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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].

GENERAL INTRODUCTION AND SCOPE OF THE THESIS
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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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ABSTRACT

Herein, we report a robust way for the formation of biodegradable poly(ethylene glycol)-

block-poly(ε-caprolactone) (PEG-b-PCL) polymersomes, via direct hydration of a highly 

concentrated block copolymer/oligo(ethylene glycol) solution. Polymersomes with 

variable membrane thickness were formed under relatively mild conditions in a short time, 

by changing the hydrophobic block length. Plunge freezing followed by transmission 

electron cryo-microscopy (cryo-TEM) was utilized to visualize the morphology of 

newly-formed polymersomes in their native condition. An MTT cytotoxicity study 

showed that the as-prepared polymersomes have good biocompatibility to hCMEC/

D3 brain endothelial cells. As this method does not involve the use of small molecular 

organic solvent, sonication or freeze-thawing steps, it can offer the opportunity to form 

biodegradable polymersomes on-site. The work may facilitate the bench-to-bedside 

translation of biodegradable polymersomes as robust drug nanocarriers.
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INTRODUCTION

In selective solvents, amphiphilic block copolymers have the capacity to assemble into 

discrete structures such as micelles, polymersomes, and multicompartment cylinders 

[1−5]. Polymersomes (polymeric vesicles) can be regarded as the polymeric analogue of 

liposomes [6]. They can readily encapsulate water-soluble hydrophilic compounds inside 

of their aqueous cavities and hydrophobic molecules within their lamellar membrane [7, 

8]. They have also been designed to display functionalities such as targeting groups at 

their surface and stimulus-responsiveness [9−11]. Based on these features, polymersomes 

have been considered to be highly interesting as delivery vehicles.

In order to be suitable for biomedical applications, polymersomes have to be composed 

of biodegradable, or at least biocompatible block copolymers [12−14]. In the recent 

past, a range of biodegradable polymersomes have therefore been developed [15−22]. 

Poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL) is one of the most studied 

candidates [19, 23−31]. PCL is a semi-crystalline, hydrophobic biodegradable polymer 

that is FDA-approved for use in drug delivery. Although PEG is not biodegradable, it is 

generally considered nontoxic and it can help to prolong the blood circulation times of 

polymersomes.

It has been shown, however, that aqueous assembly of PEG-b-PCL is quite sensitive to the 

preparation procedure and experimental conditions [32, 33]. Currently, the conventional 

methods to form PEG-b-PCL polymersomes are the solvent displacement method [32] 

and thin film rehydration method [23, 33].

The widely used solvent displacement method [32] involves dissolving the block 

copolymer into a water-miscible organic solvent (such as tetrahydrofuran, acetonitrile 

or dimethyl sulfoxide). The solution is mixed slowly with water under agitation to form 

polymersomes. However, the organic co-solvent needs to be completely removed by 

dialysis or evaporation from the aqueous suspension post-assembly. Moreover, this 

method is not well suited for encapsulation of bioactive biomacromolecules, which may 

be denatured in contact with organic solvent.

For the thin film rehydration method [33], the block copolymer is dissolved in a solvent 

that solvates both blocks, and the solution is slowly dried under reduced pressure to 

form a thin film. Then the film is rehydrated with an aqueous solution. Water diffuses into 
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the pre-ordered lamellar film and the outermost layers bud off to form polymersomes. 

Freeze-thaw cycles and the addition of sonic energy should also be applied to obtain 

unilamellar nano-sized polymersomes. This method has manufacturing disadvantages 

in terms of time, cost and facilities.

Hubbell et al. described the preparation of poly(ethylene glycol)-block-poly(propylene 

sulfide) (PEG-b-PPS) polymersomes by a new direct hydration method. PEG-b-PPS diblock 

copolymers were blended with poly(ethylene glycol) dimethyl ether M
w

 500 Da (PEG 500 DME). 

Rapid dissolution of PEG 500 DME upon hydration of the mixture yielded polymersomes. 

This approach can also yield high encapsulation efficiencies, possibly due to the presumed 

intermediate sponge phase of the hydrated polymer/PEG matrix [34]. Zhong et al. showed 

that it is possible to make biodegradable polymersomes by the same direct hydration 

method as Hubbell. However, the process involved relatively high temperatures (up to 95 °C) 

and multiple ultrasonication cycles, which limited the on-site formation of polymersomes. 

Moreover, no detailed results about the polymersome structures were shown [35].

Here we present a modified direct hydration method as a robust, mild and fast way for 

the preparation of PEG-b-PCL polymersomes. The polymersome size and membrane 

thickness can be readily optimized. Similar to the formation of proliposomes [36, 37], this 

method offers the opportunity to form biodegradable polymersomes fast and highly 

efficient, for example as a ready-to-use sample for drug delivery, which may facilitate the 

use of biodegradable polymersomes as drug nanocarriers.

MATERIALS AND METHODS

Materials

Unless stated otherwise, all chemicals were used without further purification. 

Tetrahydrofuran was distilled under argon from sodium/benzophenone. The water 

utilized in the self-assembly of polymersomes was double deionized with a Labconco 

Water Pro PS purification system (18.2 MΩ). ε-Caprolactone (Alfa Aesar) with a purity 

of 99% was stirred over calcium hydride for 24 hours at room temperature, and 

subsequently distilled at reduced pressure under nitrogen. α-Methoxy-poly(ethylene 

glycol)
44

-ω-hydroxide (MeO-PEG
44

-OH, M
n
 = 2000 g/mol) was dried by co-evaporation 

with anhydrous toluene using a rotary evaporator. Spectra/Pore dialysis membranes with 

a 12−14 kDa molecular weight cut-off were purchased from Spectrum Laboratories.
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Synthesis of poly(ethylene glycol)-block-poly(ε-caprolactone) (PEG-b-PCL)

Dry MeO-PEG
44

-OH was added to a Schlenk flask as a solution in dry toluene. The desired 

amount of ε-caprolactone was added and the resulting solution was equilibrated at 30 °C 

for 10 min. Methanesulfonic acid (1:1 molar ratio with MeO-PEG
44

-OH) was then added and 

the reaction mixture was stirred at 30 °C for 2.5 hours. After cooling to room temperature, 

the mixture was treated with Amberlyst® A21 (Sigma-Aldrich) in order to remove the 

catalyst. The resin was removed by filtration and the product was precipitated in excess 

cold hexane. The crude product was dissolved in tetrahydrofuran and precipitated in 

excess cold hexane again twice.

Assemblies of PEG-b-PCL

Direct hydration method. Modified literature procedure [34]: 10 mg of PEG-b-PCL and 100 

mg of PEG 550 were weighed into a 1.5 ml centrifuge tube, heated at 60 °C, and stirred at 

300 rpm for 20 min. After the sample solution was cooled to the desired temperature, 100 

μl of water was added and stirred for 30 min. Then 200 and 700 μl of water were added, 

with mixing after each addition. The polymersome emulsion (polymer concentration: 9 

mg/ml) was passed through a filter (Acrodisc® 13 mm syringe filter with 200 nm nylon 

membrane) after preparation. Unless stated otherwise, the measurements in this study 

were based on this polymer concentration.

Solvent displacement method. Modified literature procedure [38]: 10 mg of PEG-b-PCL 

was dissolved in 1 ml distilled tetrahydrofuran in a 15 ml vial charged with a magnetic 

stirring bar. The vial was capped with a rubber septum and the solution was stirred for 

at least 30 min at room temperature. Then, ultrapure water (3 ml) was delivered to the 

polymer solution via a syringe pump at a rate of 1 ml/hour while stirring the solution 

vigorously. The turbid suspension was transferred into a dialysis membrane which was 

swollen in the dialysis medium for about 30 min. The mixtures were dialysed against 

water (700 ml) for 24 hours, while replenishing the water two times.

Film rehydration method. Modified literature procedure [39]: In brief, 120 mg of PEG-

b-PCL was dissolved in 4 ml chloroform and put into a round bottom flask. Then, the 

solvent was removed by rotary evaporation under reduced pressure to form a thin film. 

Any trace of residual solvent was evaporated under nitrogen. The dried film was hydrated 

with 10 ml water under vigorous stirring. Upon hydration, polymersome self-assembly 

was further promoted at 60 °C for 4 hours.
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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 (Trevigen #3440-100-01) 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 #H-0135), 10 mM HEPES (Gibco 

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

foetal bovine serum, 100 units/ml of penicillin and 100 µg/ml streptomycin at 37 °C in a 

humidified atmosphere with 5% CO
2
.

Cell viability assay

The viability of hCMEC/D3 cells after exposure to increasing concentrations of 

polymersomes emulsion was evaluated by performing a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma-Aldrich #M2128) assay. 5 × 104 hCMEC/D3 cells/

cm2 were seeded in 96-wells plates precoated with 150 µg/ml rat tail collagen type-I and 

grown for six days. The medium of hCMEC/D3 cells was replaced every other day. Cells were 

treated in triplicate with 20−200 µg/ml of polymersomes emulsion, diluted in EBM-2 (final 

volume of 150 µl), for 21 hours. Untreated cells in EBM-2 were used as a control. During 

the final 3 hours of incubation, cells were exposed to 15 µl MTT solution (5 mg/ml in PBS). 

Thereafter, the medium was removed and formazan crystals were dissolved in 100 µl of 

DMSO. Upon complete solubilization of the crystals, the optical density of each well was 

measured using a microplate spectrophotometer (Bio-Tek Instruments) at 520 nm.

Instrumentation

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian Inova 400 (400 

MHz for 1H) spectrometer. Molecular weights of the block copolymers were measured on 

a Shimadzu size exclusion column equipped with a guard column, a Polymer Laboratories 

gel 5 μm mixed D column and differential refractive index (RI) and UV (λ: 254 nm) 

detection. The system was eluted with tetrahydrofuran (analysis grade) using a flow rate 

of 1 ml/min at 35 °C. The calibration was performed with polystyrene standards. Dynamic 

light scattering measurements were carried out on a Malvern Instruments Zetasizer Nano 

ZS. Dynamic viscosity was measured by a TA Instruments DHR-2 rheometer.
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Transmission electron cryo-microscopy (cryo-TEM)

For plunge freezing, polymersomes were taken directly at room temperature from the 

hydrated mixture for processing without further centrifugation. A 3 µl droplet of various 

mixture samples was applied to a glow-discharge R2/2 quantifoil copper grid (Quantifoil 

Micro Tools) mounted in an environmentally controlled chamber at 100% humidity, 

blotted and frozen in vitreous ice by plunging into liquid ethane using the Vitrobot (FEI 

Company). Grids were transferred to a Gatan model 914 cryoholder under liquid nitrogen 

and inserted into a Jeol 2100 transmission electron microscope operating at 200 kV. 

The vitreous state of the preparation was confirmed by electron diffraction. Low-dose 

images, with exposures between 20 and 30 electrons per Å2 and under-focus values of 5 

µm were recorded with a 4096 × 4096 pixel CCD camera (Gatan) at 40000× magnification.

RESULTS AND DISCUSSION

The commercially available PEG monomethyl ether (MeO-PEG-OH, M
n
 = 2000 g/mol) 

was used as a macroinitiator to synthesize PEG-b-PCL. Normally, the preparation of 

biodegradable polyesters involves the use of metal catalysts such as tin 2-ethylhexanoate 

(stannous(II) octanoate) [40]. For in vivo applications, the use of non-metallic catalysts is 

highly desired in order to minimize the potential toxicity effects [41]. We therefore chose 

methanesulfonic acid as catalyst to produce PEG-b-PCL in a well-controlled way [42]. 

Polymerizations were conducted under mild conditions (30 °C for 2.5−3.5 hours), yielding 

five block copolymers with different block ratios (Table 1).

The assembly of PEG
2K

PCL
4.3K

 and PEG
2K

PCL
8.5K

 were first based on the widely studied 

solvent displacement method and thin film rehydration method. For the solvent 

displacement method, micelles of 20 nm size were found for PEG
2K

PCL
4.3K

 (Figure 1a), 

whereas PEG
2K

PCL
8.5K

 resulted in micelles of 30 nm size (Figure 1b). No polymersome 

structures could be found from either of these two polymers. Via the thin film rehydration 

method, PEG
2K

PCL
4.3K

 resulted in micelles of 55 nm size (Figure 1c). For PEG
2K

PCL
8.5K

, this 

method resulted in a mixture of micelles and polymersomes (Figure 1d).
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Table 1. Polymers used in this study. (a) 1H NMR spectroscopy was utilized to characterize the number-
average molecular weight of the PEG-b-PCL copolymer. (b) GPC was employed to characterize the 
molecular weight distribution (PDI). (c) Volume fractions f

PEG
 were calculated from the melt densities of 

the two blocks, 1.13 g/cm3 for PEG and 1.14 g/cm3 for PCL.

Sample codea PDIb f
PEG

c

PEG
2K

PCL
1.8K

1.04 0.53

PEG
2K

PCL
4.3K

1.08 0.32

PEG
2K

PCL
8.5K

1.14 0.19

PEG
2K

PCL
9.5K

1.11 0.17
PEG

2K
PCL

11K
1.11 0.15

Figure 1. Representative cryo-TEM images of assembled structures from the solvent displacement 
method using PEG

2K
PCL

4.3K
 (a) or PEG

2K
PCL

8.5K
 (b), and from the film rehydration method using 

PEG
2K

PCL
4.3K

 (c) or PEG
2K

PCL
8.5K

 (d).
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The presence of tens or hundreds of solvophobic ε-caprolactone repeat units in each 

chain may result in kinetically trapped non-equilibrium states after assembly in aqueous 

environment. The final assembly structures can be sensitive to the processing route 

taken. The kinetically trapped morphologies derived from the local arrangement of 

polymer chains are sensitive to the experimental conditions, such as the order and rate of 

addition of compounds into the system, their concentrations used, as well as the applied 

stirring conditions. This resulted in the inconsistencies in the reports about the formation 

of PEG-b-PCL polymersomes [32, 33].

The assembly process was then changed to the modified direct hydration procedures 

for the formation of polymersomes [34] and the formation of liposomes out of liquid 

proliposomes [37]. Block copolymers were first dissolved at high concentration in low 

molecular weight PEG. The melting point for PCL is around 60 °C, therefore PEG-b-PCL 

was initially mixed with PEG 550 at 60 °C for 15 min to obtain a homogeneous solution. 

Water was then added gradually to exchange and dilute the low molecular weight PEG, 

which resulted in dispersing the formulation into free polymersomes in solution.

The detailed structures of the aggregates were studied by cryo-TEM. The adopted 

morphologies could be ascribed to spherical micelles, polymersomes and macroscopic 

precipitates in response to different f
PEG

. At high relative block lengths of PEG (PEG
2K

PCL
1.8K

, 

Figure 2a), spherical micelles were formed that avoid overcrowding of the PEG chains. As 

the relative PCL content increased (PEG
2K

PCL
4.3K

 (Figure 2b), PEG
2K

PCL
8.5K

 (Figure 2c) and 

PEG
2K

PCL
9.5K

 (Figure 2d)), the crowding of the PEG chains decreased and polymersomes were 

formed. It can be seen that unilamellar polymersomes with narrow size distribution were 

prepared. The sizes observed with cryo-TEM (around 100 nm) were comparable with dynamic 

light scattering (DLS) results (Figure S1). With low relative block lengths of PEG (PEG
2K

PCL
11K

), 

no stable aggregated structures were formed and precipitation occurred [32, 43].
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Figure 2. Representative cryo-TEM images of discrete structures for PEG-b-PCL by the direct hydration 
method using PEG

2K
PCL

1.8K
 (a), PEG

2K
PCL

4.3K
 (b), PEG

2K
PCL

8.5K
 (c) or PEG

2K
PCL

9.5K
 (d).

Due to the contrast provided by the hydrophobic core of the polymersome membrane, the 

membrane thickness could be directly measured from the cryo-TEM images. A correlation 

was observed, as expected, between membrane thickness and molecular weight of the 

hydrophobic block (10 nm for PCL 4300, 20 nm for PCL 8500 and 25 nm for PCL 9500). The 

membrane core thickness of polymersomes is considerably thicker than in the liposome 

system (about 5 nm) indicating better structural stability of the polymersomes compared 

to liposomes [44]. The adjustable thickness of the polymersome membrane affords the 

opportunity to tune the degradation time and control the release of encapsulates. The 

polymersome morphology adopted was found to be not sensitive to the concentration 

of initial PEG-b-PCL in PEG 550 (90 mg/ml to 500 mg/ml).

CHAPTER 2



35

We studied the corresponding cryo-TEM images of the samples also after removing of 

PEG 550 by dialysis. The analysed structures did not show large morphological changes 

that could have been caused by the dialysis process (Figure S2).

The processing temperature for the water addition step was then lowered to more 

physiologically relevant conditions. As low as 37 °C, polymersomes were still formed 

efficiently for PEG
2K

PCL
4.3K

 (Figure 3a), while below 30 °C, macroscopic precipitates 

were obtained. The temperature range allows for the encapsulation of heat-sensitive 

bioactive biomacromolecules without denaturation. Figure 3b shows the dependence 

of viscosity for PEG 550 and PEG
2K

PCL
4.3K

-PEG 550 solutions at different temperatures. At 

temperatures below 30 °C, the viscosity of the polymer solution increases significantly. 

The assembly process to polymersome formation was strongly suppressed due to the 

change in mobility of the polymer chains.

Figure 3. Representative cryo-TEM images of PEG
2K

PCL
4.3K

 formed at a processing temperature of 37 °C 
(a). Specific viscosity versus temperature for PEG 550 and PEG

2K
PCL

4.3K
-PEG 550 solutions (b).

We demonstrated that the ratio of hydrophilic to hydrophobic blocks in PEG-b-PCL 

copolymers determines the shape of the self-assembly structures. The possibility of forming 

polymersomes from PEG-b-PCL block copolymers with binary components [45, 46] was 

also examined. The use of blending to direct aggregate shape is well known in biological 

systems, for example local composition fluctuations of different lipid molecules in the 

cell membrane can lead to membrane curvature to assist shape-driven processes such 

as budding and endosome production [45, 47]. Figure 4 shows that polymersomes were 

readily obtained by the direct hydration method from a 1:1 ratio PEG
2K

PCL
1.8K

:PEG
2K

PCL
4.3K

 

(Figure 4a) and 1:1 ratio PEG
2K

PCL
1.8K

:PEG
2K

PCL
8.5K

 (Figure 4b). The robust formation of 

polymersomes in the right block ratio indicates that molecular weight distribution has little 

influence on the polymersome formation, which is consistent with literature [33, 45].
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Figure 4. Representative cryo-TEM images of polymersomes formed out of binary mixtures of 
PEG-b-PCL by the direct hydration method using 1:1 ratio PEG

2K
PCL

1.8K
:PEG

2K
PCL

4.3K
 (a) or 1:1 ratio 

PEG
2K

PCL
1.8K

:PEG
2K

PCL
8.5K

 (b).

The biocompatibility of the as-prepared polymersomes emulsion (initial copolymer 

concentration: 9 mg/ml and initial PEG 550 concentration: 90 mg/ml) was evaluated using an 

MTT cytotoxicity assay. As shown in Figure 5, the viability of hCMEC/D3 brain endothelial cells 

was not affected up to 200 μg/ml concentration indicating that the as-prepared polymersome 

emulsion can directly be used for further biomedical applications such as drug delivery.

Figure 5. Relative cell viability of hCMEC/D3 cells against as-prepared PEG
2K

PCL
4.3K

 polymersomes 
emulsion after incubation for 21 hours at different concentrations. Each value represents the mean ± 
S.D. of three independent experiments performed in triplicate.
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CONCLUSIONS

We have developed a robust and fast method to form nano-sized biodegradable 

polymersomes. The assembly of a range of PEG-b-PCL block copolymers by a modified 

direct hydration method was examined. By dissolving the appropriate f
PEG

 block copolymer 

in PEG 550 at relatively high concentration, the solution being hydrated upon addition 

of an aqueous solution, we were able to drive rapid formation of highly concentrated 

polymersomes under mild conditions. This method was generalized to produce high-quality 

polymersomes with well-controlled size and membrane thickness. It does not involve the 

use of small molecular organic solvent, sonication or freeze-thawing steps. These unique 

features, in addition to non-cytotoxicity suggest that this approach holds great potential to 

scale up the production of biodegradable polymersomes for clinical tests.
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SUPPLEMENTARY FIGURES

Figure S1. DLS intensity size distribution of sample PEG
2K

PCL
4.3K

 (copolymer concentration: 9 mg/ml 
and PEG 550 concentration: 90 mg/ml).

Figure S2. Representative cryo-TEM image for PEG
2K

PCL
8.5K

 by direct hydration method (after dialysis 
against water).
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ABSTRACT

The delivery of therapeutics to the brain is greatly hampered by the blood-brain barrier 

(BBB). The use of nanoparticles that can cross the BBB via the process of receptor-

mediated transcytosis at blood-brain barrier endothelial cells seems a promising strategy 

to transport therapeutics into the brain. To screen for suitable nanocarriers, and to 

study the process of transcytosis, a cultured polarized monolayer of brain microvascular 

endothelial cells on an extracellular matrix-coated porous membrane filter is widely used 

as an in vitro BBB model. However, due to the adhesion of numerous types of nanoparticles 

to the membrane filter and within the filter pores, such a model is unsuitable for the 

quantification of transendothelial delivery of nanoparticles. Hence, there is a pressing 

need for a filter-free in vitro BBB model. Ideally, the model is inexpensive and easy to use, 

in order to allow for its wide use in nanomedicine and biology laboratories around the 

world.

Here, we developed a filter-free in vitro BBB model that consists of a collagen gel covered 

with a monolayer of brain microvascular endothelial (hCMEC/D3) cells. The paracellular 

leakage of differently sized dextrans and the transcellular transport of LDL were measured 

to demonstrate the validity of the filter-free model. Finally, the transendothelial delivery 

of fluorescently-labelled PEG-P(CL-g-TMC) polymersomes that were functionalized with 

GM1-targeting peptides was assessed by fluorescence spectroscopy measurement of 

the luminal, cellular, and abluminal parts of the filter-free BBB model. Our data confirm 

the effectiveness of the G23 peptide to mediate transport of polymersomes across the 

BBB and the suitability of this filter-free in vitro model for quantification of nanoparticle 

transcytosis.
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INTRODUCTION

The blood-brain barrier (BBB), which is formed by a polarized layer of brain capillary 

endothelial cells and supporting cell types [1], actively regulates the transport of 

substances between blood and brain. Adjacent endothelial cells are interconnected 

by tight junctions, thereby limiting the paracellular diffusion of macromolecules across 

the BBB [1]. Temporary disruption of tight junction integrity in order to enable passive 

drug diffusion through the BBB, or direct administration of a drug into the brain, e.g. via 

intracranial injection, are possible routes for drug delivery to the brain, but highly invasive 

[2]. Intravenous administration of drug-loaded nanoparticles decorated with moieties 

that promote their transendothelial transport into the brain, without compromising BBB 

integrity, is considered a less invasive alternative to treat brain diseases.

At the BBB the process of transcytosis in brain endothelial cells allows for the transcellular 

transport of specific endogenous macromolecules, providing a gateway for the delivery of 

nanoparticles into the brain [3−5]. The culture of a polarized monolayer of (human) brain 

microvascular endothelial cells on extracellular matrix (ECM)-coated porous membrane 

filters is widely used as an in vitro model for the BBB [6]. However, due to the adhesion 

of many types of nanoparticles to the membrane filter and within the filter pores, such 

a model is unsuitable for the reliable quantification of transendothelial delivery of 

nanoparticles [7, 8]. Unfortunately, many of the recently developed microfluidic ‘BBB-on-

chip’ systems do not provide a solution to this problem, because within these microfluidic 

systems similar membrane filters are used for cell support [9−15]. Furthermore, the recently 

developed filter-free BBB-on-chip systems, which consist of a microchannel that encloses 

a cylindrical ECM hydrogel with a lumen that is lined with human brain endothelium 

[16, 17], are primarily useful for fluorescence microscopy studies. Lastly, the BBB-on-chip 

model designed by Adriani et al. [18] and the commercially available 3-lane OrganoPlate 

(Mimetas BV, the Netherlands) are systems that allow human brain endothelial cells to form 

a tubular monolayer against an ECM hydrogel (i.e. in the absence of an artificial membrane 

filter) and allow for access to the abluminal side of the endothelium. However, the surface 

area of the endothelial cell-ECM interface, which is < 1 mm2 in both systems, will limit the 

absolute amount of material transport across the BBB, while the diffusion of nanoparticles 

through the ECM hydrogel will be limited. Therefore, in these models, the quantification 

of nanoparticle transport across the BBB relies on the analysis of fluorescence microscopy 

images, or may necessitate the use of sensitive detection methods such as ELISA and mass 

spectrometry, which are time-consuming, expensive, and require expert knowledge.
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Here, we set out to develop a filter-free in vitro BBB model for the quantification of 

transendothelial delivery of nanoparticles that is user-friendly and inexpensive. The model 

consists of a collagen gel in a conventional well plate covered with an hCMEC/D3 cell 

monolayer. A similar model was used by Gromnicova et al. to analyse the transport of gold 

nanoparticles across the barrier by transmission electron microscopy (TEM) [19, 20]. However, 

electron microscopy is a labour intensive, time-consuming and expensive technique that 

requires a high level of expertise [21−23]. Moreover, the detection of many types of organic 

nanoparticles, e.g. liposomes and polymersomes, within the complex cellular environment 

proves to be challenging with TEM [24]. Therefore, the model was redesigned in order to 

allow for the quantitative measurement of nanoparticle fluorescence in the apical, cellular 

and basolateral compartments by means of fluorescence spectroscopy.

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

biodegradable poly(ethylene glycol)-block-poly(butadiene) polymersomes decorated 

with the GM1-binding G23 peptide across the BBB [25, 26]. The inability to biologically 

degrade polymersomes composed of these copolymers severely limits their application 

in drug delivery. Therefore, in this study, we developed biodegradable GM1-targeted 

polymersomes, consisting of poly(ethylene glycol)-block-poly(caprolactone-gradient-

trimethylene carbonate) (PEG-P(CL-g-TMC)) copolymers, that are considered suitable for 

the actual delivery of drugs into the brain. In addition to the G23 peptide, we evaluated 

the transcytosis capacity of eight other GM1-binding peptides that were previously 

identified by phage display [25], demonstrating the suitability of our filter-free BBB model 

to quantify nanocarrier transcytosis.

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
.
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For experiments, 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.

Paracellular permeability assay

hCMEC/D3 cells were seeded onto collagen gels, and transwell filters (Corning #3401) 

precoated with 150 μg/ml rat tail collagen type-I. The cells were grown for five days and 

culture medium was replaced every other day. At day two to five, transwell-cultured 

hCMEC/D3 cells were washed once with prewarmed Hank’s balanced salt solution (HBSS) 

(Gibco #14025) and 1 ml of prewarmed EBM-2 was added to the basolateral compartment 

of the transwell filter system. Subsequently, 500 μl of 1 mg/ml fluorescein isothiocyanate 

(FITC)-labelled dextran of 4 kDa (Sigma-Aldrich #FD-4) or 2000 kDa (Sigma-Aldrich 

#FD-2000S) in EBM-2 was added apically to the cells and incubated for 1 hour at 37 °C. 

The medium from the basolateral compartment was collected immediately after the 

incubation period. Similarly, at day two to five, the hCMEC/D3 cultures on collagen gels 

were washed with HBSS and incubated with FITC-labelled dextran (4 kDa and 2000 kDa) 

for 1 hour at 37 °C. After removal of the apical medium, the collagen gels with hCMEC/

D3 cells were incubated with 200 μl 0.25% (w/v) collagenase A (Roche #10103578001) in 

HBSS for 90 min at 37 °C to solubilize the collagen. hCMEC/D3 cells were pelleted from 

this solution by centrifugation at 200 g for 5 min, and the supernatant, representing the 

basolateral compartment, was collected for quantification. The fluorescence intensity of 

the collected samples was measured 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 quantity of dextran in the samples was 

determined using a standard curve of serially diluted FITC-labelled dextran. The apparent 

permeability was calculated according to the formula P
app

 = (ΔQ/Δt) × (1/AC
0
), where P

app
 

is the apparent permeability coefficient (cm/min), ΔQ/Δt is the rate of permeation of 

dextran (μg/min) across the endothelial cell layer, A is the surface area of the cell layer 

(cm2) and C
0
 is the initial dextran concentration (μg/ml) applied to the apical cell surface.
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Immunofluorescence microscopy

The hCMEC/D3 cell monolayers were washed once with prewarmed HBSS and fixed 

with 4% paraformaldehyde in PBS for 5 min. The cells were washed three times with PBS 

(pH 7.4) for 15 min and permeabilized with 0.2% Triton X-100 in PBS for 10 min. The cells 

were washed three times with PBS for 15 min before unspecific antibody binding was 

blocked by 5% goat serum (Vector Laboratories #S-1000) in PBS for 1 hour. The cells were 

washed three times with PBS for 15 min and incubated with 5 μg/ml polyclonal rabbit 

anti-ZO-1 antibody (Invitrogen #61-7300) in 1% goat serum in PBS for 2 hours at room 

temperature. The cells were washed 6 times with PBS for 15 min under gentle agitation 

before incubation with 4 μg/ml goat secondary antibody (Life Technologies #A-11034) 

and 1 μg/ml DAPI (Sigma-Aldrich #D9542) in 1% goat serum in PBS for 1 hour at room 

temperature. The cells were washed 6 times with PBS for 15 min under gentle agitation. 

The collagen gels were removed from the 24-wells plate using a forceps and placed in 

aqueous mounting medium (DAKO #S3025) on a glass slide. The gels were covered with a 

coverslip and a Leica DM4000B fluorescence microscope (Leica Microsystems) was used 

to obtain fluorescence images, using 10× and 20× dry and 40× oil immersion objectives.

Lactate dehydrogenase assay

hCMEC/D3 cells were seeded at a density of 5 × 104 cells/cm2 in a 96-wells plate (Corning 

#3599) precoated with 150 μg/ml rat tail collagen type-I and grown for five days in 

culture medium. The medium of the cells was replaced every other day. The cells were 

washed once with prewarmed HBSS, and subsequently treated with 50 µl of 0.25%, 0.5% 

and 1% (w/v) collagenase A in HBSS for 90 min at 37 °C. Spontaneous release of lactate 

dehydrogenase (LDH) by hCMEC/D3 cells was determined by incubation in HBSS alone. 

LDH activity was determined by measuring the absorbance at 490 nm in optically clear 

flat-bottomed microplates (Greiner Bio-One #655191) with a μQuant spectrophotometer 

(Bio-Tek Instruments) using a Cytotoxicity Detection Kit (Roche Diagnostics 

#11644793001) according to the manufacturer’s protocol. Controls were included to 

correct for absorbance caused by collagenase A and interference of collagenase A with 

LDH activity. The percentage of LDH release as induced by incubation of hCMEC/D3 cells 

with collagenase A was expressed relative to the maximum LDH release by the hCMEC/

D3 cells.

Fluorescent labelling of low density lipoprotein

Human low density lipoprotein (LDL) (Calbiochem #437644) was diluted in 100 mM 

sodium bicarbonate buffer (pH 9) to a protein concentration of 2 mg/ml and FITC (Sigma-
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Aldrich #F7250) was dissolved in DMSO at a concentration of 2 mg/ml. 5 mg of LDL, which 

corresponds to 1 mg of protein content, and 15 μg of FITC were mixed and incubated 

for 2 hours at room temperature. Unbound FITC was removed by dialysis against sterile 

PBS (pH 7.4) with two buffer changes over a 24-hour period using a 10 kDa molecular 

weight cut-off dialysis cassette (Thermo Scientific #66380). The protein concentration 

of fluorescently-labelled LDL was determined by measuring the absorbance at 750 nm 

in an optically clear flat-bottomed microplate (Greiner Bio-One #655191) with a μQuant 

spectrophotometer (Bio-Tek Instruments) using the DC protein assay kit (Bio-Rad #500-

0112) according to the manufacturer’s protocol. LDL was diluted to a concentration of 2 

mg/ml in PBS (corresponding to 400 μg protein/ml) and stored at 4 °C.

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

Amphiphilic block copolymers were produced as previously described [27]. 

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. The different 

PEG chain length for the maleimide-functionalized copolymer was chosen to ensure a 

good display of the targeting moieties on the surface of the polymersomes. 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 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 was cooled 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.

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). A 2-fold molar excess of 
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peptide relative to MAL-PEG
75

-P(CL
28

-g-TMC
31

) copolymer was added to the polymersomes 

and the conjugation reaction was allowed to proceed for 2 hours at room temperature. 

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. Prior to the assembly of non-functionalized PEG-P(CL-g-TMC) 

polymersomes, the maleimide-functionalized copolymer was reacted with ethanethiol 

to block the maleimide residues.

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.

The morphology of the G23-PEG-P(CL-g-TMC) polymersomes was imaged using a 300 

kV FEI Titan transmission electron cryo-microscope (FEI Company) equipped with a LaB6 

filament and an autoloader station. Lacey carbon coated 200 mesh copper grids (Electron 

Microscopy Sciences) were treated in the Cressington 208 carbon coater (Cressington 

Scientific Instruments) for 40 seconds, and subsequently 3 μl of a 2 mg/ml polymersome 

emulsion was applied to the plasma treated grid. The grid was blotted for 3 seconds with 

an offset of -3 at 100% humidity using the Vitrobot Mark III (FEI Company) and directly 

frozen in vitreous ice by plunging into liquid ethane.

Transcytosis assay

hCMEC/D3 cell monolayers were washed once with prewarmed HBSS. Subsequently, 500 

μl of FITC-labelled LDL (100 μg/ml and 200 μg/ml) diluted in EBM-2 or 100 μg/ml NBD-

labelled polymersomes diluted in EBM-2 + 5% FBS was added apically to the cells and 

incubated at 37 °C for 2 and 4 hours, or 4, 8 and 16 hours, respectively. After the incubation 

period, the medium was collected and the cells were washed with 500 μl prewarmed 
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HBSS to collect residual LDL or 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 or 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 or 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 without LDL or polymersomes, 

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

percentage of LDL or 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 LDL or polymersome solution that was added apically at the onset of 

the assay. The percentages of total recovery were > 85%.

RESULTS AND DISCUSSION

hCMEC/D3 monolayer tightness is similar in the filter-free and transwell 
BBB model

In order to assess the tightness of the hCMEC/D3 monolayer in our filter-free BBB model, 

the apparent permeability coefficients (P
app

) for 4 kDa and 2000 kDa dextran were 

determined, and compared to the P
app

 in the conventional transwell BBB model. As shown 

in Figure 1, the paracellular permeability of the conventional BBB model for dextran of 4 

kDa decreased up to four days post-seeding and reached a P
app

 of 3.16 ± 0.15 × 10-4 cm/

min at five days post-seeding (Figure 1a). The filter-free BBB model showed a similar 

increase in barrier formation in time for 4 kDa dextran and demonstrated a P
app

 of 3.70 ± 

0.22 × 10-4 cm/min at day five post-seeding (Figure 1a), indicating the formation of a 

confluent hCMEC/D3 cell monolayer on collagen gel within four to five days post-seeding. 

This P
app

 value corresponds to the P
app

 values that were determined for two other filter-

free 3D BBB-on-a-chip models using fluorescence microscopy [16, 17]. For dextran of 

2000 kDa the filter-free and the conventional BBB model demonstrated a decrease in 
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paracellular permeability of an order of a magnitude compared to 4 kDa dextran, resulting 

in a P
app

 of 0.27 ± 0.01 × 10-4 and 0.19 ± 0.02 × 10-4 cm/min (Figure 1b), respectively. These 

P
app

 values correspond to a > 99% block of 2000 kDa dextran passage across the BBB for 

both in vitro BBB models. The size-dependent permeability for dextrans indicates the 

integrity of the endothelial cell monolayer on collagen gel in the filter-free BBB model.

Figure 1. Paracellular permeabilities for dextrans in brain endothelial cell monolayers grown on collagen 
gels or transwell filters. Fluorescently-labelled dextrans were added apically to the cell monolayers 
and incubated for 1 hour at 37 °C. The quantity of dextran in the basolateral collagen gel fraction or 
transwell filter compartment was used to calculate the apparent permeability coefficients (P

app
). (a) 

P
app

 for 4 kDa dextran in hCMEC/D3 cell cultures at two to five days post-seeding. (b) P
app

 for 2000 kDa 
dextran in hCMEC/D3 cell monolayers five days post-seeding. Each value represents the mean ± S.D. of 
three independent experiments performed in duplicate.

Tight junctions between adjacent endothelial cells limit the paracellular diffusion of 

macromolecules, including dextrans, across the BBB. To further confirm monolayer 

integrity in the filter-free BBB model, the expression of the tight junction protein zonula 

occludens-1 (ZO-1) was assessed in hCMEC/D3 cell monolayers grown on collagen gel 

by immunofluorescence microscopy. ZO-1 showed a continuous staining pattern at the 

lateral membranes of neighbouring brain endothelial cells (Figure 2), which confirms the 

formation of a continuous hCMEC/D3 cell monolayer grown on a collagen gel.
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Figure 2. Expression of the tight junction protein zonula occludens-1 (ZO-1) in hCMEC/D3 cells grown 
on collagen gels. hCMEC/D3 cell monolayers grown on collagen gels were immunostained for ZO-1 
(green). Cell nuclei were stained with DAPI (blue). Scale bars represent 50 μm.

hCMEC/D3 cells maintain cell membrane integrity during Collagenase A 
digestion of the collagen gel in the filter-free BBB model

In order to collect the cellular and basolateral fractions in the filter-free BBB model, the apical 

medium was aspirated and the collagen gel containing the hCMEC/D3 monolayer was 

digested with collagenase A. Following collagenase A treatment the resulting suspension 

was centrifuged to separate the cells (pellet) from the basolateral (supernatant) fraction. 

To exclude the possibility of passive leakage of material from the cellular interior into the 

basolateral fraction, because of collagenase A-induced plasma membrane damage in the 

endothelial cells, the release of lactate dehydrogenase (LDH) from the endothelial cells 

upon incubation with collagenase A was tested. hCMEC/D3 cells were treated with various 

concentrations of collagenase A for 90 min at 37 °C. Collagenase A at a concentration up to 

0.5% (w/v), which is twice the concentration that is used for digestion of the collagen gel in 

our assay, did not significantly increase the release of LDH compared to the spontaneous 

LDH release by endothelial cells (Figure 3). These data demonstrate that collagenase A at a 

concentration of 0.25% (w/v) allows for the digestion of the collagen gel without damaging 

the endothelial plasma membrane.
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Figure 3. Lactate dehydrogenase (LDH) release from brain endothelial cells treated with various 
concentrations of collagenase A. hCMEC/D3 cells grown in a 96-wells plate were treated with 0.25%, 
0.5% and 1% (w/v) collagenase A in HBSS for 90 min and activity of the LDH released by the cells was 
determined. Each value represents the mean ± S.D. of three independent experiments performed in 
triplicate. Data were analysed by one-way ANOVA followed by a Dunnett post hoc test and considered 
significantly different from the control for a p value lower than 0.05 (*).

Quantitative measurement of low density lipoprotein transport across the 
filter-free BBB model

Transport of low density lipoprotein (LDL) across the BBB occurs through the process of 

transcytosis [28, 29]. Therefore, to establish the capacity of hCMEC/D3 cell monolayers 

grown on collagen gels for active transport through transcytosis, the transendothelial 

transport of LDL was quantitatively studied by fluorescence spectroscopy. Fluorescently-

labelled LDL at a quantity of 50 and 100 μg was apically added to hCMEC/D3 cell monolayers 

and incubated for 2 and 4 hours at 37 °C. The apical addition of 50 μg of LDL demonstrated a 

basolateral recovery of 12.4 ± 2.0% and 17.6 ± 1.5% after 2 and 4 hours of incubation (Figure 

4a), respectively. A similar transcytosis efficiency was observed with 100 μg of LDL, i.e. a 

basolateral recovery of 12.8 ± 2.3% and 17.9 ± 1.5% after 2 and 4 hours of incubation (Figure 

4b), respectively. The barrier integrity of the endothelial cell monolayer was not compromised 

by the presence of LDL, as was shown by an unaltered paracellular permeability for 4 kDa 

dextran compared to cells without LDL (data not shown). This means that incubation of cells 

with LDL does not result in an increased transport of LDL via the paracellular route. Since 

the transcellular transport of macromolecules is a temperature-dependent process, the 

basolateral recovery of fluorescently-labelled LDL was examined after incubation at 4 °C 

and compared to the recovery after incubation at 37 °C. A significant decrease in basolateral 

recovery of LDL was observed after incubation at low temperature (19.5 ± 0.2% at 37 °C 

compared to 7.4 ± 0.4% at 4 °C), i.e. a > 2.5-fold decrease. This indicates that LDL requires 

active mechanisms for transport across the BBB model, but does not exclude a contribution 

of paracellular transport. Because a relatively low junctional tightness has been described 

for hCMEC/D3 cell monolayers [30], the paracellular leakage of 250 kDa dextran, a small 

molecule with a similar size as LDL (20−25 nm; [31]) was investigated next. Apical addition 
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of 100 μg 250 kDa dextran to the filter-free BBB model demonstrated a basolateral recovery 

of 1.7 ± 0.1% after 1 hour at 37 °C (data not shown). Assuming a linear curve for paracellular 

transport in time, 1.7% basal recovery after 1 hour would give 6.8% after 4 hours, which 

is similar to the 7.4% that was detected for passive LDL transport at 4 °C. Finally, the 

possibility of active LDL excretion by the endothelial cells during collagenase A digestion 

was excluded. Namely, the amount of LDL that was found in the cellular fraction following 

collagenase A digestion at 37 °C was similar to the amount that was detected after digestion 

at 4 °C (data not shown), indicating that LDL is not actively exported from the cells during 

collagenase A treatment. Altogether, the data indicate that the filter-free BBB model allows 

for the quantitative assessment of active and passive LDL transport following collection of 

the apical, cellular, and basolateral fractions by means of collagenase A digestion.

Figure 4. Transcytosis of low density lipoprotein (LDL) in the filter-free BBB model. Fluorescently-
labelled LDL at a quantity of 50 (a) and 100 (b) μg was added apically to the cells and incubated for 2 
and 4 hours at 37 °C. The percentage of LDL 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 three independent experiments performed in duplicate.

Quantitative measurement of the transport of G23-PEG-P(CL-g-TMC) 
polymersomes across the filter-free BBB model

In contrast to the non-biodegradable GM1-targeted poly(ethylene glycol)-block-

poly(butadiene) polymersomes [25], the G23-PEG-P(CL-g-TMC) polymersomes were not 

able to cross the membrane filter of a transwell system. Therefore, the filter-free BBB 

model was necessary in order to quantitatively study the transcytosis of nanoparticles, 

including polymersomes. Biodegradable polymersomes composed of 94 mol% of 

PEG
22

-P(CL
28

-g-TMC
31

) copolymer, 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

) copolymer were made 

using the direct hydration method, while functionalization with cysteine-terminated 

GM1-targeting peptides was performed via a maleimide-thiol reaction (see Materials 

and methods). Conjugation of the G23 peptide to the PEG-P(CL-g-TMC) polymersomes 
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resulted in a negligible shift in their mean size and polydispersity from 123 to 138 nm 

and 0.11 to 0.23 (Table 1), respectively. Also, the ζ-potential remained similarly negative 

after peptide conjugation to the polymersomes (Table 1). Finally, the morphology of the 

G23-PEG-P(CL-g-TMC) polymersome formulation was examined by cryo-TEM. Spherical 

bilayer structures, i.e. polymersomes with a size > 50 nm were identified (Figure 5). 

Asymmetric flow field flow fractionation (AF4) in combination with dynamic light 

scattering (DLS) indicated the presence of polymersomes with an average size of 100 nm, 

and a neglectable amount (< 1%) of micellar structures (data not shown).

Table 1. Physical characterization of the PEG-P(CL-g-TMC) polymersomes conjugated to the different 
GM1-targeting peptide sequences. Mean diameter, polydispersity (PDI), and ζ-potential of the 
polymersomes functionalized with GM1-targeting 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)
PEG-P(CL-g-TMC) - 123 ± 3.1 0.11 ± 0.01 −5.9 ± 0.4
G23-PEG-P(CL-g-TMC) H-HLNILSTLWKYRC-NH2 138 ± 0.2 0.23 ± 0.07 −4.4 ± 0.1

G2-PEG-P(CL-g-TMC) H-HSSWWLALAKPTC-NH2 134 ± 4.5 0.26 ± 0.03 −6.4 ± 0.3
G18-PEG-P(CL-g-TMC) H-HTKQIPRHIYSAC-NH2 145 ± 7.9 0.17 ± 0.03 −4.9 ± 0.1
G29-PEG-P(CL-g-TMC) H-MPAVMSSAQVPRC-NH2 127 ± 3.5 0.11 ± 0.01 −4.1 ± 0.8
G32-PEG-P(CL-g-TMC) H-YQLRPNAESLRFC-NH2 130 ± 6.2 0.14 ± 0.06 −5.2 ± 0.5
G47-PEG-P(CL-g-TMC) H-YSNTLPLNLPPYC-NH2 128 ± 3.4 0.11 ± 0.01 −6.9 ± 0.2
G88-PEG-P(CL-g-TMC) H-NPAGPSPAHIISC-NH2 126 ± 3.0 0.10 ± 0.01 −5.4 ± 0.4
G92-PEG-P(CL-g-TMC) H-HSSWYIQHFPPLC-NH2 135 ± 0.1 0.18 ± 0.01 −7.4 ± 0.6
G117-PEG-P(CL-g-TMC) H-LLADTTHHRPWTC-NH2 126 ± 2.9 0.09 ± 0.01 −5.2 ± 1.0

Figure 5. Morphological examination of G23-PEG-P(CL-g-TMC) polymersomes by cryo-TEM. G23-PEG-
P(CL-g-TMC) polymersomes examined by cryo-TEM revealed spherical bilayer structures with a size > 
50 nm. Scale bar represents 100 nm.
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Next, the transcytosis capacity of the G23-PEG-P(CL-g-TMC) polymersomes was analysed 

using the filter-free BBB model and fluorescence spectroscopy. Fluorescently-labelled 

polymersomes were added apically to the cells and incubated for 4, 8 and 16 hours at 

37 °C. After 4 hours of incubation, the hCMEC/D3 cell monolayer showed an uptake of 

5.0 ± 3.4% of G23-PEG-P(CL-g-TMC) polymersomes, whereas the internalization of non-

functionalized (control) PEG-P(CL-g-TMC) polymersomes was 0.6 ± 0.4% (Figure 6a). 

Moreover, 4.8 ± 2.2% of G23-PEG-P(CL-g-TMC) polymersomes and 1.2 ± 0.3% of control 

polymersomes accumulated at the basolateral side of the BBB (Figure 6a). Hence, the G23 

peptide mediated a 4-fold increase in the transcytosis capacity of polymersomes after 

4 hours of incubation. Prolonged incubation of the filter-free BBB model with PEG-P(CL-

g-TMC) polymersomes for 8 hours and 16 hours did not result in an increase in cellular 

uptake and/or basolateral accumulation (Figure 6b and 6c). In contrast, the basolateral 

accumulation of G23-PEG-P(CL-g-TMC) polymersomes increased to 6.6 ± 2.2% and 6.5 ± 

2.3% after 8 and 16 hours of incubation (Figure 6b and 6c), respectively, demonstrating 

a ~7-fold increase in the transcytosis capacity of G23-PEG-P(CL-g-TMC) polymersomes 

compared to control polymersomes. Importantly, incubation of the hCMEC/D3 cell 

monolayer with and without G23-PEG-P(CL-g-TMC) polymersomes showed equal levels 

of paracellular permeability for 4 kDa dextran, indicating that the barrier integrity of 

the endothelial cell monolayer was not compromised by the presence of G23-PEG-P(CL-

g-TMC) polymersomes (data not shown). Overall, the data exclude the involvement of 

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

the involvement of active transcellular transport, i.e. transcytosis, in the passage of G23-

PEG-P(CL-g-TMC) polymersomes across the filter-free BBB model. The association of (G23-)

PEG-P(CL-g-TMC) polymersomes with hCMEC/D3 cell monolayers grown on collagen 

gels was demonstrated by fluorescence microscopy (Figure 7), confirming the increase in 

cellular association after conjugation of the G23 peptide to the polymersomes.
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Figure 6. Transcytosis of G23-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 Student t-test and statistically significant differences between 
polymersomes with and without the G23 peptide are indicated with (*) for a p value lower than 0.05 
and (**) for a p value lower than 0.005.
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Figure 7. Enhanced association of G23-PEG-P(CL-g-TMC) polymersomes compared to PEG-P(CL-g-
TMC) polymersomes with hCMEC/D3 cell monolayers grown on collagen gels. Fluorescently-labelled 
polymersomes (green) at a quantity of 50 μg were added apically to the cells and incubated for 8 hours 
at 37 °C. Cell nuclei were stained with DAPI (blue). Scale bar represents 50 μm.

Quantitative measurement of the transcytosis capacity of PEG-P(CL-g-
TMC) polymersomes functionalized with GM1-binding peptides using the 
filter-free BBB model

In order to assess the transcytosis capacity of the GM1-targeting peptide sequences 

obtained from our earlier phage library screening [25], biodegradable PEG-P(CL-g-TMC) 

polymersomes were functionalized with the different peptides G2, G18, G29, G32, G47, G88, 

G92, and G117 and their transcytosis was measured using the newly developed filter-free 

BBB model. Conjugation of the different GM1-targeting peptides to the biodegradable 

polymersomes resulted in a minimal shift in their mean size and ζ-potential (Table 

1), excluding a potential effect of differences in size and charge of the functionalized 

polymersomes on their cellular processing. Functionalization of the polymersomes 

with the different GM1-targeting peptides, however, did neither increase their cellular 

internalization nor their transcytosis across the filter-free BBB model compared to non-

functionalized polymersomes (Figure 8). Apparently, only the G23 peptide is able to 

mediate transcytosis of polymersomes across the BBB, like shown previously with non-

biodegradable poly(ethylene glycol)-block-poly(butadiene) polymersomes [25].
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Figure 8. Transcytosis of GM1-targeted 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 8 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. The data for G23-PEG-P(CL-g-TMC) polymersomes from Figure 6b were included for ease of 
comparison.

CONCLUSIONS

In the present study, we have successfully established a filter-free in vitro BBB model that 

allows for high throughput quantitative measurement of transendothelial transport of 

nanocarriers by fluorescence spectroscopy. Using this model, the transcytotic potential 

of GM1-targeted biodegradable polymersomes was determined. G23-PEG-P(CL-g-

TMC) polymersomes showed 6.6 ± 2.2% transcytosis following 8 hours of incubation 

and will be further developed to transport drugs across the BBB in order to treat brain 

diseases. Since there is no membrane filter involved in the presented BBB model, the 

transendothelial transport of drug-loaded nanoparticles decorated with moieties that 

promote transcytosis across the BBB now can be evaluated in a setting that more closely 

mimics the in vivo situation. Furthermore, in order to quantitatively study the transport 

of nanoparticles across other cellular barriers of the human body, the same setup can be 

used to create filter-free barrier models with the use of relevant primary or immortalized 

endothelial or epithelial cells cultured on extracellular matrix (ECM) gels. Next to the 

quantification of cellular uptake and transcytosis of nanoparticles, filter-free models will 

prove useful for mechanistic studies. Here, fast live cell imaging techniques, including total 

internal reflection fluorescence (TIRF), are useful, especially to study cellular dynamics, 

while (immuno)electron microscopic investigation allows for the determination of 

subcellular details, including barrier integrity. A limitation of the presented filter-free BBB 

model is its use in combination with (fluorescence) microscopy at high magnification. 
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Since the collagen gel is > 2 mm in height and is prepared in a conventional well plate, the 

limited working distance of high magnification objectives hampers image acquisition. 

This problem can be solved by fixation of the cells and collagen gel, and subsequent 

positioning of the specimen between a glass slide and a coverslip, as described. However, 

without fixation of the gels, it proved difficult to transfer the collagen gel with cells while 

maintaining cell monolayer integrity. Therefore, for high magnification imaging using 

(fluorescence) microscopy, we recommend to use ECM-coated coverslips.
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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.
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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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ABSTRACT

The delivery of therapeutics into mammalian cells is hampered by the presence of cellular 

membranes that separate the cell interior from the extracellular space. Cell-penetrating 

peptides (CPPs) can overcome this barrier and mediate the transport of macromolecules 

into cells. Here, we investigated if the GM1-targeting G23 peptide, which is known 

for its capacity to shuttle several types of nanocarriers across the blood-brain barrier, 

functions as a CPP. First, the capacity of the peptide to destabilise membranes was shown 

together with a propensity to adopt a predominantly α-helical structure in the presence 

of negatively charged lipid vesicles. Other GM1-targeting peptides had a less profound 

effect on membrane stability than the G23 peptide, or were without effect. Next, the 

G23 peptide was complexed with the membrane-impermeable enzyme β-galactosidase 

and the ability of the peptide to deliver β-galactosidase across cellular membranes was 

demonstrated in HeLa cells. Our data show that the G23 peptide has CPP-like properties.

CHAPTER 5



81

INTRODUCTION

Cell membranes are dynamic assemblies of amphiphilic phospholipids and proteins, 

stabilised by non-covalent interactions that enable the formation of microdomains by 

the lateral movement of membrane components within the bilayer. The phospholipid 

bilayer structure, and in particular the hydrophobic membrane interior formed by aligned 

hydrocarbon lipid tails, severely hampers the delivery of therapeutic macromolecules 

to intracellular targets. Cell-penetrating peptides (CPPs) are relatively short peptide 

sequences of less than 40 amino acid residues that possess the ability to transport 

cargo, including proteins and nucleic acid-based macromolecules, across the plasma 

membrane [1]. To this end, the CPP is either non-covalently complexed with the cargo 

by electrostatic and hydrophobic interactions [2, 3] or covalently conjugated to the 

cargo, e.g. via a disulphide bond [4, 5]. Cleavage of the disulphide bridge in the reducing 

environment of the cytosol [6] is assumed to abolish the potential interference of the CPP 

on the downstream function of the cargo molecule.

CPPs display a high variability in amino acid composition and the associated propensity 

to adopt secondary structure upon interaction with phospholipid bilayer structures. 

A vast majority of the CPPs exhibit a predominantly disordered structure in aqueous 

solutions, and a random coil conformation in the presence of zwitterionic bilayer 

structures [7]. In contrast to the non-amphipathic TAT and nona-arginine CPPs that seem 

unable to change structure upon incubation with vesicles of different composition, 

a number of amphipathic CPPs adopt a specific secondary structure in the presence 

of negatively charged membrane vesicles [7]. Primary amphipathic CCPs possess a 

cationic and a hydrophobic domain in their primary amino acid sequence, whereas 

secondary amphipathic CPPs display a cationic and a hydrophobic region upon folding 

into an α-helical or β-sheeted structure. The affinity of primary amphipathic CPPs for 

zwitterionic bilayer structures suggests that the interaction between this group of CPPs 

and membranes is mediated by hydrophobic interactions [8]. Secondary amphipathic 

CPPs have a low affinity for zwitterionic lipid vesicles, which suggests that these CPPs 

interact with anionic membranes because of non-specific electrostatic interactions [8]. 

In absolute sense, both groups of amphipathic CPPs interact with similar efficiency to 

negatively charged membranes.
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The first step in CPP-mediated internalization of macromolecular cargo primarily 

occurs via the process of endocytosis [1]. Although heparan sulphate proteoglycans are 

associated with the internalization of CPPs, it remains to be clarified whether these proteins 

function as autonomous or auxiliary receptors [9, 10]. Following endocytosis, escape 

from endosomal confinement is necessary for cytosolic delivery of the macromolecular 

cargo. A limited capacity of CPPs to induce endosomal escape will result in lysosomal 

degradation of the CPP-associated cargo and diminish functional delivery of the cargo 

[11]. Multimerization of TAT favours its endosomal escape and co-incubation of cells with 

these multimeric CPPs and macromolecules was shown to support the cytosolic delivery 

of the macromolecules, in particular of proteins fused to TAT [12, 13]. Furthermore, the 

cyclization of arginine-rich CPPs and the substitution of L- for D-amino acids in these 

cyclic CPPs contribute to a more efficient escape from the endosomal/lysosomal pathway 

compared to that of linear arginine-rich CPPs, specifically TAT and nona-arginine CPPs 

[14]. However, the absolute amount of CPP-associated cargo that is delivered into the 

cell cytosol is not only dependent on its endosomal escape, but also on its initial cellular 

uptake. The most noteworthy cyclic CPPs in terms of cytosolic entry efficiency seem to 

have a capacity to deliver conjugated proteins into the cytosol that is similar to linear 

CPPs [15]. This can be explained by a low cellular uptake of the cyclic CPPs compared to 

the linear CPPs.

In recent work, we have shown that polymersomes decorated with the GM1-targeting 

peptide G23 mediate the transcellular transport of these nanoparticles across capillary 

endothelial cells of the blood-brain barrier [16−18]. When we tried to functionalize 

liposomes, i.e. lipid bilayer vesicles, with the G23 peptide, a severe membrane-

destabilising effect of the G23 peptide was noted. In this study, we examine the capacity 

of the G23 peptide and other GM1-targeting peptides to destabilise lipid bilayers and the 

propensity of the G23 peptide to adopt secondary structure in the presence of membrane 

vesicles, which represent properties possessed by a number of CPPs. Furthermore, HeLa 

cells are incubated with G23-β-galactosidase to evaluate the ability of the peptide to 

transport macromolecular cargo into the cell. The data reveal that the G23 peptide 

possesses specific properties that collectively suggest that the GM1-binding peptide may 

function as a CPP.
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MATERIALS AND METHODS

Preparation of liposomes

Chloroform stock solutions of L-α-phosphatidylcholine (PC) (Avanti #840051C), cholesterol 

(Sigma Aldrich #C8667), L-α-phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-

4-yl) (NBD-PE) (Avanti #810118C), L-α-phosphatidylethanolamine-N-(lissamine rhodamine 

B sulfonyl) (Rh-PE) (Avanti #810146C), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

(Avanti #850375C) and 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG) (Avanti 

#840475C) were mixed in a borosilicate glass tube at the appropriate molar ratios and 

dried under a stream of nitrogen. The residual chloroform was removed under vacuum 

for 1 hour. The lipid film was resuspended in 400 µl of 10 mM sodium phosphate buffer 

with 20 mM sodium chloride (pH 7.4) under rotation at 50 rpm for 1 hour in the presence 

of glass beads. Finally, the obtained liposomal suspension was extruded 11 times over a 

100 nm polycarbonate filter and diluted in 10 mM sodium phosphate buffer with 20 mM 

sodium chloride. The liposomes were used immediately or after storage at 4 °C for no 

more than 24 hours. Liposomes encapsulating a self-quenching concentration of calcein 

(Sigma-Aldrich #C0875) were formed by rehydration of the lipid film with 100 mM calcein 

in 10 mM sodium phosphate buffer with 20 mM sodium chloride (pH 7.4). After extrusion, 

the resulting liposomes encapsulating the fluorophore were separated from free 

calcein by size exclusion chromatography using Sephadex G-100 resin (GE Healthcare) 

equilibrated with 10 mM sodium phosphate buffer with 20 mM sodium chloride (pH 7.4).

Preparation of peptide solutions

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

of over 90% as analysed by HPLC and mass spectrometry, and peptide sequences were 

identical to those previously published [16]. Unless stated otherwise, a quantity of the 

peptide lyophilisate was dissolved in 50−100 µl of 10 mM acetic acid, and subsequently 

mixed with an equal volume of 10 mM sodium phosphate buffer with 20 mM sodium 

chloride (pH 7.4). The concentration of peptides was determined by measuring the 

absorbance at 280 nm with the Nanodrop One spectrophotometer (Thermo Scientific). 

The peptides were diluted to 10× their final concentrations used in the experiments 

by the addition of 1:1 volume ratio mixture of 10 mM acetic acid and 10 mM sodium 

phosphate buffer with 20 mM sodium chloride.
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Calcein release assay

Calcein release assays were recorded using a Varian Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) with excitation and emission at 495 nm and 

520 nm, respectively. The initial fluorescence intensity was measured in 1.8 ml of calcein-

loaded liposomes, composed of PC and cholesterol at a molar ratio of 100:50, under 

constant magnetic stirring at room temperature. 200 µl of 10× the final concentration 

of peptide was added to the sample cuvette, obtaining final liposome concentrations of 

50 and 500 µM, and the increase in fluorescence intensity due to calcein dequenching 

was continuously measured over time. The percentage of calcein release from liposomes 

induced by the G23 peptide could not be determined at a vesicle concentration of 500 

µM due to self-quenching of the fluorophore upon a total release of encapsulated calcein. 

Therefore, a concentration of 50 µM of calcein-loaded liposomes was selected in order to 

allow for the quantification of peptide-mediated release. At the end of the experiment, 

the maximum fluorescence intensity was measured after the addition of 20 µl of 10% 

Triton X-100 into the sample cuvette disrupting the liposomes and inducing a total release 

of encapsulated calcein. The percentage of calcein release was calculated according to 

the formula R = ((F
t
 – F

0
)/(F

100
 – F

0
)) × 100, where R is the percentage of calcein release, F

t
 

is the fluorescence intensity at time t, F
0
 is the initial calcein fluorescence intensity before 

addition of the peptides and F
100

 is the maximum fluorescence intensity obtained after 

complete disruption of the liposomes.

Lipid mixing assay

Lipid mixing assays [19] were recorded using a Varian Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) with excitation and emission at 460 nm and 

535 nm, respectively. Labelled liposomes, composed of PC, cholesterol, NBD-PE and Rh-PE 

at a molar ratio of 97:50:1.5:1.5, were mixed in a 1:9 molar ratio with unlabelled liposomes 

composed of PC and cholesterol at a molar ratio of 100:50. The initial fluorescence intensity 

of the NBD-labelled lipids was measured in 1.8 ml of liposomes under constant magnetic 

stirring at room temperature. 200 µl of 10× the final concentration of G23 peptide was 

added to the sample cuvette, obtaining a final liposome concentration of 500 µM, and 

the increase in fluorescence intensity of the donor fluorophore due to the decrease in 

fluorescence resonance energy transfer (FRET) upon membrane fusion was continuously 

measured over time. At the end of the experiment, the maximum fluorescence intensity 

was measured after the addition of 20 µl of 10% Triton X-100 into the sample cuvette 

dissociating the liposomal membranes completely.
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Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on a J-815 CD spectropolarimeter (Jasco) 

over a range from 195 nm to 260 nm. The raw data were acquired in millidegrees and was 

the average of five consecutive scans at a scan rate 20 nm/min, using a data pitch of 0.5 

nm, in a 1 mm pathlength quartz cuvette at room temperature. Zwitterionic liposomes 

were prepared from a mixture of PC and cholesterol at a molar ratio of 2:1. Negatively 

charged liposomes were prepared either from a mixture of DOPC and DOPG at a molar 

ratio of 4:1 or from pure DOPG. 40 µl of 250 µM G23 peptide was mixed with 360 µl 

of liposomes, obtaining final liposome concentrations of 125, 250 and 500 µM, and the 

samples were incubated for 10 min at room temperature prior to data acquisition. Spectra 

were corrected for background scattering by subtracting a spectrum measured with the 

appropriate concentrations of liposomes of different composition in buffer without the 

G23 peptide. The mean residue molar ellipticity was calculated according to the formula 

θ = (m
0
M)/(LC), where θ is the mean residue molar ellipticity (deg × cm2/dmol), m

0
 is the 

raw ellipticity value (mdeg), M is the mean residue weight of the peptide (g/mol), L is 

the pathlength of the cuvette (mm) and C is the peptide concentration (mg/ml). The 

respective secondary structure compositions were determined using the BeStSel analysis 

tool [20].

Uptake of G23-ß-galactosidase complexes by HeLa cells

Human cervical carcinoma HeLa cells were maintained in 25 cm2 flasks in Dulbecco’s 

modified Eagle medium/Ham’s nutrient mixture F-12 medium (DMEM/F-12) (Gibco 

#21331-020) supplemented with 10% (v/v) foetal bovine serum, 2 mM L-glutamine 

(Gibco #25030-024), 100 units/ml of penicillin and 100 µg/ml streptomycin at 37 °C in a 

humidified atmosphere with 5% CO
2
. The cells were seeded at a density of 1 × 104 cells 

per well into 8-well chamber slides (Nunc #177445) and grown for two days. Prior to G23 

peptide addition, streptavidin-β-galactosidase (SouthernBiotech #7100-06) was dialysed 

against sterile phosphate-buffered saline (PBS) (pH 7.4) with two buffer changes over a 24-

hour period using a 10 kDa molecular weight cut-off dialysis cassette (Thermo Scientific 

#66383) at 4 °C. Biotin-maleimide (Sigma-Aldrich #B1267) was dissolved in acetic acid 

at a concentration of 10 µg/µl and diluted to 1 µg/µl by the addition of PBS. 200 µg of 

G23 peptide lyophilisate was dissolved in 100 µl of 10 mM acetic acid, and subsequently 

mixed with 100 µl PBS. The concentration of the peptide was determined by measuring 

the absorbance at 280 nm with the Nanodrop One spectrophotometer (Thermo 

Scientific). The G23 peptide was mixed with biotin-maleimide at an equimolar ratio, and 

the maleimide-thiol reaction was allowed to proceed for 2 hours at room temperature. 
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Subsequently, the biotinylated G23 peptide was added at a 2:1 or 10:1 molar ratio to 20 µg 

of streptavidin-β-galactosidase and incubated for 1 hour at room temperature. The HeLa 

cells were washed once with prewarmed Hank’s balanced salt solution (HBSS) (Gibco 

#14025). After dilution of G23-β-galactosidase in DMEM/F-12 medium, the enzyme was 

added to the cells and incubated for 2 hours at 37 °C. The cells were washed three times 

with prewarmed HBSS, and subsequently incubated with the β-galactosidase substrate 

5-dodecanoylaminofluorescein di-β-D-galactopyranoside (Cayman Chemical #25583) at 

a concentration of 33 µM in DMEM/F-12 medium for 20 min at 37 °C. The HeLa cells were 

washed once with prewarmed HBSS and fixed with 4% paraformaldehyde in PBS for 15 

min. The cells were washed three times with PBS and the slides were mounted using 

aqueous mounting medium (DAKO #S3025). A Leica DMI6000B fluorescence microscope 

(Leica Microsystems) was used to obtain phase contrast and fluorescence images, using 

10× and 40× dry objectives.

RESULTS AND DISCUSSION

G23 peptide-mediated membrane bilayer destabilisation

In order to study the capacity of the G23 peptide to destabilise lipid bilayers, the release 

of calcein from zwitterionic liposomes upon peptide addition was determined by 

fluorescence spectroscopy. Eight other GM1-targeting peptides, which have been proven 

unable to transport polymersomes across brain endothelial cells [16], were included to 

assess membrane destabilisation induced by other dodecamer peptide sequences. The 

addition of G23 peptide to calcein-loaded liposomes at a peptide to lipid molar ratio (P:L) of 

1:20 resulted in an increase in fluorescence intensity, indicating liposome destabilisation, 

whereas the presence of six other GM1-targeting peptides, i.e. G18, G29, G32, G47, G88 

and G117, had no or minimal effect on liposome stability (Figure 1a). Moreover, with 

G23 peptide at a 10-fold lower concentration, i.e. 2.5 µM and a P:L ratio of 1:200, a more 

pronounced calcein release was observed than with the other peptides at a concentration 

of 25 µM (compare Figures 1a and 1b). Of note, the G2 and G92 peptides also induced 

calcein release from the liposomes, albeit at a lower level than with G23 peptide (Figure 

1). However, due to the inability of both peptides to mediate transcytosis across the 

blood-brain barrier [16], a more thorough assessment of their cell-penetrating properties 

was considered less relevant within this study. Since destabilisation of the phospholipid 

bilayer can be accompanied by fusion of membranes, the fusogenic capacity of the G23 

peptide was analysed by a fluorescence resonance energy transfer (FRET)-based lipid 
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mixing assay. The addition of 25 µM of the peptide to a mixture of NBD/Rh-labelled and 

unlabelled liposomes did not result in an increase in fluorescence intensity of the donor 

fluorophore (data not shown), indicating that the G23 peptide does not mediate mixing 

of membranes at a concentration that induces membrane destabilisation. Finally, the 

extent of calcein release from liposomes seemed to be related to the amount of G23 

peptide present in solution. In order to establish a correlation between membrane 

destabilisation and peptide concentration, the percentages of fluorophore release were 

obtained at different P:L ratios. G23 peptide triggered an immediate destabilisation of 

the membrane bilayer in a concentration-dependent manner, resulting in a release of 8.3 

± 0.7% and 80.3 ± 0.5% of the total encapsulated calcein from the zwitterionic liposomes 

upon addition of 25 nM and 25 µM of peptide (Figure 2a), respectively. A strong linear 

correlation between the percentages of calcein release and the logarithm of the G23 

peptide concentrations was observed (Figure 2b), indicating an exponential relationship 

between peptide concentration and fluorophore release for P:L ratios ranging from 1:2 

to 1:2000.

Figure 1. Calcein release from PC:cholesterol liposomes induced by the different GM1-targeting 
peptides. GM1-targeting peptides at a concentration of 25 (a) and 2.5 (b) μM were added to 500 μM of 
calcein-loaded liposomes at timepoint 0 min, and the increase in fluorescence intensity due to calcein 
dequenching upon diffusion of the fluorophore into the external environment was measured over 
time. Peptides are colour-coded and two lines of the same colour in a single figure panel correspond 
to two independent experiments.
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Figure 2. Calcein release from PC:cholesterol liposomes induced by different concentrations of G23 
peptide. (a) G23 peptide at different concentrations was added to 50 μM of calcein-loaded liposomes at 
timepoint 0 min, and the increase in fluorescence intensity due to calcein dequenching upon diffusion 
of the fluorophore into the external environment was measured over time. At timepoint 10 min, 
complete disruption of the liposomes was induced with Triton X-100 to determine maximum calcein 
release. G23 peptide concentrations are colour-coded and two lines of the same colour correspond 
to two independent experiments. (b) The maximal levels of calcein release induced by the different 
concentrations of G23 peptide (as obtained from Figure 2a) were plotted as a function of G23 peptide 
concentration in a semi-logarithmic scale. The straight line represents the linear regression of the data 
and R2 is the correlation coefficient.

Secondary structure determination of G23 peptide in the presence of 
membrane vesicles

Several amphipathic CPPs that induce a similar extent of fluorophore release from 

zwitterionic liposomes as the G23 peptide, adopt a specific secondary structure 

conformation in the presence of negatively charged membrane vesicles [7]. In order to 

assess the preferred conformational state of the G23 peptide in an aqueous solution and 

to evaluate its ability to change structure upon incubation with membrane vesicles of 

different composition, the structural state of the peptide in various environments was 

observed by CD spectroscopy. The G23 peptide showed a predominantly disordered 

structure in buffer and did not demonstrate a conformational change in the presence of 

zwitterionic liposomes for P:L ratios ranging from 1:5 to 1:20 (Figure 3a). The addition of 

125 to 500 µM of negatively charged DOPC:DOPG liposomes resulted in a concentration-

dependent conformational change of the G23 peptide, and the isodichroic point at 204 

nm indicates a transition from a disordered to a more helical structure (Figure 3b). CD 

spectra analysis presented an α-helical content of 2.9 ± 1.5% and 26.8 ± 1.7% for the 

G23 peptide in the presence of 500 µM of PC:cholesterol and DOPC:DOPG liposomes 

(Table 1), respectively. Upon addition of pure DOPG liposomes, the G23 peptide adopted 
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a predominantly helical structure irrespective of liposome concentration (Figure 

3c), demonstrating an α-helical content of 43.7 ± 1.3% in the presence of 500 µM of 

DOPG liposomes (Table 1). Overall, the propensity to adopt secondary structure upon 

interaction with negatively charged membrane vesicles is a property the G23 peptide 

has in common with amphipathic CPPs. Furthermore, the predominantly disordered 

structure of the G23 peptide in the presence of zwitterionic liposomes suggests that the 

α-helical conformation is not required for membrane destabilisation.

Figure 3. Secondary structure of the G23 peptide in the presence of liposomes of different composition. 
CD spectra of 25 μM of G23 peptide were recorded in the absence and presence of different 
concentrations of zwitterionic PC:cholesterol liposomes (a), negatively charged DOPC:DOPG liposomes 
(b) or pure DOPG liposomes (c). Each line represents the mean of three independent experiments.
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Table 1. CD spectra analysis of the G23 peptide in the presence of liposomes of different composition. 
The respective secondary structure compositions of the G23 peptide in the presence of 500 μM of 
liposomes were determined using the BeStSel analysis tool [20]. Each value represents the mean ± S.D. 
of three independent experiments.

Secondary structure PC:cholesterol (2:1) DOPC:DOPG (4:1) DOPG
α-helix 2.9 ± 1.5% 26.8 ± 1.7% 43.7 ± 1.3%

β-sheet 21.0 ± 4.5% 9.0 ± 4.0% 1.8 ± 1.7%

Turns 19.1 ± 1.4% 14.8 ± 1.1% 12.9 ± 0.7%
Other 57.1 ± 4.5% 49.5 ± 4.2% 41.5 ± 0.6%

G23 peptide-mediated delivery of ß-galactosidase across the cell 
membrane

The capacity of the G23 peptide to destabilise the membrane and its propensity to adopt 

secondary structure in the presence of negatively charged liposomes suggest that the peptide 

can function as a CPP. In order to assess the ability of the peptide to transport macromolecular 

cargo across cellular membranes, G23 peptide was complexed with β-galactosidase at peptide 

to enzyme molar ratios up to 10:1, which corresponds to a G23 peptide concentration of ~1 

µM, and HeLa cells were incubated with these G23-β-galactosidase complexes for 2 hours at 

37 °C. Subsequently, cells were incubated with a fluorogenic cell-permeable substrate that 

becomes fluorescent upon cleavage by β-galactosidase in order to detect β-galactosidase 

activity. After fixation, the cells were examined by fluorescence microscopy. Figure 4a shows 

the absence of fluorescence in HeLa cells incubated with β-galactosidase, indicating that 

the enzyme was unable to enter the cells in the absence of the peptide. In contrast, HeLa 

cells incubated with G23-β-galactosidase complexes demonstrated the intracellular delivery 

of this membrane-impermeable protein, as evidenced by the presence of intracellular 

fluorescence. HeLa cells incubated with G23-β-galactosidase (10:1) complexes showed 

significantly higher intracellular fluorescence than cells incubated with G23-β-galactosidase 

(2:1) complexes (Figure 4a). The punctate fluorescence pattern that was displayed by the cells 

upon incubation with G23-β-galactosidase complexes (Figure 4b), indicates the involvement 

of endocytosis in G23 peptide-mediated transport of macromolecular cargo into the cell. 

The more diffuse distribution of fluorescence throughout the cytosol can be explained 

by β-galactosidase that has escaped from the endosomes (Figure 4b). However, we can’t 

exclude that fixation may have caused membrane permeabilization and redistribution of 

fluorescence into the cytosol. Therefore, the experiment needs to be repeated and imaged 

in living cells. Altogether, the data show that the G23 peptide is able to mediate the delivery 

of macromolecular cargo across the plasma membrane and most likely across the endosomal 

membrane, i.e. actions shared with CPPs.
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Figure 4. G23 peptide-mediated delivery of β-galactosidase across the plasma membrane of HeLa 
cells. (a) 20 µg of β-galactosidase or complexes of G23 peptide with β-galactosidase at peptide to 
enzyme molar ratios of 2:1 and 10:1 were added to the cells, and incubated for 2 hours at 37 °C. The 
G23 peptide concentrations in G23-β-galactosidase (2:1) and (10:1) complexes correspond to ~200 nM 
and ~1 μM, respectively. Fluorogenic substrate was added to the cells and images were obtained using 
a fluorescence microscope. (b) Higher magnification of HeLa cells that were incubated with G23-β-
galactosidase (10:1) complexes. Scale bars represent 50 μm.
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CONCLUSIONS

In the present study, we have identified specific peptide properties that collectively 

suggest that the GM1-binding peptide G23 may function as a CPP. The capacity of the 

G23 peptide to destabilise bilayer vesicles and its propensity to adopt a predominantly 

α-helical structure in the presence of negatively charged membranes clearly indicate 

that the peptide is able to interact with artificial membrane bilayers. The data provide 

useful information with regard to the decoration of nanoparticles with G23 peptide. 

An increase in the number of G23 peptides conjugated to the polymersomes was 

attempted to improve their transcytosis capacity across the blood-brain barrier, but the 

functionalization of these bilayer-structured nanoparticles at a G23 peptide density of > 

2 mol% induced the formation of polymersome aggregates. A possible solution could 

be to provide the (already 100% pegylated) polymersomes with a thicker hydrophilic 

polyethylene glycol layer, to prevent the peptide from penetrating the hydrophobic 

bilayer interior, resulting in the formation of stable nanoparticles decorated with more 

G23 peptide. Alternatively, high numbers of G23 peptide may possibly be conjugated to 

nanoparticles that do not consist of a bilayer structure.

Complexes of G23 peptide with β-galactosidase demonstrated the cellular delivery 

of this membrane-impermeable enzyme. However, G23-β-galactosidase complexes 

seemed to have a limited capacity to escape from the vesicular compartments after 

cellular uptake. Since multimerization of TAT has been shown to favour the endosomal 

escape, the formation of G23-β-galactosidase complexes with a multimeric version of 

G23 peptide may provide a potential solution to the vesicular entrapment of cargo. We 

hypothesize that multimerization of G23 peptide supports endosomal destabilisation via 

GM1 ganglioside clustering, which is a process that can induce tubulation in lipid vesicles, 

and thereby promotes its escape from the lysosomal pathway. In conclusion, next to 

promoting the endocytosis and transcellular transport of nanocarriers across the BBB, 

the G23 peptide may show cell-penetrating properties in the sense that it can deliver an 

enzyme into the cell cytosol. The identification of the cell-penetrating mechanism may 

help to improve G23 peptide-mediated delivery of cargo to intracellular target sites.
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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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Voor het vervullen van de hersenfuncties vereisen de cellen in het menselijk brein een 

constante aanvoer van zuurstof en voedingsstoffen. De bloedcirculatie faciliteert het 

transport tot op enkele honderdsten van een millimeter van alle in het brein aanwezige 

cellen, alwaar de benodigde stoffen de bloed-hersen barrière (BBB) kunnen passeren 

naar de hersencellen terwijl de in het bloed aanwezige toxines en pathogenen door de 

barrière worden tegengehouden. De BBB, welke de binnenwand van de bloedvaten in 

de hersenen vormt, bestaat uit een aaneengesloten laag hersen-endotheelcellen die 

onderling verbonden zijn door middel van zogenaamde tight junction eiwitten. Deze 

eiwitcomplexen verhinderen diffusie langs de naast elkaar gelegen endotheelcellen 

en daarmee de lekkage van potentieel gevaarlijke moleculen vanuit het bloed naar 

de hersenen. Het actief transport van voedingsstoffen door de endotheelcellen 

wordt voorafgegaan door een specifieke interactie van het molecuul met een op het 

celoppervlak aanwezige transporter of receptor. Dit geeft de BBB de mogelijkheid om 

selectief stoffen toe te laten tot de hersenen. De aanwezigheid van de BBB betekent 

helaas ook dat potentiële medicijnen voor de behandeling van hersenziekten het brein 

veelal niet kunnen bereiken. De therapeutische moleculen missen het vermogen om te 

binden aan een transporter of receptor op de endotheelcellen, wat tot gevolg heeft dat 

de medicijnen niet worden toegelaten tot een transportroute over de BBB. Daarnaast zijn 

veel therapeutische moleculen, zoals eiwitten en nucleïnezuren, onderhevig aan afbraak 

door in het bloed aanwezige enzymen.

In het onderzoek dat is beschreven in dit proefschrift werd gezocht naar een methode om 

medicijnen over de BBB te transporteren. Hoofdstuk 1 gaf een algemene inleiding over 

het toepassen van polymersomen voor het transporteren van medicijnen over de BBB. 

Kwetsbare therapeutica kunnen worden ingesloten in deze uit polymeren opgebouwde 

bolvormige nanopartikels om enzymatische afbraak in de bloedbaan te voorkomen. 

Echter, wanneer het oppervlak van polymersomen niet wordt voorzien van een ligand dat 

de opname van het nanopartikel door de endotheelcel via een specifieke ligand-receptor 

interactie kan bevorderen, dan zal het medicijn niet of maar in een geringe mate in de 

hersenen terechtkomen. Het G23 peptide is zo’n ligand welke het transport van verschillende 

typen nanopartikels over de BBB heeft kunnen bevorderen. Door onze onderzoeksgroep 

is het G23 peptide reeds gekoppeld aan polymersomen opgebouwd uit niet-biologisch 

afbreekbare polymeren om het transporterend vermogen van deze gefunctionaliseerde 

nanopartikels over de BBB van muizen aan te tonen. De voorkeur wordt desondanks 

gegeven aan biologisch afbreekbare polymersomen omdat de polymeren kunnen worden 

afgebroken en dus niet achterblijven in het brein na het afleveren van de medicijnen.
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Polymersomen worden veelal gemaakt met behulp van organische oplosmiddelen. Deze 

oplosmiddelen zijn echter toxisch voor cellen en dienen daarom zorgvuldig te worden 

verwijderd voordat de polymersomen geschikt zijn voor het afleveren van medicijnen 

in het menselijk lichaam. Daarnaast kunnen therapeutische moleculen beschadigd 

raken tijdens hun insluiting in polymersomen door de aanwezigheid van organische 

oplosmiddelen. In Hoofdstuk 2 beschreven we een methode voor de productie van 

biologisch afbreekbare polymersomen zonder gebruik te hoeven maken van organische 

oplosmiddelen, die tevens het insluiten van hittegevoelige medicijnen mogelijk maakt. 

De bolvormige structuur van de nanopartikels met een grootte van ongeveer een 

tienduizendste van een millimeter werd gevisualiseerd met behulp van elektronen 

microscopie. Deze techniek bracht eveneens de karakteristieke holle binnenkant van de 

nanopartikels in beeld, waarmee de vorming van polymersomen kon worden bevestigd. 

De polymersomen kunnen veilig voor medicijnafgifte in de hersenen worden gebruikt 

als de BBB daarbij niet wordt aangetast. Daarom werden de nanopartikels geïncubeerd 

met in het laboratorium gekweekte hersen-endotheelcellen. De vitaliteit van de 

hersen-endotheelcellen bleek niet te worden aangetast door de aanwezigheid van 

polymersomen.

De inschatting of een nanopartikel het vermogen zou kunnen hebben om de BBB in 

dier of mens te passeren berust veelal op resultaten verkregen uit een Transwell® BBB 

celkweek model. In dit model vormen de hersen-endotheelcellen een aaneengesloten 

cellaag op een flinterdun en flexibel laagje plastic, het zogenaamde filter, dat is voorzien 

van poriën die groot genoeg zijn om nanopartikels door te laten. Het toevoegen van 

nanopartikels aan het kweekmedium bovenop de cellaag zou dus, mits het partikel 

het vermogen heeft om de gekweekte BBB te passeren, moeten resulteren in de 

aanwezigheid van nanopartikels in het kweekmedium onder het met endotheelcellen 

bedekte filter. De biologisch afbreekbare polymersomen gefunctionaliseerd met het 

G23 peptide (G23 polymersomen) bleven echter plakken aan het filteroppervlak en 

in de poriën van het filter, wat het meten van het transporterend vermogen van deze 

nanopartikels over een op filter gekweekte BBB onmogelijk maakte. Het ontbreken 

van een geschikt alternatief stimuleerde ons tot de ontwikkeling van een filter-vrij BBB 

model, zoals werd beschreven in Hoofdstuk 3. Een aaneengesloten cellaag van hersen-

endotheelcellen werd gekweekt op een gel van collageen, een eiwit dat veelvuldig wordt 

gebruikt ter bevordering van de hechting van hersen-endotheelcellen aan het oppervlak 

van kweekflessen. Het kweekmedium bovenop het endotheel, en de onderliggende 

collageen gel vertegenwoordigden respectievelijk het door het lichaam circulerend 
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bloed en de hersenen. De koppeling van het G23 peptide aan de biologisch afbreekbare 

polymersomen stimuleerde de opname en het transport van deze nanopartikels door 

de endotheelcellen, wat resulteerde in een significant hogere accumulatie van G23 

polymersomen in de collageen gel van het filter-vrije BBB model. Een achttal andere 

peptide sequenties, welke door onze onderzoeksgroep tegelijkertijd met het G23 peptide 

zijn geïdentificeerd als potentiële liganden voor BBB transport, waren niet in staat het 

transport van polymersomen over de BBB te bevorderen. De resultaten bevestigden het 

onderscheidend vermogen van het G23 peptide om het transport van nanopartikels over 

het hersen-endotheel te kunnen stimuleren.

Het transport van ijzer over de BBB wordt voorafgegaan door de binding van het 

ijzerhoudende eiwit transferrine aan de transferrinereceptor, een receptor die in hoge 

mate aanwezig is op hersen-endotheelcellen. Er wordt daarom veel onderzoek verricht 

naar peptiden die het transport van nanopartikels over de BBB kunnen bevorderen door 

middel van het binden aan de transferrinereceptor. In Hoofdstuk 4 vergeleken we het 

transporterend vermogen van het G23 peptide met dat van het transferrinereceptor-

bindende peptide THR. Polymersomen werden gefunctionaliseerd met het G23 peptide, 

het THR peptide, of een combinatie van beide peptiden, om vervolgens te worden 

toegevoegd aan het kweekmedium in het filter-vrije BBB model. Geheel tegen de 

verwachtingen in bleek het THR peptide niet in staat het transport van polymersomen 

over de BBB te bevorderen. Daarnaast werden dubbel gefunctionaliseerde G23/THR 

polymersomen minder efficiënt over het filter-vrije BBB model getransporteerd dan G23 

polymersomen. De resultaten duidden erop dat naar mate er meer G23 peptide op het 

oppervlak van polymersomen aanwezig is, deze efficiënter over de BBB kunnen worden 

getransporteerd.

Een ligand, zoals het G23 peptide, zou eveneens direct gekoppeld kunnen worden 

aan een therapeutisch molecuul mits het medicijn bestand is tegen afbraak in het 

bloed en de koppeling van het peptide de therapeutische werking van het molecuul 

niet hindert. Wanneer een medicijn dient in te grijpen op een proces wat binnenin 

de zieke cel plaatsheeft, dan kunnen peptiden met zogenaamde cel-penetrerende 

capaciteiten de opname van gekoppelde therapeutica bevorderen door hun transport 

over de celmembraan mogelijk te maken. Om te onderzoeken of het G23 peptide 

beschikt over cel-penetrerende capaciteit werd in Hoofdstuk 5 het ligand gekoppeld 

aan β-galactosidase, een enzym dat niet in staat is om zichzelf toegang tot een cel te 

verschaffen. Het G23 peptide bleek inderdaad het transport van β-galactosidase over 
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de celmembraan te kunnen bewerkstelligen. Daarbovenop vertoonde het G23 peptide 

enkele andere met cel-penetrerende peptiden (CPPs) overeenkomstige eigenschappen, 

waaronder het aantasten van de stabiliteit van kunstmatig gevormde membranen. Dit 

alles tezamen suggereerde dat het G23 peptide niet alleen het transport over de BBB kan 

bevorderen, maar eveneens zou kunnen functioneren als een CPP.

Dit proefschrift beschreef de ontwikkeling van biologisch afbreekbare polymersomen 

met een oppervlak dat is voorzien van G23 peptide, en demonstreerde het vermogen 

van dit peptide om polymersomen over een nieuw ontwikkeld celkweek model van de 

BBB te transporteren. Hoofdstuk 6 eindigde met een wetenschappelijke samenvatting 

van de verkregen resultaten en suggesties voor de verdere ontwikkeling van G23 

polymersomen ten behoeve van de aflevering van medicijnen in de hersenen. Ondanks 

toekomstige uitdagingen hebben G23 polymersomen potentie om via een effectieve 

medicijnafgifte de behandeling van hersenziekten mogelijk te maken.
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het ontzettend fijn dat jij tijdens mijn promotie één van de paranimfen wilt zijn. Ik hou 

ongelofelijk veel van je en kan niet wachten tot we binnenkort een gezinnetje zullen 

vormen!

DANKWOORD
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