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a b s t r a c t

The targeting potential of OX-26-decorated immunoliposomes was investigated, using the human brain
endothelial cell line hCMEC/D3 as a model of the blood–brain barrier (BBB). Immuno-nanoliposomes
were prepared by the biotin/streptavidin ligation strategy, and their uptake by hCMEC/D3 cells and per-
meability through cell monolayers was studied. In order to elucidate the mechanisms of uptake, pH-sen-
sitive fluorescence signal of HPTS was used, while transport was measured using double labeled
immunoliposomes (with aqueous and lipid membrane fluorescent tags). PEGylated and non-specific-
IgG-decorated liposomes were studied under identical conditions, as controls. CHO-K1 cells (which do
not overexpress the transferrin receptor) were studied in some cases for comparative purposes.

Experimental results reveal that hCMEC/D3 cells are good models for in vitro screening of BBB-target-
ing nanoparticulate drug delivery systems. Uptake and transcytosis of immunoliposome-associated dyes
by cell monolayers was substantially higher compared to those of control liposomes. HPTS-entrapping
OX-26-immunoliposome uptake indicated lysosomal localization and receptor-mediated mechanism.
The ratio of aqueous/lipid label transport is affected by pre-incubation with antibody, or use of high lipid
doses, suggesting that vesicles are transported intact after lysosome saturation. Co-decoration with a sec-
ond ligand slightly decreases OX-26-decorated vesicle uptake, but not transcytosis, proving that the bio-
tin–streptavidin technique can be applied for the generation of dual-targeting nanoliposomes.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction free drugs) to the brain [2–10]. Drug molecules may be loaded in
The unique structural characteristics of the blood–brain barrier
(BBB) protect neurons and preserve the homeostasis of the central
nervous system, but at the same time prevent many drugs to reach
the brain [1]. This is a huge problem for the therapy of brain lo-
cated pathologies, such as cancer and neurodegenerative diseases.
Several non-invasive approaches have been proposed to overcome
this problem, as the development of targeting carrier systems,
which can be endocytosed by brain endothelial cells via receptors
they overexpress (providing that the carrier surface is decorated
with appropriate ligands for the specific receptors). In fact, such
methodologies have been demonstrated to be successful for tar-
geted delivery of anticancer drugs to cancer cells, or delivery of
higher amounts of drugs (compared to the amounts delivered as
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such carrier systems and delivered to the brain, providing that
their association with the carrier is stable during the journey from
administration site to site of interest (in this case the endothelial
cells of the BBB). Among the various carriers or drug delivery sys-
tems (DDSs) introduced up-to-date, liposomes have documented
advantages, as increased drug loading capacity, versatile structural
characteristics that permit easy surface decoration, biodegradabil-
ity, biocompatibility and minimum toxicity [11,12]. Furthermore,
the ability to label them with two or more dyes (for dual labeling
of lipid and aqueous compartments) and to load them with high
concentrations of pH-specific dyes (i.e. pyrene derivatives, which
are helpful for investigation of intracellular (lysosomal) localiza-
tion) permits easy investigation into their interactions with cells
[13,14].

It has been recently proposed that perhaps multiligand-
decorated nanosystems may be more efficient (compared to nano-
systems decorated with one single ligand) to target specific
diseases or biological barriers [15–19]. In such cases, it is impor-
tant to be sure that the targeting potential of one ligand will not
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be negatively affected by the presence of the second on the same
nanosystem. In this context, the effect of co-existence of two anti-
bodies on the same liposome, on the targeting potential of the one
antibody was evaluated herein. For this, OX-26 (anti-transferrin
monoclonal antibody (Mab))-decorated nanoliposomes were pre-
pared, and after evaluation of several preparative aspects their
brain targeting potential was studied on a cellular model of BBB.
For ligation of the Mab on the liposome surface, the biotin–
streptavidin (STREP) method was used. The specific immunolipo-
some type (i.e. OX-26 Mab) was selected, since it has been well
documented [4,5,10,20,21] to target cells that express the transfer-
rin receptor (TfR), and many results from previous studies are
available for comparisons. In a second step, the same immunolipo-
somes were labeled with a second non-specific antibody (IgG 2a,
the negative control of OX-26), and the effect of its co-existence
on the vesicle surface on the targeting potential of the liposomes
was evaluated under identical conditions. For elucidation of the
mechanism by which immunoliposomes are taken up by cells,
their intracellular localization was followed using 8-hydroxypy-
rene-1,3,6-trisulfonic acid (HPTS)-entrapping vesicles.

hCMEC/D3 cells were used as a BBB cellular model. In general,
in vitro models of the BBB that allow reliable prediction of drug
and/or carrier brain penetration are very useful. Initially, isolated
primary brain capillary endothelial cells (BCEC) co-cultured with
astrocytes (in most cases) were used [22–24]; however, their isola-
tion is very time-consuming and laborious. Alternatively, several
immortalized rat or mouse cellular systems have been developed
to act as models of the BBB as RBE4, GPNT and b.End3 cell lines
[25–27]; however, most of these systems have high paracellular
permeabilities and require co-culturing with astrocytes or glial
cells. The hCMEC/D3 cell line is a well-characterized human brain
endothelial cell line, which has been demonstrated to mimic most
of the basic characteristics of the BBB [28], even in the absence of
co-cultured glial cells. These cells have been demonstrated to form
junction complexes under appropriate culturing conditions and
have been found reliable for screening CNS drug candidates [29].
However, they have never been used up-to-date for the study of
the potential of nanoparticulate DDSs to circumvent the BBB, with
the exception of a morphological study using nanoparticles [30]
and another study in which solid lipid nanoparticles were used
for the delivery of atazanavir to the brain [31]. In this later study,
the uptake of the drug by the hCMEC/D3 cells was measured, but
the nanoparticle (NP) uptake or transcytosis was not. Here, we
investigated in detail immunoliposome uptake and transcytosis
by the hCMEC/D3 cells, in order to clarify if this cellular model is
useful for screening various types of BBB-targeting nanoliposomes,
and also evaluate targeting potential of dual antibody-decorated
immunoliposomes.
2. Materials and methods

Phosphatidyl-choline (PC), 1,2-distearoyl-sn-glycerol-3-phos-
phatidylcholine (DSPC), 1,2-distearoyl-sn-glycerol-3-phosphoeth-
anolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG2000

[PEG-lipid]), 1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-
N-[biotinyl (polyethyleneglycol)-2000] (DSPE-PEG2000-Biotin),
and lissamine rhodamine B phosphatidylethanolamine (RHO-lipid)
were purchased from Avanti Polar Lipids. Fluorescein-isothiocya-
nate-dextran-4000 (FITC-dextran), streptavidin from Streptomyces
avidinii (STREP), trisodium 8-hydroxypyrene-1,3,6-trisulfonate
(HPTS), lucifer yellow-CH dilithium salt (LY), IgG from murine ser-
um (mouse IgG), 10 nm gold nanoparticle labeled rabbit anti-
mouse antibodies, Sephadex G-50 and Sepharose CL-4B were from
Sigma–Aldrich. Biotinylated OX-26 and mouse IgG2a (the IgG neg-
ative control for OX-26 proposed by Serotec) were obtained from
Serotec. Amicon-Ultra 15 ultrafiltration tubes (Millipore) were
used for sample concentration, after elution from gel filtration col-
umns. Protein concentrations were measured, when needed, by the
Bradford microassay (Biorad), using bovine serum albumin as stan-
dard. All other chemicals were of analytical grade and were ob-
tained from either Sigma–Aldrich or Merck.

Mouse IgG (Sigma) was biotinylated using the EZ-link Biotinyl-
ation kit (Pierce). In brief, 1 mg of antibody was allowed to react
with the biotinylation reagent (Sulfo-NHS-LC-Biotin) at a molar
concentration ratio (reagent/antibody) 20:1 in 1 ml reaction vol-
ume for 2 h at 4 �C. Biotin-antibody was purified from non-reacted
reagent with Zeba desalt spin columns (Pierce).

Materials used for cell culture studies are mentioned below.
Fluorescence intensity (FI) of samples was measured with a Shi-

matzu RF-1501 spectrofluorometer at 37 ± 0.1 �C. The following
conditions were used for the measurement of each specific dye:
(i) For HPTS EX-413 nm or 454 nm/EM-512 nm; (ii) for Rho-lipid
EX-540 nm/EM-590 nm; (iii) for FITC, EX-490 nm/EM-525 nm. In
all cases, 5-nm slits were used.

A bath sonicator (Branson) and a probe sonicator equipped with
a microtip (Vibra-cell, Sonics and Materials Inc.) were used for
liposome preparation.

2.1. Immunoliposome preparation

Liposomes consisting of PC or DSPC:Chol:DSPE-PEG2000:DSPE-
PEG2000-Biotin at 20:10:0.80:0002–0.02 (mole ratios), with sur-
face biotin anchors were prepared by the thin film hydration
method, as previously described [32]. In some cases, plain PEGy-
lated liposomes (with identical lipid compositions but no DSPE-
PEG2000-Biotin) were prepared as control vesicles, while in others
the DSPE-PEG2000-Biotin amount was modulated (in order to
have lower or higher density of Mab on the vesicle surface). A
concentration of 36 mM FITC-dextran or 35–70 mM HPTS was
entrapped in vesicles (osmolarity always adjusted to 300 mOsm
with NaCl (Roebling osmometer)). In some cases, vesicles were
additionally labeled with RHO-lipid. After initial formation, lipo-
some dispersions were homogenized by probe sonication, until
they became clear and centrifuged (12.000 rpm, 10 min) in order
to precipitate and discard large liposomal aggregates and/or tita-
nium particles that leaked from the probe. Finally, liposome dis-
persions were incubated for 1 h at 37 �C for PC or 53 �C for
DSPC-containing liposomes, in order to anneal structural defects.
Free FITC-dextran or HPTS was separated from liposomes by
size exclusion chromatography (Sepharose 4B-CL (1 � 35 cm)
column).

For conjugation of antibody to liposomes, the biotinylated lipo-
somes were initially incubated in the presence of 10-fold molar ex-
cess STREP (compared to surface exposed biotin) for 1 h at 25 �C
and then overnight at 4 �C. Different amounts of STREP were used
and vesicle size was evaluated in order to investigate if vesicle
aggregation occurs [33]. Free STREP was removed by a Sepharose
4B-CL column. IgG or OX-26 decoration of biotinylated-STREP-
labeled liposomes was performed by incubating liposomes (at a
lipid concentration of 0.5 mg/ml) with an excess of the appropriate
(in each case) biotin-antibody, at 25 �C for 1–2 h and then
overnight at 4 �C. Non-attached antibody was removed by gel
filtration (Sephadex 4B-CL column) and collected for the measure-
ment of antibody attachment yield.

2.2. Determination of free biotinylated OX-26 in collected fractions

For determination of biotinylated OX-26 an ELISA technique
was used; in brief, polystyrene 96-well plates were coated with
STREP (2 lg) for 16 h at 4 �C. After washing with PBS and blocking
with 2% bovine serum albumin (BSA) (1 h, 37 �C), samples or



E. Markoutsa et al. / European Journal of Pharmaceutics and Biopharmaceutics 77 (2011) 265–274 267
known concentrations of biotinylated OX-26 (for quantification)
were applied (1 h at 37 �C) and well plates were washed with
PBS. Rabbit anti-mouse IgG labeled with peroxidase (Sigma) was
added as second antibody (at 1:2000 dilution in 1% BSA) for 1 h
at 37 �C, and wells were washed with PBS (�3) and with 0.1 M cit-
rate buffer (�1) and incubated at RT with 100 ll peroxidase sub-
strate solution (0.06% H2O2 and 18.5 mM o-phenylenediamine)
until color development (10 min). Reaction was stopped with sul-
furic acid and OD-492 nm was measured.

2.3. Liposome physicochemical characterization

2.3.1. Vesicle entrapment efficiency
The dye/lipid (mol/mol) ratio was calculated in all liposome

types in order to be able to calculate the amount of lipid from
the corresponding dye concentration. For this, the FI of the sam-
ples was measured at the specific EM and EX wavelength max-
ima for each dye (see above). The lipid concentration of the
liposome dispersions was measured by the Stewart colorimetric
assay [34].

2.3.2. Size distribution and Zeta potential measurements
Particle size of diluted (with PBS pH 7.40) vesicle dispersions

(0.4 mg/ml) was measured by dynamic light scattering (DLS)
technique (Malvern Nano-Zs, Malvern Instrument, UK) at 25 �C
at a 173� angle. Zeta Potential was measured for the same sam-
ples (dispersed in 10 mM PBS, pH 7.40) at 25 �C, by the same
instrument (utilizing the Doppler electrophoresis technique).

2.3.3. Liposome integrity
The integrity of liposomes was studied by measuring the reten-

tion of liposome-entrapped fluorescent dye (calcein [100 mM]; or
HPTS [35 or 70 mM]), during incubation in cell culture medium.
Calcein latency and retention was calculated, as reported before
[32,35]. For HPTS retention, after each incubation period tested, a
sample of liposomes was separated from free HPTS by gel filtration,
and the percentage of dye leakage was calculated. Fluorescence
intensities of HPTS-encapsulating liposomes were also measured
after disrupting the vesicles with Triton X-100 (1% v/v final con-
centration). No quenching of HPTS was detected at the concentra-
tions used.

2.4. Cell culture

2.4.1. hCMEC/D3 cells
Immortalized human brain capillary endothelial cells (hCMEC/

D3) between passage 25 and 35 were used in all studies. The
hCMED/D3 cell line was obtained under license from Institut
National de la Sante et de la Recherche Medicale (INSERM, Paris,
France). For culturing, the cells were seeded in a concentration of
27,000 cells/cm2 and grown in EBM-2 medium (Lonza, Basel,
Switzerland) supplemented with 10 mM HEPES, 1 ng/ml basic
FGF (bFGF), 1.4 lM hydrocortisone, 5 lg/ml ascorbic acid, penicil-
lin–streptomycin, chemically defined lipid concentrate, and 5%
ultra low IgG FBS. The cells were cultured at 37 �C, 5% CO2/
saturated humidity. All cultureware were coated with 0.1 mg/ml
rat tail collagen type I (BD Biosciences) for 1 h, at 37 �C. Cell culture
medium was changed every 2–3 days.

2.4.2. CHO-K1 cells
CHO-K1 cells (a kind gift from Prof. S. Tzartos, Hellenic Pasteur

Institute, Athens and University of Patras, Greece) were maintained
in HAM’S F-12 medium (Biochrome) supplemented with 2 mM
glutamine, 10% FBS and penicillin–streptomycin, at 37 �C, 5%
CO2/saturated humidity.
2.5. Cell uptake and monolayer transport studies

2.5.1. Uptake studies
For the study of immunoliposome uptake by cells, vesicles

(immunoliposomes or control liposomes), which were labeled
with FITC-dextran in their aqueous compartments, were
incubated with confluent monolayers of hCMEC/D3 cells (100–
600 nmol liposomal lipid/106 cells) in cell culture medium at
37 �C for different time periods (15, 30, 60, 120 and 180 min).
In concentration–response experiments, different amounts of lip-
osomes were incubated with cells for 1 h. After incubation, the
cells were washed in ice-cold PBS (�3), detached from plates
by scraping, re-suspended in 1 ml of PBS and assayed by FI
measurements (after cell lysis in 2% Triton X-100). The autofluo-
rescence of cells was always subtracted. In some cases,
liposome–cell interactions were evaluated after the cells were
pre-incubated for 30 min with OX-26.
2.5.2. Intracellular localization studies
The HPTS method was used in order to evaluate whether the

vesicles were taken up by the cells via receptor-mediated endo-
cytosis. For this, liposomes encapsulating 35 mM HPTS were pre-
pared and incubated for various time periods with hCMEC/D3
cells. In order to gain proof concerning the localization of cell-
associated liposomal fluorescence in endosomes or lysosomes
of hCMEC/D3 cells, after incubation with liposomes, the cells
were washed with PBS and incubated with 5 mM NH4Cl (a lyso-
somotropic agent) in PBS for 10 min [36]. This results in an in-
crease in pH in the cellular compartments, which would
induce an increase in HPTS fluorescence at the excitation wave-
length of 454 nm (EM-512 nm), if the dye is localized in cell
endosomes (i.e. lysosomes). This effect could be reversed by
the removal of NH4Cl. The ratio of HPTS FIs at excitation wave-
lengths 454 and 413 nm (FI-454/FI-413) (EM-512 nm), which is a
measure of endocytosis [13,14], was calculated before and after
NH4Cl incubation.
2.5.3. Cell-monolayer permeation studies
For transport experiments hCMEC/D3 cells were seeded on

type I collagen pre-coated Transwell filters (polycarbonate 6
well, pore size 0.4 lm; Millipore) in a density of 5 � 104 cells/
cm2. Assay medium was changed every 4 days, and transport
assays were performed 12–15 days after seeding. Twenty-four
hour before each transport experiment, the medium was re-
placed with fresh medium containing 1 nM simvastatin. In order
to be sure that the monolayer formed junctions, the cell mono-
layer was periodically inspected under a microscope and addi-
tionally the transendothelial electrical resistance (TEER) was
monitored with a Millicell ERS-2 Epithelial Volt-Ohm meter
(Millipore). Additionally, the quality of the monolayers was
tested by measuring the permeability of a highly hydrophilic,
low molecular weight test compound, Lucifer yellow (LY), as
described before [29] and comparing the values calculated with
the previously reported ones [28,29]. Transport experiments
were conducted in HBSS supplemented with 10 mM HEPES
and 1 mM sodium puryvate or in cell culture medium. The
transport was estimated by placing dual-labeled immunolipo-
somes (or controls) [with FITC-dextran encapsulated and RHO-
Lipid incorporated in the vesicles] on the upper side of the
monolayers (200 nM or 400 nM of lipid per well) and measur-
ing FI of both FITC and RHO, in the well media at various time
periods (10, 20, 30, 60, 90 and 120 min). In all cases, Lucifer
yellow (LY) was also added and its permeability was calculated,
in order to be sure that the vesicles did not disrupt the barrier
(due to toxicity).
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2.6. Morphological studies

2.6.1. Transmission electron microscopy (TEM) of immunoliposomes
Liposomes (1–2 mg/ml) were deposited for 2 min on formvar-

coated carbon reinforced 300 mesh copper grids (Agar Scientific,
Ltd.) and negatively stained with 5% ammonium molybdate
(Sigma) for 2 min, washed with H2O (�2), drained and observed at
100.000 eV with JEOL (JEM-2100) TEM. For demonstration of anti-
body presence on the immunoliposome surface, liposomes were
allowed to react ‘‘on grid’’ with 10 nm gold-labeled rabbit anti-
mouse secondary antibody (Sigma) for 30 min. Excess of antibody
was washed with PBS, and then liposomes were stained as above.

2.6.2. Confocal microscopy
Following transport experiments, Millipore transwell mem-

branes were fixed with 4% formaldehyde in PBS for 10 min, washed
with PBS, placed on a microscopy slide and covered with a cover-
slip. The slides were observed with Laser Scanning Confocal
Microscopy (D-eclipse C1 Confocal, Nikon eclipse TE2000-U
microscope).

2.7. Cytotoxicity assay

Cells were grown on 24-well plates until confluent. Medium was
replaced and various liposome concentrations were incubated with
cells for 24 h at 37 �C, (5% CO2/saturated humidity). After incubation,
the medium was removed and the cells were washed with PBS. Fresh
medium containing 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) was added. Cells were
incubated for 2.5 h, the medium was removed and DMSO was added
(at 37 �C for 30 min) to dissolve the formazan crystals that
formed. Alive cells (%) were calculated based on the formula
Fig. 1. (A) Theoretical structure of OX-26-immunoliposomes; (B) TEM image of OX-26-
(A570sample � A570background)/(A570control � A570background) � 100,
where A570control is the OD-570 nm of untreated cells, and
A570background the OD-570 nm of MTT without cells.

2.8. Statistical analysis

Each experiment included at least triplicate wells for each con-
dition tested. All results are expressed as mean ± SD from at least
three independent experiments. The significance of variability be-
tween results from various groups was determined by one-way
analysis of variance.

3. Results

3.1. Immunoliposome characteristics and integrity

The theoretical structure of the OX-26-decorated immunolipo-
somes is shown in Fig. 1A. The immunoliposomes were visualized
by negative stain TEM (Fig. 1B), while the presence of antibodies on
the surface of liposomes was confirmed by reaction with 10 nm
gold nanoparticle labeled anti-mouse antibody (Fig. 1C and D).

Liposome size was determined, after each step of preparation.
Mean diameter and vesicle size distribution was used as an indica-
tion of aggregation (or not) of DSPE-PEG2000-Biotin bearing vesi-
cles, during their reaction with STREP (when different STREP
concentrations were used). In order to exclude any chance of
aggregation, at least 10� molar excess of STREP should be used
(compared to the biotin on the vesicle surface), under the specific
conditions applied (lipid concentration of 2 mg/ml) (Table 1). This
result is in good correlation with previous studies [33]. It is very
important to be sure that vesicles are not aggregated, since a
nanometer scale size is crucial for good performance of
immunoliposomes before, and (C and D) after reacted with gold immunoparticles.



Table 1
Mean diameter, polydispersity index (PI) and f-potential of vesicles with biotin on
their surface before and after interaction with different concentrations of STREP.
Vesicle dispersions were measured after removal of non-reacted STREP by size
exclusion gel chromatography. In this experiment a low amount of biotin-lipid (DSPE-
PEG-biotin) was used in the liposomes (0.01 mol% of total lipid).The liposome lipid
concentration of the dispersions incubated with STREP was 2 mg/ml.

STREP concentrationa Mean diameter (nm) PI Zeta potential (mV)

Control 121.22 ± 0.20 0.154 �2.11 ± 0.30
�20 STREP 126.62 ± 0.21 0.195 �2.33 ± 0.20
�10 STREP 127.24 ± 0.71 0.182 �4.55 ± 0.65
�5 STREPb 128.81 ± 0.85 0.176 �3.8 ± 1.1
�2 STREPb 128.4 ± 1.8 0.199 �2.85 ± 0.96

a Expressed as molar excess of the biotin located on vesicle surface.
b In samples, x5 and x2 there was a second peak of large size (�4000 nm)

aggregates, equivalent to 2% and 5% of the total sample volume, respectively.
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immunoliposomes. Furthermore, aggregation would result in de-
creased antibody density on the vesicles. When the STREP/biotin
molar ratio was 5 or 2 a very limited aggregation was demon-
strated by the existence of a second peak of large size aggregates
equivalent to 2% or 5% of the total sample volume, respectively.
However, due to the limited quantity of aggregates (in the sam-
ples) the polydispersity index (PI) of the dispersions (measure of
vesicle size homogeneity) was not significantly modified (Table 1).
Nevertheless, in the current study �10 M excess of streptavidin
was used.

As seen in Table 2, the mean diameter of the vesicles was dem-
onstrated to increase due to STREP attachment (indicated as
‘‘+STREP’’), as higher amounts of STREP are attached to liposomes,
(from 0.01 to 0.1 mol%). Indeed, the overall increase in vesicle size
due to OX-26 attachment by the biotin-STREP-biotin ligation tech-
nique is 60% for the 0.1 mol% biotin containing vesicles, compared
to 38% for the 0.01 mol% containing ones. Nevertheless, even at the
highest antibody density, vesicle diameters are still <200 nm,
which is the requirement for targeting. Furthermore, vesicle sizes
observed in TEM micrographs (Fig. 1) correspond well with values
measured by DLS (Tables 1 and 2).

The yield of the attachment of OX-26 on liposome surfaces by
the biotin-STREP-biotin method was always higher than 90%. The
effect of incorporating increased amounts of PEG-lipid in the lipo-
some membrane on OX-26 attachment yield was studied by mea-
suring antibody attachment on vesicles with higher PEG-lipid
contents (6 mol% compared to the normally used 4 mol% [of total
lipid]), and results showed that there is no significant difference
between 4 mol% and 6 mol% PEG-lipid-containing liposomes.

As seen in Fig. 2, HPTS-entrapping liposomes are stable and
retain their content during 24-h incubation in presence of cell
culture medium supplemented with 5% FCS. FITC-dextran-
encapsulating liposomes were also demonstrated to be very stable
under identical conditions (results not shown). Therefore, it is
anticipated that during incubation of liposomes with cells,
encapsulated dyes will not leak out from the vesicles and that
dye uptake will be equivalent to vesicle uptake.
Table 2
Mean diameter, polydispersity index (PI) and f-potential of biotin-lipid inco
interaction with STREP (+STREP), as well as after attachment of biotin-OX-2
were measured after removal of the non-reacted STREP or non-attached bi
different mole% (of total lipid) of biotin-lipid (DSPE-PEG-biotin) were studie

Sample preparation step Biotin-lipid (mole% of total lipid)

1 (BIOTIN) 0.1
2 (+STREP) 0.1
3 (+OX-26) 0.1
1 (BIOTIN) 0.01
2 (+STREP) 0.01
3 (+OX-26) 0.01
3.2. Immunoliposome-cell interactions

3.2.1. Uptake of liposomes by cells
As shown in Fig. 3A, as the amount of liposomes incubated with

a given number of cells increases, vesicle uptake also increases sig-
nificantly (p < 0.01, in all cases). Control vesicle (PEGylated lipo-
somes with no antibody on their surface) uptake by hCMEC/D3
cells is substantially lower (2.42–4.36 times, compared to OX-26-
immunoliposomes) in all cases. Additionally, immunoliposome
uptake increases with the density of surface immobilized antibody
and differences are statistically significant when the amount of
biotin-lipid in immunoliposomes is higher than 0.02 mol% (of total
lipid) (Fig. 3B). Control immunoliposomes that are decorated with
the negative control IgG2a, which is isotypic for OX-26 Mab,
demonstrated 10 times lower uptake by cells (0.0726 ± 0.0042%),
compared to the corresponding OX-26-immunoliposomes
(Fig. 3.B). Since it was found that mouse IgG-decorated immuno-
liposome uptake was practically the same (0.083 ± 0.024% – not
shown in the graph) with that of the isotypic negative control
decorated ones, it was decided to use mouse IgG for the construc-
tion of control immunoliposomes in the following experiments, for
economy. When performing the same uptake study, after 30-min
pre-incubation of the hCMEC/D3 cells with OX-26 Mab (16 lg/
well), OX-26-immunoliposome uptake was substantially blocked
(0.139 ± 0.042%, in comparison with 0.786 ± 0.019% without pre-
incubation), a fact that proves the implication of the transferrin
receptor in OX-26-immunoliposome uptake.

The effect of adding a second antibody on OX-26-immunolipo-
some surface on cell uptake was also investigated. When mouse
IgG is attached on the liposome surface together with OX-26, a
slight (�15%) reduction in cell uptake is demonstrated (Fig. 4.A),
proving that the affinity of OX-26 for the receptors is only margin-
ally affected by the presence of the second antibody.

Cell uptake of immunoliposomes was further studied in a time-
course manner, and no significant differences (p > 0.05) were found
when the vesicles were incubated with the cells for 15, 30 or
60 min (Fig. 4B). The fact that OX-26-immunoliposome uptake by
hCMEC/D3 cells is rapid serves as an additional indication that
an active mechanism is implicated.
3.2.2. Intracellular localization of immunoliposomes and control
liposomes

It is known that entry of HPTS-loaded liposomes into the acidic
environment of endocytic vesicles causes a decrease in fluores-
cence at excitation maxima of 454 nm while its fluorescence at
the isosbestic point (kex 413 nm) remains unchanged. Therefore,
a decrease in the FI-454/FI-I413 ratio (emission always at
512 nm) serves as proof of endosomal localization of cell-
associated liposomes [19]. As demonstrated by results in Table 3,
after incubation of HPTS-loaded OX-26-immunoliposomes with
the cells, a significant decrease in the FI-454/FI-413 ratio occurs,
while a much lower and insignificant (at p = 0.05) decrease in the
ratio was observed in the case of control liposomes (not shown).
rporating liposomes. Vesicles were measured before (BIOTIN) and after
6 (+OX-26). The vesicle dispersion size distribution and surface charge
otin-Mab from dispersions by size exclusion gel chromatography. Two
d (0.1 mol% and 0.01 mol%).

Mean diameter (nm) PI Zeta potential (mV)

119.3 ± 1.2 0.118 �4.1 ± 1.8
177.42 ± 0.49 0.245 �4.8 ± 1.5

190.9 ± 1.9 0.258 �3.06 ± 0.19
106.5 ± 0.56 0.163 �1.73 ± 0,19
112.6 ± 1.9 0.201 �2.96 ± 0.27
148.2 ± 2.0 0.199 �3.06 ± 0.28
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In addition, incubation of the cells with the lysosomotropic agent
NH4Cl (after 60 min incubation with liposomes) resulted in an
increase in the FI-454/FI-413 ratio (which was reversible after
the removal of NH4Cl), indicating lysosomal localization of OX-
26-immunoliposomes. However, when the same experiment was
performed with control immunoliposomes (results not shown), a
very slight (statistically insignificant) increase in the ratio was
measured. These data prove that the cell-associated OX-26-
immunoliposomes are localized in endosomes and lysosomes in a
higher percent than control immunoliposomes, suggesting that
OX-26-immunoliposomes are taken up by receptor-mediated
endocytosis.

As stated before, some liposome uptake experiments were car-
ried out also in CHO-K1 cells, which express a hamster transferrin
receptor not expected to be recognized by the OX-26 Mab. When
HPTS-loaded liposomes were incubated with CHO-K1 cells, uptake
values, FI-454/FI-413 ratios, and ratio modifications demonstrated
after NH4Cl incubation (very slight increase), were exactly the
same for both OX-26 and control immunoliposomes, a fact which
validates the conclusions drawn from the results of the previous
experiment (on hCMEC/D3 cells).
3.3. Cell toxicity

Control liposomes and immunoliposomes were tested for cyto-
toxicity (by the MTT assay) towards hCMEC/D3 cells, after 24 h of
incubation with the cells. Results (not shown) prove that all types
of liposomes used herein are non-toxic for the cells, since cell pop-
ulation was never reduced below 96% of the relevant (in each case)
control.
3.4. Immunoliposome transport studies

Immunoliposome transport experiments were performed using
HBSS or cell culture medium in the donor phase of the transwell cul-
tured cell monolayers. The TEER was measured during monolayer
formation and was found to gradually increase from 35 X cm�2

(at day 3) to 50.1 ± 2.4 X cm�2 (at days 12–14) and finally to
63.9 ± 5.5 X cm�2 (after simvastatin treatment). The permeability
of LY was measured and found to be 1.389 � 10�3 ± 0.081 cm/min
when HBSS was used, in very good agreement with the previously
reported value (1.33 � 10�3 [29]). In cell culture medium, LY perme-
ability increased to values between 1.4 and 1.68 � 10�3 cm/min, due
to a difference in tight junction formation under these conditions, as
demonstrated also by others [28,29].

As seen in Figs. 5 and 7, OX-26-immunoliposome transport
through hCMEC/D3 cell monolayers was always higher compared
to that of both types of control liposomes used (PEGylated lipo-
somes and mouse IgG-immunoliposomes). When a 400 nmol lipid
dose (per well) of OX-26-immunoliposomes was used, RHO-lipid
and FITC transport were found to be similar (Fig. 5 upper and lower
graphs, respectively). This was not the case, when a 200 nmol lipid



Table 3
Ratios of FIs measured for cells after they were incubated with HPTS-entrapping liposomes, at excitation maxima FI-454 nm/FI-413 nm
(EM-512 nm, in both cases). 106 hCMEC/D3 cells were incubated with 200 nmol (lipid) of OX-26-immunoliposomes or Control Liposomes
for indicated time periods at 37 �C. For the OX-26-immunoliposomes, the ratios measured after cell treatment with NH4Cl and also after its
removal are also presented. Incubation details are described in Section 2. Results are expressed as mean ± SD from at least three
independent experiments.

Time (min) Control (PEGylated liposomes) OX-26-immunoliposomes (+) NH4Cl (�) NH4Cl

0 1.33 ± 0.38 1.35 ± 0.23 – –
15 1.21 ± 0.12 1.078 ± 0.049 – –
30 1.089 ± 0.087 – – –
60 – 0.821 ± 0.021a 0.965 ± 0.074a 0.673 ± 0.046

180 0.981 ± 0.062 0.685 ± 0.036 – –

a Significant difference at p = 0.05.
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statistically insignificant.
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dose was used (Fig. 6), suggesting that at high lipid doses most ves-
icles are transcytosed across the monolayer avoiding lysosomal
compartments, likely due to lysosome saturation.

The differences in the amounts of immunoliposome-associated
dyes being transported through the monolayers, when experi-
ments are conducted using HBSS or cell culture medium in the do-
nor side of the transwell compartments (Fig. 6, upper and lower
graph), are always statistically insignificant (p > 0.05). This fact
serves as additional proof that the vesicle-associated labels are
not transported via paracellular pathway, since it is known that
the paracellular permeability of the barrier is different in the two
cases (HBSS and cell culture medium) [28,29].

The experimental results obtained with dual-decorated immu-
noliposomes (with OX-26 and mouse IgG, Fig. 7) show that the
transport of OX-26-immunoliposomes through the cell monolayer
is not affected by the presence of the second antibody on the
vesicles.

As mentioned above, mouse IgG-immunoliposomes are trans-
ported at significantly lower amounts through the monolayers,
compared to the OX-26-immunoliposomes. Interestingly, the ra-
tios of transported FITC (%)/transported RHO-lipid (%) are different
for the two types of liposomes, ranging between 1.6 and 1.9 for
OX-26-immunoliposomes and between 2.4 and 3.2 for IgG-
immunoliposomes (for the range of time periods evaluated). This
finding suggests that a different transcytosis pathway is followed
by the two different liposome types.

The effect of using OX-26-immunoliposome with double anti-
body density on the transport kinetics of vesicle-associated dyes
was evaluated (Fig. 8). As seen, during the first 60 min, the trans-
port is highly affected and amounts of transported FITC as well
as RHO-lipid are approximately double when the surface antibody
density is also doubled. This is in good correlation with the uptake
of the vesicles by the cells after 1 h co-incubation (Fig. 3B). When
the cell monolayer was pre-incubated with OX-26 antibody (for
30 min prior to liposome addition), the transport of immunolipo-
somes is significantly blocked up to the 60-min incubation point.
After that there is no further effect on OX-26-immunoliposome
transport (Fig. 8), indicating that most possibly all free antibody
has reacted with receptors and has been taken up by the cells. In
this case, the transported FITC (%)/transported RHO-lipid (%) ratio
ranges between 1.05 and 1.20, suggesting that only intact lipo-
somes are transported through the monolayer (as observed also
when high lipid dose/well (400 nmol lipid) was used (Fig. 5)), per-
haps because of lysosome saturation by the extra antibody added
to the system.
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In order to investigate if indeed vesicles are present in the lower
compartments of the filter systems, DLS measurements were per-
formed, after the end of each transport study. Indeed, the sizes
and size distributions measured were very close (no statistical dif-
ferences found) with those measured in the upper part media in
which nanoliposomes were dispersed and incubated with the
monolayers (not shown). Such results were reported before for
the transport of ‘‘smart’’ nanovehicles to target amyloid deposits
in the brain [37].
Morphological observation of the transport of immunoliposome
and control liposome types was carried out by confocal microscopy
(Fig. 9). In order to understand the results, it has to be explained
that intact vesicles appear as red dots due to the RHO-lipid, which
is incorporated in their membrane, while vesicle encapsulated
green FITC-dextran is only visible if released for the vesicles. As
seen in all three monolayer depths presented, the amount of intact
liposomes in cells is substantially higher in the case of OX-26-
immunoliposomes (bottom micrographs), compared to both types
of controls. In fact, almost no liposomes are seen in the case of the
control pegylated liposomes, (top micrographs), while many FITC
spots are visible in the case of IgG-immunoliposomes (middle
micrographs), suggesting that perhaps free FITC-dextran is being
transported. This observation agrees with the higher ratio of
transported FITC (%)/transported RHO (%) calculated in the case
of IgG-immunoliposomes (compared to OX-26-immunoliposomes)
mentioned above, strengthening the theory that these two
liposome types are transported by a different mechanism.
4. Discussion

Liposomes can be decorated with more than one different
monoclonal antibodies or targeting fragments, to increase their
delivery (as well as liposome-associated drugs) to extracellular
epitopes or intracellular compartments. This strategy is based on
observations that some antigens may be efficient in terms of
patterns of expression but poor at delivering their cargo to the
appropriate cellular compartments. Such approaches have been
investigated by constructing liposomes coupled to two different
antibodies that target mouse transferrin receptor and human insu-
lin receptor [18], or liposomes linked to an antibody for the trans-
ferrin receptor and a second E-selectin-specific antibody [19].
Recently, dual-targeting daunorubicin liposomes were developed
by conjugating with mannose and transferrin (Tf) for transporting
the drug across the BBB and then targeting brain glioma [38].

Herein, it was investigated whether the biotin-STREP-biotin
ligation method can be applied for the formation of dual-targeting
liposomes and more specifically, if the presence of a second
antibody on the vesicle surface would interfere with the targeting
potential of the other. For this OX-26-decorated nanosized immu-
noliposomes, a DDS studied by others in different in vitro systems
as well as in vivo was developed and their ability to target the
transferrin receptor (TfR) (uptake, endocytosis mechanism and
transcytosis) was extensively investigated using hCMEC/D3 cells.
In parallel, a second set of experiments was conducted with
liposomes decorated with OX-26 together with a second antibody
with no affinity for the TfR.

Human brain endothelial cells hCMEC/D3 have been shown to
construct a BBB-alike monolayer under specific culturing condi-
tions [28,29]; however, their applicability as an in vitro system
to screen brain targeted nanosized DDS, has not been verified,
up-to-date. Although the monolayer they form could not be classi-
fied as what is known as a ’’tight’’ membrane, since the TEER values
are below 100 X cm�2, it could be useful for screening targeting
nanosized DDS, due to their easy formation which does not require
co-culturing with other cell types. The hCMEC/D3 BBB model dem-
onstrated substantially higher permeability values for OX-26-
immunoliposomes compared to that reported in rat endothelial
cell RG2 monolayers, which is approximately one order of magni-
tude lower [39]. This is also the case reported in other studies
when BBMEC monolayers were used for Tf-vectorized nanogel
mediated oligonucleotide delivery [40] or transport of ‘‘smart
nano-vehicles’’ to target brain amyloid deposits [37], or when
BMVEC (murine brain microvascular endothelial cell) monolayers
were used for Tf-liposome-mediated delivery of daunorubicin



Fig. 9. Confocal microscopy of hCMEC/D3 monolayers formed on transwell membranes. Cells were treated with control liposomes (control), murine serum IgG-
immunoliposomes (IgG), and OX-26-immunoliposomes (OX-26). Each column represents different slices obtained under the confocal microscope. Each slice has 3.75 lm
depth. Treatment was carried out for 120 min. Cells were fixed as described in Section 2 and nuclei were stained with DAPI (blue). Intact liposomes appear as red (due to RHO-
lipid in lipid membranes). FITC-dextran (green) is entrapped in liposomes and is not visible when liposomes are intact.
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[38], in which the transport rate was very low and long periods of
incubations were required in order to have transport of quantities
that can be accurately measured. In the later cases, the prolongation
of the transport studies may raise issues of the validity of the in vitro
model, since at least 2 h or in some studies 4 h are required, in order
to detect differences between controls and samples.

All cell uptake and monolayer transport studies conducted
herein provided evidence of TfR-linked interaction of the
OX-26-immunoliposomes with the hCMEC/D3 cells. By utilizing
the pH-sensitive FI characteristics of HPTS, lysosomal localization
of OX-26-immunoliposomes in TfR expressing cells was demon-
strated herein for the first time (Table 3). Most important,
OX-26-targeting potential was not found to be affected when a
second antibody was attached on the surface of the vesicles (Figs. 4
and 7). The biotin-STREP-biotin ligation methodology was found to
result in >90% Mab attachment. Increasing the amount of PEG on
the vesicle surface (from 4 to 6 mol% of PEG-lipid (in respect to
total lipid)) was not found to interfere with antibody attachment
on vesicles. An important limitation of this method is that in order
to avoid vesicle aggregation very high amounts of STREP should be
utilized for binding to the biotin molecules immobilized on the
pre-formed liposomes, resulting in high cost. Interestingly, it was
demonstrated here that only minimum aggregation takes place
even when lower amounts of STREP are used (down to �2 (molar)
excess compared to biotin amount), when the ligation is carried
out at a lipid concentration of 2 mg/ml. This information is useful
for cost minimization, especially if large immunoliposome batches
for in vivo studies are required.
Concluding, the biotin-STREP-biotin method could be used for
construction of nanosystems bearing two or more brain-specific
ligands together, and the hCMEC/D3 model can be used as an
in vitro model to screen the targeting affinity of such DDS. Further-
more, potential ligands of such BBB-targeting DDS can be selected
between the specific peptide ligands identified recently on hCMEC/
D3 cells [41].
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