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THE BLOOD-BRAIN BARRIER

Brain homeostasis is largely dependent on proper functioning of the blood-brain barrier 

(BBB), which is a cellular barrier that separates the circulating blood from the interstitial 

fluid in the brain. The BBB is formed by a polarized layer of brain capillary endothelial 

cells and supporting cell types, such as astrocytes and pericytes, that are located in close 

proximity to the abluminal surface of brain capillaries [1, 2]. Neurons reside on average 

about 10 to 30 µm from the nearest brain capillary [3−5]. Adjacent endothelial cells are 

interconnected by transmembrane tight junction (TJ) proteins that are linked through 

cytosolic scaffolding TJ proteins to the actin cytoskeleton and separate the plasma 

membrane into a luminal (apical) and abluminal (basolateral) domain [6−8]. The TJ 

complexes limit paracellular diffusion of biomolecules into the brain (Figure 1). Gaseous 

lipophilic molecules, such as oxygen and carbon dioxide, are able to cross the plasma 

membrane of brain endothelial cells by passive diffusion (Figure 1). The BBB actively 

regulates the transcellular transport of biomolecules that can’t freely diffuse across the 

endothelium in order to provide neurons with essential nutrients and metabolites while 

preventing the passage of dangerous toxins and pathogens.

Figure 1. Transport across the blood-brain barrier. Gaseous lipophilic molecules are able to cross 
the plasma membrane by passive diffusion. Tight junction complexes between adjacent endothelial 
cells limit paracellular diffusion of biomolecules into the brain. Transporters and receptors facilitate 
the translocation of specific biomolecules across the endothelium in order to provide the brain with 
essential nutrients and metabolites.

The brain endothelium expresses transporters and receptors that facilitate the 

translocation of specific biomolecules across the BBB. Carrier-mediated transport enables 

BBB translocation of small hydrophilic molecules via membrane-embedded transporters 
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(Figure 1). The bidirectional glucose transporter GLUT1, which is present in both the 

luminal and abluminal membrane domain of endothelial cells, mediates the delivery of 

glucose to the brain by facilitated diffusion [7, 9, 10]. Other facilitative transporters that 

enable transport of amino acids and lactate across both membrane domains of the brain 

endothelium are the large neutral amino acid transporter LAT1 and the monocarboxylate 

transporter MCT1, respectively [7, 10]. In contrast to facilitative transporters that mediate 

translocation of molecules across the BBB in an energy-independent manner, receptor-

mediated transcytosis is an energy-dependent vesicular transport process that allows for 

the delivery of relatively large molecules across the BBB (Figure 1). Upon interaction of a 

ligand with the relevant membrane receptor, such as the transferrin receptor [11−13], the 

low density lipoprotein (LDL) receptor [14, 15] or the insulin receptor [16−18], internalization 

occurs via endocytosis. The uptake of iron-loaded transferrin is primarily facilitated by 

clathrin-mediated endocytosis, a process which involves the formation of a clathrin-coated 

pit at the plasma membrane that pinches off into the cytosol, forming clathrin-coated 

vesicles. Caveolae-mediated endocytosis is the major route for internalization of LDL by 

brain endothelial cells. Caveolae are invaginated membrane microdomains with a flask-

shaped morphology that bud from the plasma membrane and form caveolar vesicles upon 

ligand-receptor interaction. After endocytosis of the ligands, subsequent intracellular 

vesicular transport and exocytosis at the opposite cell surface of the brain endothelium 

results in the transcellular transport of the ligands, e.g. nutrients and metabolites.

DRUG DELIVERY INTO THE BRAIN

Brain diseases have an enormous impact on the daily life of patients and pose a large 

economic and social burden on society. The number of people diagnosed with a brain 

disease, such as Alzheimer’s [19], continues to increase due to the ageing population. 

The treatment of brain diseases is greatly hampered by the presence of the BBB, which 

actively prevents the delivery of therapeutics from the blood into the brain. Temporary 

disruption of TJ integrity upon intra-arterial infusion of a hyperosmolar solution, e.g. 

mannitol, enables paracellular diffusion of chemotherapeutics through the BBB [20, 21]. 

However, besides the invasiveness of drug administration via the carotid or vertebral 

artery, TJ disruption by mannitol is associated with the occurrence of seizures [22, 23]. 

Other highly invasive delivery techniques enable direct administration of a drug into 

the brain via an injection or implant, but come with disadvantages such as the limited 

volume of drug distribution, the potential increase of intracranial pressure and the risk 
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of infection [24, 25]. Intravenous administration of drugs that cross brain endothelial 

cells without compromising BBB integrity is considered a less invasive alternative to treat 

brain diseases.

Most small-molecule drugs that are currently available for the treatment of brain-related 

diseases cross the endothelium by passive diffusion. In addition to their low molecular 

weight, the drug molecules must be moderately lipophilic and have a low hydrogen-

bonding potential to diffuse transcellularly [26]. However, the presence of ATP-binding 

cassette (ABC) efflux transporters at the plasma membrane of brain endothelial cells 

may prevent the transcellular transport of lipophilic molecules by exporting them 

back into the circulation, and thereby reducing their delivery to the brain [27, 28]. The 

polarized brain endothelium is characterized by an asymmetric distribution of efflux 

transporters, including p-glycoprotein, between the luminal and abluminal membrane 

domains [7]. P-glycoprotein, which is present in the luminal membrane domain, limits 

the entry of various substrates, such as opiates, antipsychotics, antidepressants and 

chemotherapeutics, into the brain [27, 28]. Although combined treatment with drugs and 

inhibitors of ABC efflux transporters may stimulate drug transport across the BBB [29, 30], 

the use of efflux pump inhibitors also increases the risk of concomitant entry of other, 

potentially toxic, compounds from the blood into the brain.

Several hydrophilic small-molecule drugs, which are structurally similar to endogenous 

substrates of the facilitative transporter LAT1 [31], are delivered across the brain 

endothelium via LAT1-mediated transport. Alternatively, an endogenous substrate, e.g. 

glucose, can be conjugated to the drug molecule in order to facilitate its BBB translocation 

via a facilitative transporter, e.g. the GLUT1 transporter [32]. Also, the transport of certain 

nanocarriers across the BBB is enhanced by conjugation of GLUT1-substrates [33−35]. 

However, transport via facilitative transporters is thought to be primarily suited for the 

delivery of single hydrophilic drug molecules [36].

The treatment of brain diseases with therapeutic macromolecules, such as nucleic acids and 

proteins, necessitates the development of delivery platforms to deliver these drugs into the 

brain [37]. Nanocarriers are able to transport drugs across the BBB via the so-called Trojan-

horse mechanism whereby the nanoparticles cross the brain endothelium as passengers 

on a vesicular transport route. Although adsorptive-mediated transcytosis enables 

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

polymersomes [38], it is considered to be a non-specific transport process. The conjugation 
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of ligands to nanoparticles that specifically target native receptors on the brain endothelium 

and promote receptor-mediated transcytosis represents a more promising strategy for drug 

delivery into the brain [39, 40]. Decoration of nanoparticles with moieties that target the 

transferrin receptor, such as OX26 antibodies or B6 peptides, has been demonstrated to 

enhance drug delivery across the BBB [41, 42]. Likewise, HIRMAb-functionalized liposomes, 

which are targeted towards the insulin receptor, were shown to induce transendothelial 

transport of macromolecular cargo into the brain [43]. Besides the transcytosis of targeted 

nanoparticles across the endothelium, receptor-mediated transport may result in recycling 

or degradation in lysosomes. The fate of a targeting ligand and its associated cargo is 

affected by its capacity to dissociate from the receptor after internalization [44−46].

POLYMERSOMES FOR DRUG DELIVERY

Polymersomes are spherical bilayer structures composed of amphiphilic block copolymers 

that protect the therapeutic cargo from degradation during systemic circulation. These 

polymeric vesicles can accommodate hydrophilic and hydrophobic molecules within 

their aqueous core and polymer bilayer (Figure 2), respectively. Decoration with targeting 

ligands facilitates receptor-targeted delivery of drugs, e.g. peptides, proteins, siRNA and 

doxorubicin, into the brain [41, 47−56]. Polymersomes are of great interest for biomedical 

applications due to the high chemical versatility of block copolymers that allows for tuning 

of nanoparticle properties, such as membrane thickness and stimulus-responsiveness [57]. 

The morphology of polymersomes closely resembles that of liposomes, which are bilayer 

structures of amphiphilic phospholipids with a thickness of several nanometers. The thicker 

membrane of polymersomes, in which the entanglement of block copolymers results in 

low lateral diffusivity, contributes to a lower permeability and higher stability compared to 

liposomes [57−59]. However, the superiority of polymersomes over liposomes in terms of 

permeability and stability remains a matter of debate [60].
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Figure 2. Different morphologies of diblock copolymer assemblies in aqueous solutions. Amphiphilic 
block copolymers can self-assemble into various ordered structures depending on the ratio of the 
hydrophilic and hydrophobic segments. As the hydrophilic fraction of the amphiphile decreases, the 
morphology of the polymer assemblies generally shifts from spherical micelles to worm-like micelles 
and eventually to polymersomes. Spherical and worm-like micelles can only encapsulate hydrophobic 
cargo molecules. Polymersomes can accommodate both hydrophilic and hydrophobic cargo molecules 
within their aqueous core and polymer bilayer, respectively.

Upon intravenous administration, nanoparticles are prone to be cleared from the 

circulation by the mononuclear phagocyte system [61], thereby hampering the delivery 

of drugs to the target site. Phagocytosis is triggered by opsonisation of the nanoparticle 

surface with plasma proteins. Poly(ethylene glycol) (PEG) is a biocompatible and 

hydrophilic polymer that is used to avoid opsonisation and subsequent degradation 

of nanoparticles by opsonin-recognising cells [62]. Amphiphilic block copolymers, 

in which PEG comprises the hydrophilic segment, allow for the assembly of 100% 

pegylated polymersomes. Due to the potential immunogenicity of PEG following 

repeated administration of pegylated liposomes [63−65], other synthetic polymers, 

such as poly(vinylpyrrolidone) or poly(glycerol), as well as biopolymers, e.g. hyaluronic 

acid, and poly(amino acids) have been applied to prolong the blood circulation time of 

nanoparticles. However, the available alternatives for PEG are considered suboptimal for 

application in drug delivery [66−68]. In contrast to the limited number of polymers for 

the hydrophilic segment, a variety of polymers can comprise the hydrophobic segment of 

block copolymers [57], enabling the assembly of polymersomes with specific membrane 

properties. For polymersome-mediated drug delivery, biodegradable polymers, such 

as poly(caprolactone) (PCL) and poly(trimethylene carbonate) (PTMC), are preferred 

because of their susceptibility to hydrolytic and/or enzymatic degradation [69, 70].
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Amphiphilic block copolymers can self-assemble in aqueous solutions into various 

ordered structures depending on the ratio of the hydrophilic and hydrophobic 

segments. In general, as the hydrophilic fraction of the amphiphile decreases, the 

morphology of the polymer assemblies shifts from mostly spherical micelles to worm-

like micelles and eventually to polymersomes (Figure 2) [71−75]. Besides the chemical 

composition of the block copolymers, the preparation method may have an effect on the 

morphology of polymer assemblies [72]. The solvent displacement method and the thin 

film rehydration method are widely used procedures for the formation of polymersomes. 

Potential denaturation of the therapeutic cargo by organic solvents is a major drawback 

of the solvent displacement method. The direct hydration method, which is a recently 

developed procedure, does not involve the use of small molecular organic solvents 

for the assembly of polymersomes. Instead, the block copolymers are blended with 

oligo(ethylene glycol) prior to hydration. Furthermore, the direct hydration method has 

demonstrated a higher encapsulation efficiency of cargo into polymersomes compared 

to the thin film rehydration method [76].

G23 PEPTIDE-MEDIATED TRANSPORT ACROSS THE BLOOD-
BRAIN BARRIER

G23 peptide is a GM1 ganglioside-binding peptide [77] that can promote transendothelial 

transport of different types of nanoparticles from the blood into the brain [77−81]. GM1 is 

concentrated in caveolae at the luminal plasma membrane of endothelial cells [82]. The 

enrichment of GM1 in these membrane microdomains suggests a possible involvement 

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

across the endothelium. In addition to GM1, the G23 peptide has binding affinity for 

GT1b [77, 83, 84], which is described to promote binding of the peptide to neuronal 

cells [84−88]. However, the affinity of the peptide for GT1b may also imply a role for this 

trisialoganglioside in the transendothelial transport of G23-functionalized nanoparticles 

across the BBB. Interestingly, in recent studies that focus on the neuronal-targeting 

properties of the G23 peptide additional BBB-targeting ligands are used in order to form 

dual-targeted nanoparticles for the delivery of therapeutics into the brain [52, 89, 90].

Conjugation of G23 peptide to non-biodegradable poly(ethylene glycol)-block-

poly(butadiene) (PEG-b-PBD) polymersomes has been demonstrated to enhance 

polymersome transcytosis across the BBB, both in vitro and in vivo [77, 78]. Remarkably, 
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the PEG-b-PBD polymersomes also seemed to accumulate in the lung [78]. Other studies 

have recently shown the use of the G23 peptide for brain-targeted delivery of doxorubicin-

loaded nanoparticles in glioblastoma tumour-bearing mice, and an RNA-binding protein 

complexed with siRNA against β-secretase 1 in a mouse model for Alzheimer’s disease 

[79−81]. The reduced levels of transcytosis observed with PEG-b-PBD polymersomes and 

alginate-iron oxide nanoparticles that were decorated with scrambled versions of the 

G23 peptide emphasise the significance of the peptide sequence for promoting transport 

across the BBB [77−79]. Altogether, these observations make G23 a promising ligand for 

drug delivery into the brain.

SCOPE OF THE THESIS

Effective delivery of therapeutic cargo from the blood into the brain necessitates nanocarriers 

that are decorated with ligands, such as the G23 peptide, that allow for specific binding 

to the brain endothelium and stimulate subsequent vesicular transport across the BBB. 

In earlier work BBB translocation of non-biodegradable G23-PEG-b-PBD polymersomes 

was shown. However, the inability to biologically degrade polymersomes composed of 

PEG-b-PBD block copolymers severely limits their application in drug delivery. The aim 

of the work described in this thesis was to design biodegradable polymersomes suitable 

for the delivery of therapeutics into the brain, and to improve the transcytosis capacity 

of G23 peptide-decorated nanocarriers across the BBB. First, we report the formation of 

biodegradable PEG-b-PCL polymersomes by the direct hydration method in Chapter 2. 

This preparation method is used throughout this thesis for the assembly of biodegradable 

PEG-P(CL-g-TMC) polymersomes. Because the PEG-P(CL-g-TMC) polymersomes adhere to 

the membrane filter of conventional Transwell® culture systems, which are typically used 

to prepare in vitro BBB models for the quantification of transendothelial transport, we 

establish a filter-free in vitro BBB model to quantitatively study transcytosis of G23-PEG-

P(CL-g-TMC) polymersomes in Chapter 3. In addition, eight other GM1-binding peptides 

are conjugated to the polymersomes and their transcytosis capacity is assessed using 

the filter-free BBB model. In Chapter 4, we compare the transendothelial transport of 

polymersomes decorated with either G23, or the transferrin receptor-targeting peptide 

THR, or a combination of both peptides, using the filter-free in vitro BBB. In Chapter 5, 

we report the identification of properties that the G23 peptide has in common with cell-

penetrating peptides. Finally, a summary of this thesis and future perspectives regarding 

the delivery of nanocarriers across the BBB are presented in Chapter 6.
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