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Abstract 

The efficient translocation of drugs across the blood-brain barrier (BBB) with the aim of 

achieving an effective therapeutic effect in the brain compartment still constitutes a 

considerable challenge. Previously, it was shown that the cationic lipid SAINT-2, in 

combination with DOPE, forms complexes with antisense ODNs, so-called lipoplexes, 

and that this formulation mediates efficient delivery of ODNs into neuronal cells, as 

reflected by an antisense effect [Shi et al. Exp. Cell Res. 2003, 291(2), 313-325]. The 

possibility that such lipoplexes might also transfer ODNs across the BBB was examined 

in the present work. For this purpose, an in vitro model of the BBB was adapted and 

characterized, and the interaction of lipoplexes with the endothelial cell barrier, in terms 

of toxicity and transport, was subsequently investigated. The lipoplexes exhibited no 

toxicity towards the cell monolayer and did not increase paracellular leakage of [3H]-

sucrose, suggesting maintenance of the permeability barrier. However, despite the 

cationic nature of the lipoplexes, adsorption-mediated transcytosis, that would facilitate 

the transcellular crossing of the lipoplexes, was not observed. To explore the possibility 

of receptor-mediated transcytosis, the effect of the coupling of a model protein, bovine 

serum albumin, to these cationic lipoplexes was studied. However, coupling greatly 

impaired the encapsulating capacity of SAINT-2/DOPE. The data indicate that 

alternative strategies are needed to accomplish effective translocation of lipoplexes 

across the BBB. 

 

Keywords: cationic lipid, blood-brain barrier, transcytosis, in vitro model 
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Introduction 

Efforts of developing drug therapies for brain diseases are by definition confronted with 

the challenge of crossing the Blood-Brain Barrier (BBB). Indeed, in vivo the homeostasis 

of the brain is highly regulated, and essentially prevents exogenously administered 

molecules from reaching the brain compartment spontaneously. The physical relevance 

of the BBB is the highly specialized endothelial cell layer that forms the brain capillaries. 

Several elements contained in this layer are crucial to its barrier function. One important 

element is the low endocytic activity of the endothelial cells at the BBB, a property that 

strongly diminishes potential transcellular transport of molecules [1,2]. Additionally, the 

expression of an efflux pump, the P-glycoprotein (P-gp), contributes to maintenance of 

this fence by preventing the crossing of lipophilic compounds by means of active 

expulsion [3,4]. Finally, tight junctions in between endothelial cells maintain an efficient 

gate in the paracellular pathway, preventing free diffusion of polar solutes via this route 

[5]. Nevertheless some substances, like for example nutrients, are needed in the brain 

compartment and therefore specific transporters are present at the BBB to promote the 

crossing of these substances [6]. Three different types of tranporters can be distinguished, 

i.e. Carrier-Mediated Transporters (CMT), which include glucose or amino acid carriers, 

Active Efflux Transporters (AET), like the P-glycoprotein efflux pump, and Receptor-

Mediated Transporters (RMT), such as insulin, transferrin or leptin receptor carriers[7]. 

Elsewhere we have shown that antisense ODNs can be effectively delivered into 

neurons, which results in a specific and effective down regulation of specific targets in 

these cells [8]. In principle, this approach could thus be exploited in devising novel 

strategies for treatment of brain disorders, provided that successful crossing of the BBB 

can occur. Thus far there have been very few clinical trials, using antisense molecules, 

designed for brain disorders. Only two such studies have been reported [9,10] and only 

one of these studies concerned non-invasive intravenous administration of antisense 

ODNs [10]. In this study, the effect of aprinocarsen, an antisense phosphorothioate 

oligonucleotide against PKC-α [11], was examined for treatment of recurrent 

astrocytomas. Unfortunately, no clinical benefit was detected. In the database of the Gene 

Therapy Clinical Trials Worldwide (http://www.wiley.co.uk/genmed/clinical/) ten studies 

could be retrieved dealing with antisense therapy. Only one of these clinical trials 

concerned a brain disease, i.e. glioblastoma, and involved retroviral transfection of a 

gene coding for an antisense, i.e. no direct delivery of antisense oligonucleotides (access 

ID: US-052, Phase I). 
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Evidently, therapeutic antisense strategies to the brain with the aim to deliver 

ODNs to neurons will face in the first place the challenge of overcoming the BBB. The 

cationic lipid SAINT-2 [12] in combination with the helper lipid DOPE has been shown 

to efficiently deliver antisense ODNs to cells, including neurons [8,13]. In this context, a 

non invasive lipoplex-based antisense therapy to the brain would therefore require the 

ability to carry entire lipoplexes across the BBB, and their subsequent transport to the site 

of neuronal destination. 

Several in vitro models of the BBB are available to assess the transport of 

therapeutic drugs across the endothelial monolayer. Such models consist of the co-culture 

of capillary endothelial cells and primary astrocytes or astrocyte-derived cell lines. The 

advantages and drawbacks of several in vitro BBB models have been reviewed by 

Gumbleton and Audus [14]. Different types of polarized cells are suitable for such 

models, including (i) primary or low passage brain capillary endothelial cell lines, (ii) 

immortalized capillary endothelial cell lines and (iii) polarized epithelial cell lines of 

non-cerebral origin that also form a tight monolayer. Primary or low passage endothelial 

cells seem to more accurately mimic the in vivo situation, since they retain several 

characteristics of in vivo cells, while they also express various markers, typical of the 

BBB. In culture, they also display lower permeability towards [3H]-sucrose, a marker of 

paracellular diffusion, suggesting formation of a tight monolayer. 

In this work we adapted an in vitro model of the BBB, based on cloned primary 

bovine brain capillary endothelial cells, developed by Cecchelli et al. [15,16]. The 

interaction of SAINT-2/DOPE/ODN- lipoplexes with these cells was investigated. To 

assure that the model would be suitable for transport studies, some morphological 

characterization, sucrose permeability and tight junction functionality studies were 

carried out. Our results show that lipoplexes are not toxic to the cell monolayer and do 

not provoke an increase in paracellular leakage. However, significant transcytosis of 

lipoplexes, irrespective of specific targeting, was not observed, although translocation of 

free ODNs was detected. 

Materials and methods 

Cell culture 

Bovine Brain Capillary Endothelial cells (BBCE cells) were isolated as previously 

described [15]. The endothelial cells were split and multiplied once and the cells at 

passage 1 were kept in stock. For the experiments, cells were thawed and grown to 

confluency in 60-mm dishes and then plated on filters (25 mm and 10 mm diameter; 

NUNC), using a ratio of one 60-mm dish for 25 filters with a diameter of 25 mm, and 60 
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filters with a diameter of 10 mm. The cells were grown in Dulbecco’s modified Eagle 

medium DMEM (Gibco) supplemented with Glutamax I (Gibco), 10 % heat-inactivated 

horse serum (Kraeber GMBH & Co Pharmazeutische, Rohstoffe), 10 % heat-inactivated 

new born calf serum (Gibco), 50 U/ml penicillin and 50 µg/ml streptomycin. Cells were 

maintained in a humidified incubator at 37°C, under a 5 % CO2 atmosphere. 

Astrocytes were obtained from forebrains of new born Wistar rats [17]. The 

homogenates forebrains were collected and cultured for 10–14 days on poly-L-lysine-

coated (5 µg/ml) cell culture flasks (Nalge Nunc, Naperville, IL, USA) in DMEM 

(Gibco, Paisley, UK) containing 10% FCS, L-glutamine, and penicillin/streptomycin 

(Gibco). The culture was enriched in astrocytes that were obtained by a shake-off 

procedure, a process that allows the separation of oligodendrocytes from astrocytes, 

which remain attached to the bottom of the flask [18]. Cells were grown in DMEM 

supplemented with 10 % heat-inactivated fetal calf serum, 2 mM L-glutamine, 50 U/ml 

penicillin and 50 µg/ml streptomycin. Cells were maintained in a humidified incubator at 

37°C and 5% CO2 atmosphere. After three weeks the astrocyte-enriched cultures were 

trypsinized and plated in 6- and 24-wells plates. The cells were then allowed to stabilize 

for another week. Thereafter the astrocytes could be used for co-culture with the 

endothelial cells. 

Immmunocytochemistry 

Endothelial cells, grown on filters, were washed three times with HBSS and fixed in 2 % 

paraformaldehyde for 20 min at room temperature. The cells were then permeabilized in 

0.1 % Triton-X100 for 20 min at room temperature. Subsequently the filters were washed 

three times for 5 min in HBSS and after blocking with 1 % bovine serum albumin (BSA) 

in phosphate-buffered saline (37°C; 1 h), the cells were incubated with primary antibody 

(anti-ZO-1, Chemicon International, Inc. and anti-MDR1, Signet Laboratories, Inc.) for 1 

h at room temperature. After washing (three times for 5 min), cells were incubated with 

the fluorescent secondary antibody (Molecular Probes), anti-rat for ZO-1 staining and 

anti-mouse for MDR1 staining. 

[3H]-sucrose permeability assay 

The permeability assay for [3H]-sucrose was carried out as described previously [16]. All 

measurements were performed in HEPES buffered Ringer’s (RH) solution at 37°C. An 

aliquot of 1 ml of a 5 µCi/ml [3H]-sucrose solution was applied to the luminal chamber of 

25-mm filters coated with collagen and plated with endothelial cells. Measurements on 

control filters, without cells, but coated with collagen, were also carried out. Every 10 
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min during the first half hour of the incubation, and every 30 min thereafter, the filter 

was placed in a new well containing 2 ml of pre-warmed RH medium. Aliquots were 

collected from the abluminal chamber for each time interval corresponding to 10, 20, 30, 

60, 90 and 120 min. Permeability for [3H]-sucrose was calculated using the clearance 

principle as described previously [16]. 

(1)  
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Equation (1) expresses the Clearance of sucrose (Cl) from the luminal to the 

abluminal compartment as the quotient of the amount of sucrose in the abluminal 

chamber (Qablum) and the concentration of sucrose in the luminal chamber. The curve of 

the clearance as a function of time allows calculations of the apparent permeability 

coefficient (PSt for filters alone, and PSf for filters with cells) as the slope of the linear 

regression. PSe, the real permeability coefficient of the endothelial monolayer is 

calculated from equation (2). The final permeability coefficient Pe, independent of the 

surface of the filters, is calculated from equation (3). 

Transcellular electrical resistance (TER) measurements 

Resistance of the cell monolayer on 10-mm polycarbonate filters was measured using a 

Millicell-ERS (Electrical Resistance System) ohmmeter (Millipore). 10-mm filters were 

placed in an Endohm resistance measurement chamber (World Precision Instruments) in 

2 ml DMEM, pre-warmed at 37°C. 250 µl of pre-warmed DMEM were added in the 

luminal compartment. 

Back-exchange of fluorescent lipids with BSA 

The principle of BSA back-exchange of fluorescent lipids was described previously [19]. 

Briefly, C6-NBD-SM was inserted into the plasma membrane of the cells and following 

an incubation surface-accessible lipids were back-exchanged, using BSA as a scavenger. 

For cell labeling, C6-NBD-SM, solubilized in chloroform/methanol, was dried under a 

stream of nitrogen and the lipid film was further dried for 30 min under vacuum. The 

film was then dissolved in pure ethanol (volume corresponding to 0.5 % of the final 

volume of solution) and diluted in cold HBSS to a final concentration of 4 µM. The cells 

were incubated for 30 min on ice with 500 µl of the fluorescent lipid solution, suspended 
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in either the luminal or abluminal chamber. After removal of non-inserted lipids by 

washing, the cells were incubated at the indicated temperature, and the remaining lipids 

were back-exchanged with BSA. A solution of BSA (50 mg/ml, pH 7.4) was applied in 

either one of the chambers to remove surface localized C6-NBD-SM. The presence of 

residual fluorescent lipid was then visualized by confocal fluorescence microscopy. 

Preparation of lipid vesicles 

SAINT-2 and DOPE in chloroform/methanol were mixed (molar ratio 1:1) and the 

solvent was evaporated under a stream of nitrogen. The lipid film was dried for 30 min 

under vacuum and re-suspended in water at a final lipid concentration of 1 mM. The 

vesicles were then sonicated until the turbid lipid solution turned clear. 

Coupling of BSA with DPPE-PEG succinimidyl carbonate 

4.5 µmol of DPPE-PEG succinimidyl carbonate (Northern Lipids, Inc.) in methanol were 

dried under a stream of nitrogen and subsequently under vacuum for 30 min. The lipid 

film was then dissolved in 50 µl of dimethylformamide (DMF) and this solution was 

added under stirring to 1 ml of a solution of BSA (1 mg/ml) in NaHCO3 (0.1 M; pH 8.3). 

This solution was incubated overnight at 4°C under gentle stirring. Free BSA that did not 

react with the functionalized PEG-lipid was filtered out through a Centricon 100 

centrifugation column (Millipore). Centrifugation was carried out at 500g for 4 min. 

DPPE-PEG-BSA was added to a SAINT-2/DOPE (1:1) lipid film and freeze-dried for 1 

h. Liposomes were formed by re-hydrating the dried lipids. 

Transport experiments 

ODNs were labeled at the 5’end with [32P] using a Ready-To-Go T4 Polynucleotide 

Kinase kit (Amersham Biosciences). 4.5 nmol of ODNs were mixed with 5 µl of [32P]-

ATP (10 µCi/µl) in the kit tube and incubated in a waterbath at 37°C for 1 h. The [32P]-

labeled ODNs were then purified from free unreacted [32P]-ATP by gel-exclusion 

(sephadex) on a MicroSpin G-25 column (Amersham Biosciences). The centrifugation 

column was pre-spun for 1 min at 800g. After sample addition the column was spun for 

another 2 min at 800g and the purified ODNs were eluted. The final concentration of 

ODNs was calculated according to the volume eluted from the column and the measured 

yield of the purification (approx. 80 %). 

Lipoplexes were prepared by mixing 0.1 nmol of [32P]-labeled ODNs with 20 nmol 

of SAINT-2/DOPE (molar charge ratio +/- 2.5 to1) in NaCl/Hepes (150 mM/10 mM) and 

further incubation for 20 min at room temperature. Lipoplexes or free ODNs were then 

diluted in 1 ml HBSS and applied to the luminal chamber of the filter-grown endothelial 
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cells. Aliquots were collected from the abluminal chamber after 120, 240, 360 and 390 

min at 37°C or 4°C and [32P]-radioactivity was measured with a microplate scintillation 

counter (Packard Instrument Company - Meriden, USA). Transport of ODNs or 

lipoplexes was expressed as a percentage of radioactivity that appeared in the abluminal 

chamber, relative to the total amount of added radioactivity. 

DNA protection measured by the Oligreen assay 

SAINT-2/DOPE lipoplexes or DPPE-PEG-BSA containing SAINT-2/DOPE lipoplexes 

were prepared as described above and diluted after a 20-min incubation at room 

temperature in 1 ml HBSS (final volume) containing Oligreen (1/200 dilution; Molecular 

Probes). The fluorescence (excitation and emission wavelengths were set at 490 and 520 

nm, respectively) was monitored for 900 s. BSA or H2O was added after 200 s and Triton 

X-100 detergent was added after 700 sec to determine the maximal fluorescence (100 % 

release). 

Cryo-transmission electron microscopy of the lipoplexes 

Lipoplexes containing DPPE-PEG-BSA were prepared as described above. The 

morphology of the lipid-ODN complexes was determined by cryo-EM. Portions of 2 µl 

of the samples were applied on glow discharged holey carbon-coated grids. After blotting 

away the excess liquid, the specimens were frozen in liquid ethane and then mounted in a 

Gatan (model 626) cryo-stage and examined in a Philips CM 120 cryo-electron 

microscope, operating at 120 kV. Micrographs were recorded under low-dose conditions 

with a slow scan CCD camera. 

Results 

The endothelial cells express the ZO-1 protein, a constituent of the tight junction, and 

the drug efflux protein P-gp, a marker of the BBB 

The in vitro BBB model used in this study consists of the co-culture of semi-primary 

endothelial cells from Bovine Brain Endothelial Capillaries (BBCEC) and primary 

astrocytes [16]. The endothelial cells are plated on polycarbonate filters while primary 

astrocytes are plated on the bottom of the wells (Figure 1). In this manner both the 

luminal and abluminal sides of the cells are accessible to compounds and the transport 

from luminal to abluminal compartment can be studied. The astrocytes are required for 

secreting factors, allowing the endothelial monolayer to establish barrier properties [20]. 

To characterize the system as applied here for its polarized and barrier features, cells 

were stained for the ZO-1 protein, a constituent of tight junctions and for MDR1 or P-
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glycoprotein (P-gp), the drug efflux protein, a marker of the BBB (Figure 2). As shown 

in Fig. 2A the ZO-1 protein was well expressed and ideally located at the periphery of the 

cell body. The P-gp was expressed in a punctate pattern, distributed at or near the apical 

membrane of the cells (Fig. 2D). In XZ projections the ZO-1 protein can be found in 

between the cells (Fig. 2C, arrows), while P-gp was found primarily on the cell surface 

(Fig. 2F, arrows). Note that the XZ sections illustrate the peculiar shape of the cells in 

that the large nucleus seems to protrude from the cell body. This shape is consistent with 

in vivo observations, obtained by electron microscopic examination of rat brain 

capillaries that show a massive nucleus, barely surrounded by cytoplasm and a flat cell 

body forming the wall of the capillaries [21]. Figure 3 depicts a schematic representation 

of the cell and the organization of the cell monolayer. 

Figure 1. Schematic representation of an in 
vitro BBB model. The semi-primary endothelial 
cells (EC) are grown on insert filters that separate 
a luminal and abluminal chamber. Cells are co-
cultured with astrocytes (AS), plated at the 
bottom of the well that produce essential factors 
for acquiring barrier properties. 

Figure 2. BBCE cells express ZO-1 and P-gp. 
BBCE cells, grown on filters as described in Fig. 
1, were stained for ZO-1 (A, B, C) or P-gp (D, E, 
F) in combination with staining for the nucleus 
(Hoechst) and the actin network (Rhodamine-
Phalloidin). In (A) and (D) the green and blue 
channel (UV) of the confocal microscope 
horizontal (X-Y ) sections are shown, the green 
staining corresponds to the protein, ZO-1 (A) or 
P-gp (D) and the blue channel corresponds to the 
nucleus. To reveal the shape of the cells the red 
and blue channels in horizontal (X-Y) sections are 
shown in (B) and (E), red correspond to the actin 
network stained with rhodamin-phalloïdin and 
blue shows the staining of the nucleus. All 
channels of the confocal microscope are merged 
in the vertical (X-Z) sections in (E) and (F); the 
arrows indicate the relative position of ZO-1 (E) 
and P-gp (F). See appendix for color pictures. 
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[3H]-Sucrose permeability and transcellular electrical resistance (TER) of the 

endothelial monolayer 

In order to analyze the transport of lipoplexes across the BBB model it was essential to 

ascertain the integrity of the monlolayer, i.e., that the paracellular permeability was 

minimal. To this end, the permeability coefficient, Pe, of [3H]-sucrose, as a marker of the 

tightness of the cell monolayer, was determined at 3, 6, 9, 12 and 14 days after seeding 

the cells on the filter (Table 1). The Pe values are calculated from the graph of the 

clearance of [3H]-sucrose as a function of time (Fig. 4), as described in the Materials and 

Figure 3. Morphology of the endothelial 
cells, grown on filters. A. Schematic 
drawing of a single cell where Ap represents 
the apical membrane, Bl represents the basal 
membrane and ZO-1 is the contact zone for 
the tight junctions between the cells. B. 
Organization of the cells in the monolayer, 
cultured on collagen coated filters. 

Figure 4. Paracellular permeability of the cell monolayer. The permeability to [3H]-sucrose 
was measured at different days after plating. Clearance is shown as a function of time for the 
filters coated with collagen (without cells) and for filters plated with cells, that were cultured for 
3, 6 and 9 days (day 3, day 6 and day 9). The slope of the linear regression corresponds to the 
apparent permeability coefficient PSf for the filters coated with collagen, and PSt for the filters 
with cells. Note that with increasing culture time the slope decreases, implying a decrease in 
paracellular permeability. Optimal sealing of the cell layer was obtained after the cells had been 
cultured for 9 days. 
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methods. The results in Tab le 1 indicate that the permeability to [3H]-sucrose decreases 

until day 9, when it reaches a minimum of 0.62.10-3 cm/min. On the following days, 

permeability to [3H]-sucrose increases again, suggesting that after around 9 days in 

culture an optimum is reached for the tightness of the monolayer. Consistently, TER 

measurements (Figure 5), determined at various days after plating the cells, showed the 

same optimum for the tightness of the monolayer after approx. 9 days in culture, 

resulting in a maximal TER value of 37.5 ohms.cm2. For comparison, when carrying out 

similar measurements for polarized, i.e., filter-grown epithelial cells (MDCK) a TER 

value of approx. 65 ohms.cm2 is determined. Given the apparent optimal conditions of 

the cell layer, reached after approx. 9 days, in terms of its barrier properties, all 

experiments were carried out on cells nine days after plating.  

The tight junctions in between the endothelial cell monolayer are functional 

Expression and localization of the ZO-1 protein indicated that organized tight junctions 

are present in the cell monolayer. Nevertheless, it was important to test whether these 

Table 1. Permeability coefficient to [3H]-
sucrose. The permeability coefficient PSe is 
calculated as described in the “Materials and 
methods” with equation (2). PSf and PSt, are 
the apparent permeability coefficient for the 
filters or the cell monolayer, respectively, and 
are derived from the data in Fig. 4. The 
paracellular permeability of sucrose, Pe, that is 
independent of the surface of the filters, is 
calculated with equation (3) (see Materials and 
methods). The table summarizes the Pe values 
for cells 3, 6, 9, 12 and 14 days after plating. 

Figure 5. Transendothelial electrical 
resistance (TER) of the cell 
monolayer. The electrical resistance 
between the luminal and the abluminal 
compartment was measured at 2, 4, 7, 
9 and 14 days after plating (day 2, 4, 
7, 9 and 14). Note that the maximum 
value for the TER is reached approx. 9 
days after plating. 
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tight junctions are fully functional i.e, whether the tight junction acted as a proper fence 

to molecules, localized in t he outer leaflet of either membrane domain separated by the 

tight junction complex. Therefore, a fluorescent sphingomyelin analogue, C6-NBD-SM, 

was incubated at 4oC either on the luminal or abluminal side of the cells (Fig. 6), 

allowing its insertion into the outer leaflet of either the apical or basolateral plasma 

membrane domain. To determine whether luminal-inserted lipid could laterally diffuse to 

the abluminal surface, which would be indicative of a defect in the tight junction 

structure, the abluminal surface was exposed to a BSA-containing solution, BSA acting 

as a scavenger for C6-NBD-lipid arriving at the abluminal surface. All experiments were 

carried out at 4°C for an extended period of time so as to allow ample time for potential 

lateral diffusion but preventing intracellular trafficking of the lipids [19,22] that could 

have carried lipid via transcytosis from one surface to the other. As shown in Fig. 6, 

effective removal of C6-NDB-SM only occurred when the BSA had been applied in the 

same chamber as the lipids (luminal chamber Fig. 6 A, B and C and abluminal chamber 

D, E and F), implying that after insertion in a given surface domain, significant 

translocation to the other did not take place. Moreover, fluorescent lipids could not be 

retrieved when BSA was included in medium, facing the non-labeled surface. These 

results thus suggest that the tight junctions are functional, preventing substantial lateral 

diffusion of the lipid analogue through the tight junctions. 

Figure 6. The tight junctions expressed by the 
endothelial cells are fully functional. The ability 
of the tight junctions to prevent lateral diffusion of a 
fluorescent lipid and migration of BSA in between 
the cells was determined with a BSA back exchange 
assay. C6-NBD-SM was incubated with the cells at 
4°C on the apical (A, B and C) or basal (D, E and F) 
side to allow proper membrane insertion. Excess 
lipid was removed by extensive washing. The back 
exchange assay is based on the property of BSA to 
extract accessible lipids from the cell membrane. In 
A and D no BSA was incubated with the cells. In B 
and E, BSA was incubated in the apical chamber 
while in C and F it was in the basal chamber. Note 
that the fluorescent lipids can only be extracted 
from the cell membrane when BSA is incubated on 
the same side as the lipids. 
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Transport studies of lipoplexes across the endothelial monolayer 

Prior to carrying out transport 

experiments with lipoplexes, it was 

essential to determine whether the 

ODNs or the lipoplexes were toxic 

to the cells, as a result of which 

paracellular leakage could be 

induced. To verify this possibility 

the permeability to sucrose in the 

presence of ODNs or SAINT-

2/DOPE lipoplexes was 

determined. The results are 

summarized in table 2 and the data 

reveal that in the presence of 

neither ODNs nor lipoplexes the permeability coefficient to sucrose is affected and that it 

is identical to that of control cells. We therefore conclude that under the incubation 

conditions, lipoplexes are not toxic to the cells and do not induce paracellular leakage in 

the in vitro model. 

To study the transport of lipoplexes across this in vitro BBB model, complexes were 

prepared with radiolabeled ODNs and were subsequently incubated with the cells at 37 or 

4°C (Fig.7A). Following addition at the luminal side, the appearance of radiolabeled 

ODNs was determined at the abluminal side, as described in the Materials and methods. 

After 2 h at 37°C 2.5 ± 0.5 % of the radioactivity is retrieved in the abluminal chamber 

and after 6 h and 30 min 13 ± 2.5 %. At 4°C, where transcytotic transport is inhibited, the 

transport was reduced to 0.8 ± 0.1 % and 6.7 ± 0.2 % after 2 and 6.5 h, respectively. 

Since at these conditions only translocation of the radiolabelled nucleic acid was 

monitored, no conclusions can be drawn as to the fate of the carrier. To obtain such 

insight, the experiments were repeated using lipoplexes in which the lipid phase was 

labeled with N-Rh-PE. When such complexes were incubated with the cells at 37oC for 2 

h, only 0.14% of the lipids (versus 2.5 % radiolabeled ODNs) were retrieved in the 

abluminal chamber after 2 h (not shown). Hence these data would suggest that the 

observed difference in transport of ODNs versus lipid marker probably reflects the 

occurrence of transport of free ODNs that dissociated from the complexes during the 

incubation and/or might have been expelled by the cells, following lipoplex 

internalization. To verify whether free ODNs could be translocated across the monolayer, 

Table 2. The ODNs and lipoplexes do not increase 
the paracellular permeability. The effect of the 
lipoplexes and ODNs on endothelial cell monolayer 
integrity was tested by determining the permeability to 
[3H]-sucrose in their presence. “Control” refers to 
cells without treatment. “ODNs” and “lipoplexes” 
refer to cells incubated with free ODNs and SAINT-
2/DOPE lipoplexes, respectively. 
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transport of free ODNs was analyzed at 37 and 4°C. The results, shown in Fig. 7B, 

indicate that free ODNs can cross the in vitro BBB model and after 2 and 6.5 h 20 ± 3.2 

% and 58 ± 3.4 %, respectively, of the initial radioactivity is recovered from the 

abluminal chamber. This transport is reduced at 4°C but not abolished, since after 6.5 h 

still 28 ± 2.5 % of the radioactivity is retrieved in the abluminal chamber, suggesting that 

at least part of the overall transport of ODNs is accomplished by paracellular 

translocation/diffusion.  

Protein-coupling to lipoplexes  

To investigate whether a targeting approach, addressing receptors known to be involved 

in transcytotic transport across the endothelial barrier, might improve lipoplex transport 

across the endothelial monolayer, the following experiments were carried out. First we 

examined the possibility for coupling a protein to the lipoplexes. In anticipation of 

coupling a more specific ligand, like an antibody against the transferrin receptor, BSA 

was used as model protein to develop a technical protocol for successful coupling. A 

functionalized PEG-lipid with a succinimidyl carbonate group was used to couple DPPE-

PEG with BSA. As illustrated in Fig. 8 the functionalized DPPE-PEG is designed to react 

with amino groups of a protein thus giving rise to a free N-hydroxysuccinimide (NHS) 

and the DPPE-PEG coupled with the molecule of interest [23,24]. In this manner DPPE-

PEG-BSA was prepared and incorporated into liposomes to form lipoplexes with ODNs. 

The stability of these DPPE-PEG-BSA containing lipoplexes was tested, using an 

Figure 7. Transport of lipoplexes 
and free ODNs across the cell 
monolayer. A. Lipoplexes containing 
radiolabeled [32P]-ODNs were 
incubated in the luminal chamber and 
the percentage of radioactivity 
reaching the abluminal compartement 
was measured after 2, 4, 6 and 6.5 h. 
Measurements were performed at 4ºC 
(open circle) and 37ºC (closed circle). 
B. The same experiment was carried 
out with free ODNs. 

A 

B 

A 
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Oligreen assay. The fluorescence of the oligreen probes, which depends on the presence 

of free ODNs, was monitored as a function of time for both normal lipoplexes and 

DPPE-PEG-BSA containing lipoplexes. When oligreen was incubated with the latter, a 

constant increase in fluorescence indicated that the protein-coated lipoplexes were 

insufficiently protecting ODNs, when compared to normal SAINT-2/DOPE lipoplexes 

and in time, a large amount of ODNs became accessible for labeling.  

To further characterize the protein-coated lipoplexes, the DPPE-PEG-BSA containing 

lipoplexes were examined by cryo-EM. As shown in Fig. 9B, typical striated hexagonal 

structures of lipoplexes were not detected, but rather vesicular structures were apparent, 

Figure 8. Coupling of BSA to a 
functionalized PEG-lipid. BSA 
was incubated with DPPE-
PEG(2000) succinimidyl carbonate. 
The succinidimyl carbonate group 
can react with the amine groups of 
the protein (-NH2) thus leading to 
protein coupling to the PEG-lipid 
(DPPE-PEG-BSA) and a free N-
hydroxyl succinimide, NHS. 

Figure 9: DPPE-PEG-BSA containing lipoplexes are unstable; enhanced ODN accessibility. 
A. An Oligreen assay was performed with SAINT-2/DOPE/DPPE-PEG-BSA lipoplexes (I) and 
SAINT-2/DOPE lipoplexes (II). The accessibility of free ODNs is monitored in time as the 
appearance of fluorescence. B. Cryo-EM pictures of lipoplexes prepared with liposomes containing 
DPPE-PEG-BSA. 

DPPE-PEG(2000) succinimidyl carbonate 

+ R-NH2 Protein 

NHS 

DPPE-PEG-coupled Protein

B A 
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which could be indicative of a lack of effective ODNs sequestering by the lipids (Fig. 

9B). Thus in these preparations, primarily liposomal structures were seen with various 

diameters (Fig. 9B insert).  

Discussion 

Endothelial cells 

In this study an effort was made to adapt an in vitro model of the blood-brain barrier for 

the study of transport of lipoplexes. The BBB model showed proper expression of 

established BBB markers, such as ZO-1 and P-gp, while the tightness properties of the 

monolayer appeared adequate. P-gp is an essential marker of the BBB, acting as a barrier 

towards lipophilic drugs [3,4]. The expression of P-gp and its localization at the luminal 

side of the endothelial cells is in accordance with the polarized properties of the system, 

desirable for an in vitro model matching physiological conditions as closely as possible. 

Additionally, the endothelial cells also expressed the ZO-1 protein, an essential 

constituent of the tight junctions. Moreover, the functionality of these tight junctions was 

also demonstrated by their ability to prevent lateral diffusion to the basal domain of a 

fluorescent lipid analogue, initially inserted into the outer leaflet of the apical membrane 

domain. 

An assessment of the tightness of the monolayer is given by the permeability 

coefficient of the endothelial monolayer for sucrose (Pe). Gumbleton and Audus 

compared several permeability coefficients for sucrose for in vitro models of the BBB 

[14]. They report that for the various models based on primary or low passage bovine 

brain capillary endothelial cells, the permeability coefficient Pe ranges from 10 to 24 (x 

10-6 cm.s-1). Translating these values to conditions that apply to the system employed in 

the present study, the range of Pe can be recalculated as to extend from 0.6 to 1.44 (x 10-3 

cm.min-1). The Pe measured in our work is exactly in this range, and is also similar to or 

even less than the values reported before for the same model, i.e., 0.63 x 10-3 cm.min-1 

[25]; 0.75 x 10-3 cm.min-1 [16]; and 1.05 x 10-3 cm.min-1 [26]. Together these results 

indicate that we successfully adapted the endothelial model to potentially serve as a 

realistic model for polarized transport events, mimicking transport across the blood-

brain-barrier. Moreover, we also demonstrated that the Pe of sucrose was not affected by 

the presence of either the lipoplexes or the free ODNs, implying that the compounds of 

interest did not perturb the system by inducing toxic effects. 

Adsorption-mediated transcytosis 

An increasing number of drugs is based on macromolecular structures (proteins, 

antibody) or on multi-component macromolecular complexes (gene therapy vector, 
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lipoplexes), rather than on single small molecules. Consequently, to benefit from all the 

advances in the development of new therapeutics, the crossing of the BBB by these 

complexes in a non-invasive way, either via a paracellular or a transcytotic mechanism, 

constitutes a major challenge. Lipoplex transport via adsorption-mediated or receptor-

mediated transcytosis involves endocytosis of the lipoplex and proper routing to a 

transcytotic intracellular pathway [27]. Adsorption-mediated transcytosis has been 

reported for cationized albumin or cationized antibodies [27-29], including cationized 

albumin-coated liposomes [30]. The mechanism envisioned for this adsorption-mediated 

transcytosis is a non-specific but saturable electrostatic interaction with the membrane of 

the cell, promoted by the positive charge of the proteins, followed by endocytosis. In this 

study, we observed however that despite the cationic nature of SAINT-2/DOPE 

lipoplexes, adsorption-mediated transcytosis did not take place as revealed by the low 

amount of lipoplexes retrieved in the abluminal chamber (as monitored by both 

radiolabeled ODNs and fluorescent lipids). Moreover, transport of the N-Rh-PE marked 

lipoplexes was not inhibited in the presence of filipin III (1 µg/ml), an inhibitor of 

caveolae-mediated endocytosis, suggesting that, indeed, caveolae-mediated transport of 

lipoplexes by adsorptive transcytosis did not occur (not shown). Accordingly, the 

positive charge of a particle does not necessarily guarantee adsorption-mediated 

transcytosis. This result is consistent with another study, using the same model system, 

demonstrating that the crossing of nanoparticles with a polysaccharide core was 

accomplished more easily for neutral particles than for positively or negatively charged 

particles. Moreover, the coating of charged particles with a neutral phospholipid bilayer 

restored their transport to the level obtained for the neutral particles [31]. However 

concerning the mechanism of adsorption-mediated transcytosis, little is known about 

how non-specific endocytosis at the luminal side of the cells could trigger specific sorting 

and exocytosis at the abluminal side of the cells. A possible explanation could be that 

lipoplexes are non-specifically endocytosed at the site of a transcytotic carrier, but fail to 

undergo subsequent (specific) sorting into the transcytotic pathway. 

Receptor-mediated transcytosis 

To trigger transcytosis, coupling of the lipoplexes with an antibody directed against a 

transcytotic receptor is a more elaborate strategy. Receptor-mediated transcytosis has 

been described for transferrin , an iron transporter , and its receptor TfR, which mediates 

specific iron transport to the brain [21]. Coupling monoclonal antibodies, directed against 

the TfR, to liposomes has been reported to promote receptor-mediated transcytosis of the 

liposomes [32,33]. Thus, succesful transport into rat brains has been demonstrated of 

drug substances encapsulated into neutral lamellar liposomes (DSPC/DSPE/cholesterol), 
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using coupling to an OX26 monoclonal antibody directed against the TfR [32]. In mice, 

the delivery of a β-galactosidase gene to the brain was reported using PIL, PEGylated 

immunoliposomes, coupled to the 8D3 monoclonal antibody that recognizes mice TfR. 

Specific expression of β-galactosidase was achieved by placing the gene under the 

control of the GFAP promoter, a brain specific promoter [33]. The immunoliposomes 

used in the study by Shi et al., only contained 2% of the cationic lipid 

dimethyldioctadecylammonium bromide, DDAB, and the plasmid DNA was 

encapsulated inside a bilayer-forming liposome. This encapsulation of nucleic acid is 

essentially different from the approach carried out in the present study. The cationic 

charge of the amphiphile in SAINT-2/DOPE liposomes is necessary for lipoplex 

assembly with ODNs. However, after coupling with a model protein, BSA, we found that 

the SAINT-2/DOPE liposomes, adopting a hexagonal phase, were no longer able to form 

lipoplexes with ODNs (see Fig. 9) precluding further targeting experiments with an 

antibody directed against the TfR. Consequently, more work will be needed to achieve an 

efficient coupling of an antibody to the cationic lipoplexes, avoiding impediment of their 

capacity to complex nucleic acids. Recently, a new class of cationic lipids, the pH-

sensitive sugar-based gemini surfactants, was synthesized that at neutral pH form 

lamellar lipoplexes with plasmid DNA[34,35]. These new gemini surfactants could be 

the cationic lipids of choice for the development of new coupling strategies for cationic 

lipoplexes. 

Translocation of free ODNs across endothelial cells 

In this work we observed that free ODNs are able to cross the cells in the in vitro BBB 

model. (Fig.7). This observation contradicts the commonly assumed behavior of ODNs 

in vivo, since due to their charge and size it is thought that antisense molecules do not 

cross the BBB. Nevertheless the possibility of oligonucleotides to cross the BBB in vivo 

seems to some extent controversial. For example, the presence of phosphorothioate 

ODNs in the brain has been reported after intravenous injection in a mouse model for 

Alzheimer’s disease SAMP8 [36]. The intravenously injected dose of antisense, directed 

against the amyloid β protein, has been shown to reverse the learning and memory 

deficits of aged SAMP8 mice. However, it cannot be excluded that the disease itself may 

alter the barrier properties of the BBB [37], sufficient to allow penetration of antisense 

molecules. Other studies have pinpointed the necessity of targeting of an antisense 

peptide nucleic acid, PNA, by its coupling to an antibody directed against the TfR in 

order to promote transcytosis across the BBB [38,39]. In our in vitro study we 

nevertheless found that ODNs could cross the BBB model, which appeared temperature-

dependent but transport was not abolished at low temperature, suggesting that a 
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paracellular mechanism might be partly involved. However, given that a substantial part 

of the transfer could not be explained by such a transfer event, these observations warrant 

further studies. 

Abbreviations 

BBB, blood-brain barrier; DNA, deoxyribonucleic acid; ODNs, oligodeoxynucleotides; 

lipolex, complex of DNA or ODNs and cationic lipids; TfR, transferrin receptor; P-gp, P-

glycoprotein; ZO-1, zonula occludens 1 protein, BSA, bovine serum albumin; TfR, 

transferring receptor, PEG, poly(ethylene glycol); C6-NBD-SM, N-(N-[6-[(7-nitrobenz-

2-oxa-1,3-diazol-4-yl)amino]caproyl])- sphingosine-1-phosphocholine; DOPE, 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DSPC, 

1,2-distearoyl-sn-glycero-3-phosphocholine; SAINT-2, N-methyl-4-

(dioleyl)methylpyridinium; NHS, N-hydroxysuccinimide, HEPES, N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid; HBSS, Hank’s Balanced Salt Solution; 

BBCE cells, bovine brain capillary endothelial cells; CHO cells, Chinese hamster ovarian 

cells; cryo-EM, cryo-electron microscopy; TER, transcellular electrical resistance. 
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