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Chapter 4

Abstract

A polarized layer of endothelial cells that comprises the blood–brain barrier
(BBB) precludes access of systemically administered medicines to brain tissue.
Consequently, there is a need for drug delivery vehicles that mediate transen-
dothelial transport of such medicines. Endothelial cells use a variety of endocyt-
otic pathways for the internalization of exogenous materials, including clathrin/-
mediated endocytosis, caveolar endocytosis, and macropinocytosis. The different
modes of endocytosis result in the delivery of endocytosed material to distinct-
ive intracellular compartments and therewith correlated differential processing.
To obtain insight into the properties of drug delivery vehicles that direct their
intracellular processing in brain endothelial cells, we investigated the intracellu-
lar processing of fixed-size nanoparticles in an in vitro BBB model as a function
of distinct nanoparticle surface modifications. Caveolar endocytosis, adsorptive-
mediated endocytosis, and receptor-mediated endocytosis were promoted by the
use of uncoated 500-nm particles, attachment of the cationic polymer polyethyl-
eneimine (PEI), and attachment of prion proteins, respectively. We demonstrate
that surface modifications of nanoparticles, including charge and protein ligands,
affect their mode of internalization by brain endothelial cells and thereby their
subcellular fate and transcytotic potential.

68



Surface characteristics of nanoparticles determine their intracellular fate in and
processing by human blood–brain barrier endothelial cells in vitro

Introduction

The effectiveness of therapeutic compounds is often limited by the fact that fol-
lowing their systemic administration they do not reach their target site. This
holds, in particular, for treatment of brain-related diseases where drugs fail to
reach their target site, i.e. the brain, because brain tissue is protected from the
systemic circulation by the blood–brain barrier (BBB). The BBB is composed of
a layer of tightly connected endothelial cells, supported by astrocytic end feet.
Transport across the BBB is restricted to small lipophilic compounds and nutri-
ents that are carried by specialized transporters. In addition to membrane pas-
sage mediated by such specific transporters, endothelial cells, whose membrane
surface is polarized, exploit the process of transcytosis, i.e. endocytosis at the
apical (blood) side of the endothelium followed by exocytosis at the basolateral
(tissue) side, to deliver nutrients, such as cholesterol and iron, to the underlying
tissue. Although the application of nanoparticles for drug delivery could greatly
extend the variety of drugs that could potentially be translocated across the BBB,
a relevant issue to their rational design is how a cell distinguishes cargo from
simple endocytotic internalization for its own use, as compared to transcytosis
for use by the underlying tissue. The molecular mechanisms that underlie entry
into either of these pathways are largely unknown. It is reasonable to suggest
that the entry pathway itself is a decisive factor in diverting cargo/receptor-de-
pendent subcellular trafficking and thereby the cargo’s fate. Support comes from
a study on chimeric AB5 toxins in which the binding of the toxin to GD1a instead
of its natural receptor GM1 was shown to preclude its uptake via caveolae, while
the GD1a-mediated pathway resulted in inactivity of the toxin [1] However, the
association of receptors with certain entry modalities may vary between cell types
and species.
Transcytosis of macromolecules in endothelial cells is most likely mediated by ca-
veolae or caveolae-like membrane domains, i.e. rafts [2, 3, 4, 5] Inducing the up-
take of nanoparticles via raft-dependent endocytosis may therefore possibly lead
to their transcytosis. In addition, a cationic charge on the (macro) molecules pro-
motes their electrostatic interaction with the negatively charged cell surface, lead-
ing to an enhanced cellular uptake via adsorptive endocytosis, which seems to be
receptor independent. In brain vascular endothelial cells, evidence for a tight cor-
relation between the process of adsorptive endocytosis and transcytosis has been
demonstrated. Indeed, the covalent linkage of primary amine groups to the sur-
face of IgG molecules, thereby conveying cationic charge, has been shown to pro-
mote delivery across the BBB via adsorptive-mediated transcytosis [6]. Likewise,
cationization of albumin also increases its transport across the BBB [7]. Finally,
ligands of BBB receptors, showing a transcytotic capacity, have been described,
including low-density lipoprotein [8] and transferrin [9, 10] and molecules that
bind to these receptors may serve as drug delivery vehicles [11, 12, 13].
The aim of this study was to determine whether surface modifications of a nano-
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particle of a fixed size can target the nanoparticle to a specific endocytotic path-
way in human brain endothelial cells, i.e., caveolar endocytosis, adsorptive-me-
diated endocytosis, or receptor-mediated endocytosis, which may allow sub-
sequent transcytosis. Large size (i.e. 500 nm) nanoparticles were used for tar-
geting to a caveolae-mediated entry route, based on previous observations that
latex particles with a diameter ≥ 500 nm are internalized by nonphagocytic B16
cells through caveolae, whereas particles up to 200 nm in diameter are efficiently
taken up via clathrin-mediated endocytosis [14]. Nanoparticles carrying a net
cationic charge, accomplished by nanoparticle surface modification with poly-
ethyleneimine (PEI) were made for targeting to an adsorptive endocytotic route.
Finally, to target nanoparticles of 500 nm into a receptor-mediated endocytotic
route, the nanoparticles were decorated with a ligand, i.e., prion protein to in-
duce binding to a receptor, known to mediate transcytosis from the apical surface
of brain endothelial cells [15, 16] Our data reveal that specific surface modifica-
tion of a nanoparticle of a given size modifies its entry pathway and processing
in human BBB endothelial hCMEC/D3 cells, and thereby the transendothelial
transport potential.

Materials and methods

Nanoparticles

A 50 mg/ml water suspension of 500-nm silica matrix magnetic core-green
fluorescence (SiMAG/G) nanoparticles, functionalized either with hydroxyl, i.e.
SiMAG/G-Hydroxyl (noncoated particles) or PEI, i.e. SiMAG/G-PEI (PEI-coated
particles) were purchased from Chemicell (Berlin, Germany). Prion-coated nan-
oparticles were prepared by covalently coupling SiMAG/G-Hydroxyl with
human prion protein (23–230), obtained from Allprion (Schlieren, Switzerland),
at aseptic conditions according to manufacturer’s protocol. Briefly, 10 mg
SiMAG/G-Hydroxyl nanoparticles were washed once with 0.2 mol/l borate
buffer (pH 8.5) using a magnetic separator and resuspended in 0.25 ml borate
buffer. 0.1 ml of 5 mol/l CNBr in acetonitrile (Sigma Aldrich, St Louis, MO)
was added to activate the hydroxy-terminal groups of the SiMAG/G-Hydroxyl
nanoparticles. The reaction mixture was kept for 10 minutes in ice-cold water.
After washing twice with phosphate-buffered saline (pH 7.4), using a magnetic
separator, the nanoparticles were resuspended in 0.25 ml phosphate buffered
saline, and 50 µg prion protein, dissolved in water, was added to the suspension.
The coupling reaction was performed for 2 hours at room temperature. The
freshly prepared prion-coated nanoparticles were washed three times with
phosphate buffered saline and stored in phosphate-buffered saline (0.1 % bovine
serum albumin). Each prion-coated nanoparticle contained 0.83 nmol prion
molecules, as determined in a 50 µg/ml particle suspension using a standard bi-
cinchonic acid assay. The stability of the prion-coated nanoparticles was verified
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before use by measuring the release of prion protein at 280 nm using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) which
was typically negligible. Prion coating was also qualitatively confirmed by light
microscopical evaluation of particle coalescence triggered by the addition of
20 µg/µl SAF32 to 10 µg/ml particles suspension, whereas antibodies against
nonrelevant CD26 did not trigger particle coalescence (data not shown).
The size (hydrodynamic diameter) of the nanoparticles was measured in water
using a Malvern Zetasizer nano-S (Malvern Instruments, Worchestershire,
UK). Noncoated nanoparticles: 490.55 ± 0.21 nm, prion-coated nanoparticles:
738.25 ± 6.15 nm, PEI-coated nanoparticles: 539.65 ± 8.84 nm. The ζ potential
was determined in water using a NICOMP 380 ZLS particle sizer (Particle Sizing
Systems, Santa Barbara, CA). Noncoated particles: Z = - 26.33 mV; prion-coated
particles: Z = - 27.16 mV; PEI-coated particles Z = +27.95 mV.

hCMEC/D3 cell culture

Human cerebral microvessel endothelial hCMEC/D3 cells [17] were maintained
in 25 cm2 flasks precoated with 100 µg/ml rat tail collagen type-I (BD Biosciences,
Franklin Lakes, NJ) in endothelial basal medium-2 (EBM-2; Lonza Group, Basel,
Switzerland), supplemented with EGM-2-MV bullet kit (Lonza) containing
vascular endothelial growth factor, R3-insulin-like growth factor-1, human
epidermal growth factor, human fibroblast growth factor-basic, hydrocortisone,
and 2.5 % fetal bovine serum and 100 µg/ml penicillin/streptomycin. For dif-
ferentiation of the cells EBM-2 basal medium was supplemented with 1 µmol/l
dexamethasone (Sigma Aldrich) and 1 ng/ml bFGF (Invitrogen, Carlsbad, CA).
Cells were maintained at 37 ◦C under an atmosphere of 5% CO2.

Internalization of nanoparticles

A volume of 2 × 105 hCMEC/D3 cells were seeded onto glass coverslips,
precoated with 100 µg/ml collagen type-I, and grown to confluency. These
cells developed polarity, as evidenced by the polarized distribution of the
abluminal (basolateral) plasma membrane protein platelet endothelial cell
adhesion molecule, the tight junction-associated protein ZO-1 and the luminal
(apical) plasma membrane protein multidrug resistance protein-1, which is
dependent on the presence of functional tight junctions (Fig. 2). Cells were
washed with EBM-2 and incubated in EBM-2 at 37 ◦C for 30 minutes. When
indicated, inhibitors of endocytotic pathways [chloropromazine (5 µg/ml;
Sigma Aldrich), filipin III (1 µg/ml; Sigma Aldrich), okadaic acid (150 nmol/l;
Calbiochem, Gibbstown, NJ), dimethylamiloride (40 µmol/l; Sigma Aldrich),
genistein (30 µg/ml; Sigma Aldrich)] were added during this step to preincubate
the cells. Cells were then incubated with noncoated, PEI-coated or prion-coated
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nanoparticles, diluted in EBM-2 to a final concentration of 10 µg/ml, at 4 ◦C for
30 minutes (pulse-chase experiments), followed by a subsequent incubation at
37 ◦C for the indicated time intervals. Alternatively, cells were incubated with
the nanoparticles directly at 37 ◦C for the indicated time intervals. When cells
had been pretreated with inhibitors, these were kept present in all subsequent
incubation steps. After extensive washing with ice-cold Hank’s buffered salt
solution to remove surface-bound nanoparticles, the cells were fixed with 2.4 %
paraformaldehyde (100 mmol/l sodium cacodylate, 100 mmol/l sucrose) and
processed for immunofluorescence microscopy. The efficiency of the washing
procedure was determined by performing the incubation with particles at 4 ◦C,
which prevents their internalization. In this case, no cell-associated nanoparticles
were detected.

Immunofluorescent labeling and image analysis

Fixed cells were permeabilized with 0.2 % Triton X-100 at room temperature
for 2 minutes. Caveolin-1 and clathrin immunolabeling was performed after
methanol fixation for 5 minutes at -20 ◦C. Rabbit polyclonal anti-caveolin and
mouse monoclonal directed against rat clathrin heavy chain were from BD
Biosciences Pharmingen (Franklin Lakes, NJ), rabbit polyclonal anti-EEA-1 and
rabbit polyclonal anti-Rab11a were from Abcam (Cambridge, MA) and Zymed
Labs (San Francisco, CA), respectively, and mouse anti-rabankyrin-5 was a kind
gift from Marino Zerial (Max Planck Institute of Cell Biology and Genetics,
Dresden, Germany). Double labeling was performed by sequential incubation of
the primary antibodies. Immunostaining with mouse monoclonal anti-LAMP1
H4A3 (Developmental Hybridoma Bank, University of Iowa) was performed
after nanoparticles had been incubated with cells for 18 hours. In parallel, cells
were incubated with Lysotracker Red DND-99 (Invitrogen) for 45 minutes, to
visualize acidic compartments. The coverslips were mounted onto microscopic
slides with Faramount aqueous mounting medium (Dako, Glostrup, Denmark).
Images were acquired by confocal microscopy [Leica TCS SP-2 (Accusto-optical
beam splitter)]. Although the nanoparticles were labeled by the supplier with a
fluorescent dye (excitation 502 nm, emission 525 nm), we were unable to detect
any fluorescence. Therefore, all the particles were detected by their reflection
signal, obtained by excitation at 514 nm and collecting emission at the same
wave length. Further image processing was with ImageJ software (National
Institutes of Health, http://rsb.info.nih.gov/ij). After background correction,
the colocalization analysis was performed according to the auto-thresholding
method described in [18]. The colocalization data are presented as number of
colocalizing pixels, between particles and the protein of interest, divided by the
total number of particles pixels, and expressed as percentage. The experiment
was performed at least two times in duplicate. From each sample at least five
random fields were analyzed.

72



Surface characteristics of nanoparticles determine their intracellular fate in and
processing by human blood–brain barrier endothelial cells in vitro

Electron microscopy

hCMEC/D3 cells were grown in 12-wells plates, precoated with collagen type-I.
To the confluent monolayer, 10 µg/ml nanoparticles were added and incubated
for 90 minutes. Subsequently, cells were washed with Hank’s buffered salt solu-
tion and fixed in 2 % paraformaldehyde plus 0.2 % glutaraldehyde buffered with
100 mmol/l sodium cacodylate for 2 hours on ice. Samples were incubated with
rabbit anti-caveolin-1 and mouse anti-clathrin heavy chain for 90 minutes at room
temperature and with secondary antibodies, conjugated with 15- and 5-nm gold,
overnight at 4 ◦C. Postfixation with 2 % osmium tetroxide was for 30 minutes
at 4 ◦C. Gradual dehydration was performed with increasing ethanol concentra-
tions from 30 to 100 %. The samples were embedded in EPON, and ultrathin sec-
tions were made and contrasted with uranyl acetate and lead citrate, according
to routine procedures. Samples were examined with a Philips CM 100 electron
microscope operated at 80 kV.

Transcytosis assay

A volume of 2 × 105 cells/cm2 were seeded onto Transwell filters with a pore
size of 3 µm (Corning, Corning, NY), and coated with collagen type-I. Media
were changed three times a week and the transepithelial electrical resistance
value was measured using a Millicell-ERS (Millipore, Billerica, MA). When
hCMEC/D3 monolayers reached a transendothelial electrical resistance value of
≈50 ω/cm2 (after 14-15 days), the experiments were performed. Nanoparticles
(10 µg/ml), diluted in EBM-2 media, were added to the apical compartment and
incubated for 18 hours at 37 ◦C. The media in the apical and basal compartment
were collected and the filter membrane was cut from the support and soaked
in water. 1.5 ml of 65 % nitric acid (Acros Organics, Liège Area, Belgium) was
added to the samples overnight to oxidize the iron. The volume of the samples
was adjusted to 5 ml with ultra pure water. The total amount of iron in the three
compartments, i.e. apical, basal and the filter with cells, was quantified using
inductively coupled plasma resonance mass spectrometry.

Results

Nanoparticles with distinct surface modifications interact differ-
ently with the surface of human brain endothelial cells

It is plausible that nanoparticles with modified surface characteristics interact dif-
ferently with the cell surface. Therefore, we investigated the interaction of the dif-
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ferent surface-modified nanoparticles with the plasma membrane of human BBB
endothelial hCMEC/D3 cells at the ultrastructural level by transmission electron
microscopy. Noncoated beads (NBs) were predominantly observed near electron-
dense regions of the plasma membrane (Fig. 1a, arrowheads). In addition, NBs
were frequently found to be surrounded by smooth plasma membrane protru-
sions (Fig. 1b). Most PEI-coated beads (PEIBs) were also found to be engulfed by
plasma membrane protrusions (Fig. 1d).

Figure 1: Uptake of nanoparticles by hCMEC/D3 cells. hCMEC/D3 cells were incub-
ated with NBs, PrPBs, and PEIBs, and investigated with electron microscopy. (a) NBs
are found interacting with electron-dense plasma membrane (arrowheads) or (b) within
cellular extensions. (c) PrPBs show binding to less pronounced electron-dense regions at
the plasma membrane (arrows). (d) Cellular protrusions embrace PEIBs. Structures re-
sembling clathrin-coated pits are indicated with white arrowheads. NB, noncoated bead;
PEIB, polyethyleneimine/coated bead; PrPB, prion-coated bead.

However, in striking contrast to the smooth protrusions surrounding NBs
(Fig. 1b), plasma membrane surrounding PEIBs typically contained electron-
dense regions (Fig. 1d, arrowheads). In contrast to NBs and PEIBs, engulfment
of prion-coated beads (PrPBs) was never observed. Instead, PrPBs were primar-
ily observed at surface domains marked by a relatively thin electron-dense coat
(Fig. 1c, arrows, compare to Fig. 1a), which showed only minor indentation.
These data demonstrate that surface modification of 500-nm beads influences
their interaction with the plasma membrane of hCMEC/D3 cells. Because elec-
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tron-dense plasma membrane regions and protrusions are typically involved in
(distinct routes of) internalization [19], [20], [21] we next investigated the effect of
metabolic inhibitors of endocytosis on the uptake of the different surface-modi-
fied particles.

Nanoparticles with distinct surface modifications respond differ-
entially to metabolic inhibitors of distinct endocytotic pathways

To obtain support that NBs, PrPBs, and PEIBs are internalized via distinct en-
docytotic pathways, we investigated their response to a variety of metabolic in-
hibitors that are well-known to preferentially perturb clathrin-mediated endo-
cytsosis, raft/caveolae-mediated endocytosis, and macropinocytosis. Polarized
hCMEC/D3 cells (Fig. 2) were treated with filipin III (1 µg/ml), okadaic acid (150
mmol/l), genistein (30 µg/ml), dimethylamiloride (40 µmol/l), chlorpromazine
(5 µg/ml) at 37 ◦C for 30 minutes.

Figure 2: Polarized distribution of PECAM, ZO-1 and MRP-1 in hCMEC/D3 cells. Cells
were immunofluorescently labeled with antibodies raised against the abluminal (basolateral) plasma
membrane protein PECAM, the tight junction-associated protein ZO-1 and the luminal (apical)
plasma membrane protein MRP-1. The plasma membrane distribution of these proteins was ex-
amined with laser scanning confocal microscopy. Confocal slices were collected from the bottom of
the cells (basolateral side) to the top of the cells (apical side), and the images were analyzed with
ImageJ following deconvolution using Huygens Pro software. (a) Fluorescent microscopy images
show the relative expression of PECAM, ZO-1 and MRP-1 from the basolateral (left) to the apical
(right) side of the cells. Note that PECAM, but not ZO-1 and MRP-1, is detected at the basal
side of the cells and diminishes in apical direction. By contrast, the expression of ZO-1 and MRP1
increase towards the apical side where PECAM is no longer detected. (b) X-z (side view) projec-
tion of the confocal stack. PECAM, ZO-1 and MRP-1 are pseudocolored in blue, red and green,
respectively. (c) Mean fluorescence intensity distribution of PECAM (blue line), ZO-1 (red line)
and MRP-1 (green line) in all confocal slices. Note that, fully consistent with the images depicted
in panel a, the peak of the mean fluorescence intensity of PECAM is segregated to the basolateral
side when compared to those of ZO-1 and MRP-1, while the peak of the mean fluorescent intensity
of MRP-1 is slightly segregated to the apical side when compared to that of ZO-1. (d, e) Disruption
of tight junctions with EGTA perturbs the polarized distribution of PECAM, ZO-1 and MRP1 in
hCMEC/D3 cells. Compare to panels b-c. Bars. a, d: 10 µm; b: 2 µm.
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Filipin III, okadaic acid, and genistein have been reported to inhibit raft/-
caveolae-mediated endocytosis, while minimally affecting clathrin-mediated
endocytosis or macropinocytosis [22, 23, 24]. Importantly, we confirmed that
also in hCMEC/D3 cells these compounds significantly inhibited the uptake of
fluorescein isothiocyanatecaveolin-labeled cholera toxin B, a marker for raft/-
caveolae-mediated endocytosis [25], whereas the uptake of transferrin (marker
for clathrin-mediated endocytosis [26]) and fluorescein isothiocyanate-labeled
dextran (marker for macro pinocytosis [27]) was not affected (Table 1).Chlor-
promazine and dimethylamiloride are well known for their inhibitory effect
on clathrin-mediated endocytosis and macropinocytosis, respectively [28].
Indeed, also in hCMEC/D3 cells, the uptake of transferrin and fluorescein
isothiocyanate-dextran was preferentially inhibited by chlorpromazine and
dimethylamiloride. In agreement with reports in other cell types, the uptake of
fluorescein isothiocyanate-dextran in hCMEC/D3 cells was most dramatically
inhibited by dimethylamiloride (Table 1).

Transferrin Cholera Toxin B Dextran

control 23, 14± 5, 07 37, 85± 9, 38 22, 53± 6, 90
Chlorpromazine 5 µg/ml 16, 99± 1, 57 57, 07± 16, 17 11, 51± 3, 96

Filipin 1 µg/ml 21, 95± 7, 16 19, 87± 2, 59 15, 94± 3, 93
Okadaic acid 150 nM 28, 67± 1, 29 9, 41± 1, 97 14, 12± 1, 27

Dimethylamiloride 40 µM 23, 46± 0, 90 25, 27± 1, 57 1, 47± 0, 50
Genistein 30 µg/ml 25, 77± 1, 26 5, 82± 1, 52 17, 80± 2, 24

Table 1: The effect of metabolic inhibitors of endocytosis on the internalization
of reference substances. The endothelial cells were preincubated with the metabolic
inhibitors, at the concentrations shown in the table, for 30 min. Subsequently, FITC
conjugated-cholera toxin B (CTB-FITC) and FITC conjugated-Dextran were added for
90 min. Transferrin-Alexa Fluor 568 (Tnf-AF568) was added 5 min. before fixation of
the cells. The cells were washed with cold HBSS, fixed and the fluorescence signal was
analyzed.

Having confirmed the differential inhibition of distinct endocytotic pathways by
these compounds in hCMEC/D3 cells, we next incubated the pretreated cells
with NBs, PrPBs, or PEIBs at 37 ◦C for 90 minutes, which allows for the endo-
cytosis of a significant fraction of applied nanoparticles. Noninternalized nano-
particles were washed, cells were fixed, and internalization of the nanoparticles
was determined as described in Materials and Methods. As shown in Fig. 3, the
internalization of NBs was most effectively inhibited (78.3± 10.3 %) by genistein.
In addition, filipin III, okadaic acid, chlorpromazine, and dimethylamiloride in
part inhibited the uptake of NBs with 50.5±0.4, 25±1.4, 50.5±10.8 and 39.5±3 %,
respectively. These data suggest that NBs may be internalized via multiple endo-
cytotic pathways, but with a preference for a genistein-sensitive pathway. The
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Figure 3: Effect of metabolic inhibitors of endocytosis on the uptake of nano-
particles. hCMEC/D3 cells were treated with filipin III (FIII; 1 µg/ml), genistein (Gen;
30 µg/ml), dimethylamiloride (DMA; 40 µmol/l), chlorpromazine (CPZ; 5 µg/ml), and
okadaic acid (OA; 150 nmol/l) for 30 minutes. Nanoparticles were added and incubated
for 1 hour 30 minutes. After extensive washing, the cells were fixed and analyzed with
confocal microscopy. Five randomly selected fields of each experimental condition of two
independent experiments were scanned and the number of detected nanoparticles was
quantified with ImageJ (National Institutes of Health). Results are presented as percent-
age of the total input (mean ± SEM, n = 2). CTRL, control; NB, noncoated bead; PEIB,
polyethyleneimine-coated bead; PrPB, prion-coated bead.

uptake of PrPBs was highly sensitive to treatment with filipin III, genistein, and
okadaic acid (79.8 ± 3.1, 80.4 ± 6.3 and 52.1 ± 8.9 % inhibition, respectively). In
addition, uptake of PrPBs was partly inhibited by chlorpromazine (42.4± 3.7 %)
and minimally inhibited by dimethylamiloride (12.3±1.7 %). These data suggest
that the uptake of PrPBs is primarily sensitive to inhibitors of caveolae/raft-me-
diated endocytosis. The uptake of PEIBs was inhibited by genistein (68.6±8.7 %)
and dimethylamiloride (24.9±9.5 %), whereas filipin III, okadaic acid, and chlor-
promazine were without effect. Taken together, these data clearly demonstrate
that the uptake of NBs, PrPBs, and PEIBs is differentially inhibited by these com-
pounds, and therefore suggest that NBs, PrPBs, and PEIBs are endocytosed via
distinct pathways.
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Endocytosed nanoparticles with distinct surface modifications
move through different endocytotic compartments in brain en-
dothelial cells

In order to further investigate the endocytotic pathway and fate of NBs, PrPBs,
and PEIBs, we determined their colocalization with proteins known to mark dis-
tinct endocytotic pathways and/or compartments as a function of time (Fig. 4).
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Figure 4: Colocalization of nanoparticles with rabankyrin-5, EEA-1, caveolin-1,
clathrin, rab11, and Lamp-1. hCMEC/D3 endothelial cells were incubated with nano-
particles for 30 minutes at 4 ◦C. Subsequently, cells were incubated for (a-c) 30 minutes,
(d, e) 60 minutes, (f) 90 minutes, and (g) 18 hours at 37 ◦C to allow particle internal-
ization. (a) NBs and PrPBs do not colocalize with rabankyrin-5. A significant fraction
of PEIBs is located in rabankyrin-5-positive vesicles. (b) NBs do not show significant
colocalization with the early endosomal marker EEA-1, while 33 % of the PrPBs show
colocalization with EEA-1. Fifty-five percent of the PEIBs colocalize with EEA-1. (c)
NBs and PrPBs show a similar extent of colocalization with caveolin-1, around 20 %,
and clathrin, < 5 %. In contrast, PEIBs colocalize extensively with clathrin. (d) The pro-
file of colocalization of nanoparticles with the markers caveolin and clathrin at 60 minutes
is comparable to that at earlier time points. (e) NBs and PrPBs lack rab11-colocalization.
Around 30 % of PEIBs reach a rab11-positive compartment after 60 minutes of intern-
alization. (f) NBs are not identified within caveolin- or clathrin-positive compartments.
PrPBs show an increase in colocalization with caveolin and clathrin in time. PEIBs con-
tinually colocalize with clathrin. (g) After 18 hours of incubation of hCMEC/D3 cells
with nanoparticles, NBs and PEIBs sporadically colocalize with Lamp-1, whereas PrPBs
are not detected in Lamp-1-positives vesicles. Cav, caveolin; clath, clathrin; EEA-1, early
endosomal antigen-1; NB, noncoated bead; PEIB, polyethyleneimine-coated bead; PrPB,
prion-coated bead.

First, we determined colocalization of the particles with rabankyrin-5, a rab5-ef-
fector that has been implicated to play a role in macropinocytosis [29] Following
an incubation at 37 ◦C for 30 minutes, very little (< 3 %) colocalization between
NBs or PrPBs with rabankyrin-5 was found whereas, by contrast, 43.6 ± 17 %
of the PEIBs were found to colocalize with rabankyrin-5 (Fig. 4a). NBs also did
not significantly (4.8 ± 8.3 %) colocalize with early endosomal antigen (EEA)-1,
a protein that marks early sorting endosomes. In contrast, PrPBs and PEIBs did
show significant colocalization with EEA-1 (33.6 ± 2.4 and 55.1 ± 15.4 %, respect-
ively, Fig. 4b). Both NBs and PrPBs colocalized with caveolin-1 (23.7 ± 0.3 and
18.6 ± 1.48 %, respectively) but not with clathrin (< 5 %) after a 30-minute in-
cubation. In contrast, PEIBs showed only little (5.7 ± 1.7 %) colocalization with
caveolin (Fig. 4c), but substantially colocalized with clathrin (49.8 ± 5.3 %). After
a 60-minute incubation, NBs and PrPBs still colocalized with caveolin-1 (24.7 ±

4.9 and 16.8 ± 0.8 %, respectively) and negligible colocalization with clathrin was
observed (Fig. 4d). PEIBs showed little (5.3 ± 1.6 %) colocalization with cave-
olin-1 but extensively colocalized with clathrin (45.5 ± 5.7 %). At this time point,
colocalization with rab11a (Fig. 4e), a marker of recycling endosomes, was ob-
served for PEIBs (29.6 ± 11.1 %), but not NBs (1.8 ± 2.6 %) and PrPBs (0 %). After
a 90-minute incubation, the colocalization of NBs with caveolin-1 decreased to
< 5 % (Fig. 4f). By contrast, PrPBs showed an increasing colocalization with both
caveolin-1 (47.8 ± 6.1 %) and clathrin (25.6 ± 1 %). PEIBs showed little (< 5 %)
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colocalization with caveolin-1 but extensively colocalized with clathrin (58.1 ±

3.6 %), similar to that observed after 30- and 60-minute incubation. After a pro-
longed, 18 hours incubation, 24.9 ± 6.3 and 14.3 ± 4.5 % of the NB and PEIBs,
respectively, colocalized with Lamp-1 (Fig. 4g) and lysotracker (data not shown),
which are markers of the more acidic late endosomes and lysosomes. In contrast,
only 5.5 ± 1.5 % of PrPBs colocalized with Lamp-1 at this time point. In summary,
NBs followed an endocytotic pathway that is, in part, transiently marked by the
presence of caveolin-1, but not clathrin, EEA-1 or rabankyrin-5, and led to late
endosomes and/or lysosomes. PrPBs followed an endocytotic pathway that is in
part marked by EEA-1 and increasingly marked by caveolin-1, but not clathrin
or rabankyrin-5, and avoided late endosomes and/or lysosomes. PEIBs followed
an endocytotic pathway that is substantially marked by rabankyrin-5, EEA-1, and
rab11a, but to a much lesser extent caveolin-1 and, in part, led to late endosomes
and/or lysosomes. These data clearly demonstrate that human endothelial cells
differentially internalize and process NBs, PrPBs, and PEIBs.

Endocytosed nanoparticles with different surface modifications
are delivered to morphologically distinct intracellular compart-
ments in brain endothelial cells

We next examined the identity of the intracellular compartment to which the
particles were delivered following 90-minutes incubation at the ultrastructural
level by transmission electron microscopy (Fig. 5). NBs were detected in large
vacuoles containing numerous small (50–100 nm diameter) internal vesicles, re-
sembling multivesicular bodies (MVBs; Fig. 5a). In addition, NBs were found in
multilamellar bodies (Fig. 5b). MVBs are typically associated with the degradat-
ive pathway. In contrast to NBs, PrPBs were exclusively detected in large vesicu-
lar structures that contained multiple electron-dense buds (Fig. 5c), reminiscent
of clathrin buds. Indeed, ultrastructural analysis by immunoelectron microscopy
demonstrated that the PrPBs-containing structures were positive for clathrin, as
well as caveolin-1 (Fig. 6), which is consistent with the immunofluorescence
confocal laser scanning microscopy data (Fig. 4f). The combined presence of ca-
veolin-1 and clathrin is suggestive for a localization of the PrPB in early/sorting
endosomes. Of interest, PrPBs were occasionally observed in these coated buds
(Fig. 5c, arrowheads). PEIBs were found mainly in large vacuoles (Fig. 5d) and
an electron-dense region was occasionally observed near the entrapped particles.
Given the extensive colocalization of PEIBs with clathrin (Fig. 5f), these elec-
tron-dense regions likely represent clathrin-coated domains. The observed loc-
alization of NBs, PrPBs, and PEIBs in intracellular compartments with distinct
ultrastructural characteristics, in agreement with the colocalization experiments
(Fig. 4c, d, f), indicates that surface properties of nanoparticles critically affect
their mode of endocytosis and processing by hCMEC/D3 cells.
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Figure 5: NBs, PrPBs, and PEIBs localize in morphologically distinct intracel-
lular vesicles. hCMEC/D3 cells were incubated with nanoparticles for 1 hour and 30
minutes. (a, b) NBs were found in vacuoles resembling multivesicular bodies (MVBs)
and in multilamellar bodies. (c) PrPBs were primarily localized within vesicular struc-
tures. Note the presence of clathrin-coated buds (arrows) and the formation of clathrin
latices around the prion coat (arrowheads). (d) PEIBs resided in large endosomes. Clath-
rin latices were found around the PEI coat (arrowheads). Bar = 500 nm. NB, noncoated
bead; PEIB, polyethyleneimine-coated bead; PrPB, prion-coated bead.
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Figure 6: PrPBs are found in vesicles positive for both caveolin-1 and clathrin.
(a, b, c) Immuno electron micrographs showing PrPBs locating within vesicles decorated
with both caveolin-1 (15 nm gold particles, arrows) and clathrin (5 nm gold particles,
arrowheads). (d, e, f and g) Magnifications of the boxed areas in a, b, and c, respectively.
(h) hCMEC/D3 cells incubated with PrPBs (pseudocolored green) show simultaneous
colocalization with caveolin-1 (blue) and clathrin (red). In the overlay the colocalizing
particles are viewed as white pixels. (i) Magnification of the boxed area in h.
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NBs and PrPBs but not PEIBs show transcytotic potential in brain
endothelial cell monolayers

As the endocytotic pathways that were under investigation in this study, i.e.
raft/caveolar endocytosis, adsorptive-mediated endocytosis, and receptor-medi-
ated endocytosis have all been implicated in mediating transcytosis across the
BBB, we next examined the transcytotic potential of NBs, PrPBs, and PEIBs. Nan-
oparticles were added at the apical side (facing the blood in vivo) of a polarized
confluent monolayer of hCMEC/D3 cells, grown on Transwell filters. After an
18-hour incubation, the content of the particles in the apical and basolateral com-
partments as well as the fraction associated with the filter (cells) was quantified.
After the indicated time interval of 18 hours, 94.5 ± 1.0 % of the PEIBs, 81.2 ±

4.6 % of PrPBs, and 55.7 ± 5.2 % of NBs still associated with the endothelial cells
(Fig. 7a).

84



Surface characteristics of nanoparticles determine their intracellular fate in and
processing by human blood–brain barrier endothelial cells in vitro

Figure 7: Transcytosis of nanoparticles across a monolayer of endothelial cells.
(a) hCMEC/D3 cells were cultured on Transwell filters. Nanoparticles were added to the
apical compartment and incubated for 18 hours. The total amount of iron was measured in
the apical and basal compartment, and in the filter membrane with the cells. Transcytosis
is presented as amount of iron in the apical compartment divided by the total amount
of iron in the three compartments, and expressed as percentage (mean ± SEM, n = 3).
Asterisks indicate significant differences (P < 0.05) in transcytosis of NBs versus PrPBs,
PrPBs versus PEIBs, and NBs versus PEIBs, as evaluated with the Student’s t-test. (b)
Electron micrograph of a prion-coated particle (arrow) exocytosed at the abluminal side
of a monolayer of hCMEC/D3 cells. AP, apical; BL, basal; NB, noncoated bead; PEIB,
polyethyleneimine-coated bead; PrPB, prion-coated bead.

The capacities of translocation of the nanoparticles across the endothelial mono-
layer, as reflected by the fraction of apically applied nanoparticles recovered in
the basolateral compartment, were 6.0 ± 0.9 % for PrPBs, 3.4 ± 0.3 % for NBs,
and 1.3 ± 0.6 % for PEIBs (Fig. 7a). The process of exocytosis and release of a
prion-coated particle at the abluminal site of an hCMEC/D3 monolayer was con-
firmed by electron microscopic examination (Fig. 7b).

Discussion

In this study, we demonstrate that the coupling of a ligand (prion) or charge
(PEI) at the surface of a nanoparticle of a given size modifies its entry pathway
and processing in human BBB endothelial hCMEC/D3 cells. Careful ana-
lyses suggest that uncoated nanoparticles do not enter in an all-or-nothing or
exclusive pathway but following surface modification show preference for a
specific pathway(s). As a consequence NBs, PrPBs, and PEIBs are delivered to
intracellular compartments that are distinct with regard to their ultrastructural
morphology and composition, i.e. MVBs, sorting endosomes, and vacuoles,
respectively. The endocytotic pathway of noncoated particles shares characterist-
ics of raft/caveolae-mediated endocytosis and macropinocytosis. The presence
of NBs in two distinctive populations of intracellular vesicles, i.e. vesicles
resembling MVBs and multilamellar bodies, possibly reflects the existence of
the two different entry mechanisms. Interestingly, in brain endothelial cells
a subcompartment has been characterized that originates from caveolae and
morphologically resembles MVBs.8 This compartment is Lamp-1 positive,
but devoid of a degradative function and it is involved in the transcytosis of
low-density lipoprotein. In our study, NBs may similarly be internalized via
rafts/caveolae, and transported to MVBs (Fig. 5a, b) that are Lamp-1-positive
(Fig. 4g). Whether or not the NB-containing vesicles mature to lysosomes is not
known. It should be noted that we never observed electron-dense staining of
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these (pre)lysosomal structures, indicating the absence of degradative enzymes.
The engulfment of PEIBs by plasma membrane protrusions containing clathrin
coats, their genistein- and dimethylamiloride-sensitive internalization and
colocalization with clathrin and rabankyrin-5 are typical characteristics of mac-
ropinocytosis. Notably, the cellular processing of PEIBs lacked characteristics
of raft/caveolae-mediated endocytosis, e.g. sensitivity to filipin III and okadaic
acid and colocalization with caveolin-1. Therefore, the addition of PEI (charge)
to the particles appears to stimulate their targeting into a macropinocytotic entry
pathway, leading to distinctive and large intracellular vacuoles. The surface
modification of the particles with prion protein resulted in a clear difference
in the way these particles (PrPBs) are processed by hCMEC/D3 cells when
compared to NBs and PEIBs. PrPBs were found in compartments that displayed
characteristics of early/sorting endosomes (Fig. 5c), compartments that were
positive for both caveolin-1 and clathrin (Fig. 4f). In addition to binding choles-
terol and inhibiting caveolar endocytosis, filipin has been described to cause the
release of prion protein from the plasma membrane and reduce the endocytosis
of prion protein [30], which may explain its strong effect on the internalization of
PrPBs, when assuming a homophilic interaction between the PrPBs and native
prion present on the hCMEC/D3 cells.

Our data underscore that varying the surface properties of nanoparticles results
in significant changes in their uptake mechanism, and consequently, their pro-
cessing by the cells. Clearly, by surface modification of nanoparticles, subcellu-
lar targeting into endocytotic pathways and cellular organelles of choice can be
achieved. The physicochemical characteristics of (nano)particles, including size,
and surface characteristics (charge and/or presence of ligands), are important
parameters that dictate their cellular processing. The relevance of the physico-
chemical properties of nanoparticles for determining the intracellular trafficking
is an important and emerging theme in the field of drug delivery [31]. With re-
spect to delivery to brain tissue, it will be of particular interest to further identify
physicochemical properties of nanoparticles that preferentially result in particle
transcytosis.
Transcytosis of drugs and/or their transport vehicles by vascular endothelial cells
is thought to be instrumental in accomplishing transport across the BBB for drug
delivery into brain tissue. In this work, we determined the transcytotic capacity
of human brain endothelial cells (hCMEC/D3), as an in vitro model for the BBB.
Our data show that PEI coating of the nanoparticles inhibits their transcytotic po-
tential when compared to noncoated nanoparticles. By contrast, our data show
that coating of the nanoparticles with prion improves transcytosis in comparison
to NBs and PEIBs, which is consistent with a relatively enhanced transport of
these targeted nanoparticles across the endothelial barrier as visualized by nan-
oparticle delivery into the basolateral compartment in Transwell grown cell cul-
tures. Prion is best known for the capacity of its infectious scrapie isoform to
invade an organism after oral ingestion, leading to degenerative and fatal neur-
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ological disorders belonging to the group of transmissible spongiform enceph-
alopathies. Following oral administration, prion crosses the intestinal epithelial
barrier via transcytosis. Subsequently, prion may infect monocytes and/or is
transported along nerves in a retrograde fashion and reaches the brain [32, 33]
Recently, it was shown that scrapie prion as well as the cellular prion are able
to translocate across the BBB, from blood into brain, [16, 34] which represents
an alternative pathway for infection. Although being differently processed by
cultured hCMEC/D3 cells, the PrPBs and NBs both showed transcytotic activity.
However, in vivo prion may serve a dual role: first, to target nanoparticles in the
blood stream to the brain, and second to initiate their transcytosis.
Although the transcytotic efficiency of the nanoparticles reported in this study
remains limited, it is in the range of transcytosis across endothelial cells that is
typically achieved with exogenous materials. Transcytosis of human immunode-
ficiency virus-1 viral particles across brain microvascular endothelial cells was
shown to be 1 % of the added dose after a 24 hours incubation period [28], while
the level of transcytosis for adenovirus-5 viral particles in brain microvascular
endothelial cells was 0.1 % (6 hours) [35]. Redirection of adenovirus-5 into the
melanotransferrin (MTf/p97) transcytotic pathway by surface modification of
the viral particles with melanotransferrin resulted in transport of 5 % of viral
particles across the BBB [35]. In future work, the influence of inflammatory sig-
nals and signals secreted by (cholesterol-depleted) astrocytes, which have been
reported to modulate the transcytotic potential of brain endothelial cells, on the
transcytosis of prion-coated particles, will be investigated. In addition, as as-
trocytes may direct transferrin-coated poly-(lactic-co-glycolic acid) nanoparticles
into distinct endocytotic pathways in endothelial cells [36], it will be of interest
to evaluate the effects of such environmental factors on the processing and tran-
scytosis of prion-coated nanoparticles by the endothelial cells. This will provide
detailed insight into the mechanism of PrPB transcytosis by hCMEC/D3 cells,
clarifying the potential of prion-coated nanoparticles for drug delivery into the
brain.
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