used 

throughout this thesis. A number of other peptide modifications that may enhance the 

resistance of the ligand to proteases can be considered. N-terminal acetylation of the 

peptide is such a modification that could improve its in vivo stability. Other modifications 

include N-methylation of amino acid residues, peptide cyclization, and substitution of 

L- for D-amino acids. However, the modification of the G23 peptide may not only alter its 

stability in the circulation, but also affect the binding affinity of the targeting ligand for its 

receptor and/or subsequent transcytosis of functionalized nanocarriers across the BBB. 

If the G23 peptide does not require a specific secondary structure to bind the receptor, 

a retro-enantio version of the targeting moiety might abolish a potential decrease in 

binding affinity due to L- to D-amino acid substitution.

The G23 peptide 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 these bilayer-structured nanoparticles may further improve 

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

functionalization of polymersomes at a G23 peptide density of > 2 mol% induced the 

formation of nanoparticle aggregates. The G23 peptide might destabilise polymer 

bilayers as was shown for phospholipid bilayer vesicles. A thicker hydrophilic PEG layer 

may prevent the peptide from penetrating the hydrophobic bilayer interior of the 

polymersomes and thereby provide a possible solution to the aggregation problem. 

Although a thicker PEG layer may result in the formation of stable polymersomes with 

more G23 peptide, the introduction of copolymers with a longer PEG length may also 

delay the release of therapeutics from these nanocarriers at the target site.
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Proper targeting of nanocarriers towards the brain endothelium substantially contributes 

to the delivery of therapeutics into the brain. Non-biodegradable G23 peptide-decorated 

polymersomes were shown to predominantly accumulate in the liver and spleen, and 

only a small amount in brain tissue. In order to improve the brain accumulation of 

PEG-P(CL-g-TMC) polymersomes in future in vivo drug delivery studies, the nanocarrier 

could be functionalized with G23 peptide to promote transcytosis across the BBB and 

another targeting ligand that more specifically accumulates at the brain endothelium. 

However, to our knowledge a BBB-targeting moiety that precludes the undesired tissue 

distribution of nanoparticles has not been reported yet. In addition to the conjugation 

of different ligands to a single polymersome, the physical properties of the nanoparticle 

can also affect its distribution to the liver and spleen.

Altogether, the G23-PEG-P(CL-g-TMC) polymersome seems a promising nanocarrier for 

the delivery of therapeutics into the brain. Different modifications will allow for tuning of 

polymersome properties, which may improve its functioning as a drug delivery vehicle. 

Fundamental knowledge of the interaction of the BBB-targeting ligand with its receptor 

on brain endothelial cells and the subsequent mechanism of polymersome transcytosis 

across the BBB is important in order to rationally design nanocarriers, including 

polymersomes as well as other types of drug delivery vehicles, for efficient G23 peptide-

mediated brain delivery in future studies. We conclude that although challenges remain 

for G23-PEG-P(CL-g-TMC) polymersomes, this nanocarrier has potential to become a 

drug delivery vehicle that enables effective treatment of brain diseases.
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