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Abstract—Charge carried by the surface glycocalyx layer
(SGL) of the cerebral endothelium has been shown to
significantly modulate the permeability of the blood–brain
barrier (BBB) to charged solutes in vivo. The cultured
monolayer of bEnd3, an immortalized mouse cerebral
endothelial cell line, is becoming a popular in vitro BBB
model due to its easy growth and maintenance of many BBB
characteristics over repeated passages. To test whether the
SGL of bEnd3 monolayer carries similar charge as that in the
intact BBB and quantify this charge, which can be charac-
terized by the SGL thickness (Lf) and charge density (Cmf),
we measured the solute permeability of bEnd3 monolayer to
neutral solutes and to solutes with similar size but opposite
charges: negatively charged a-lactalbumin (�11) and posi-
tively charged ribonuclease (+3). Combining the measured
permeability data with a transport model across the cell
monolayer, we predicted the Lf and the Cmf of bEnd3
monolayer, which is ~160 nm and ~25 mEq/L, respectively.
We also investigated whether orosomucoid, a plasma glyco-
protein modulating the charge of the intact BBB, alters the
charge of bEnd3 monolayer. We found that 1 mg/mL
orosomucoid would increase SGL charge density of bEnd3
monolayer to ~2-fold of its control value.
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INTRODUCTION

To protect brain from blood-borne neural toxins,
the blood–brain barrier (BBB) between the central
nervous system and the cerebral circulation maintains
very low permeability due to its unique structure. In
addition to endothelial cells with tight junctions, the
BBB has complete wrapping of a very thin basement

membrane and astrocytic end-feet.15,24 Various in vivo
and in vitro models have been used for the study of the
solute transport across the BBB. Except their com-
paratively high permeability and the loss of some
expression of BBB efflux protein systems,32 in vitro
models have several advantages over in vivo models,
including low cost, high-throughput screening, and
easiness to assess compounds and to investigate the
transport mechanism at molecular levels. Over dec-
ades, many in vitro models have been derived from
primary brain capillary endothelial cell cultures, which
have the closest resemblance to BBB phenotype
in vivo,32 and exhibit excellent characteristics of the
BBB at early passages. However, primary cell cultures
have their inherent disadvantages. For instance, they
are usually extremely time consuming and require high
skilled researchers. In addition, primary cell cultures
lose their differential phenotype over repeated pas-
sages.32,33 Moreover, primary cell cultures have
potential contaminations from other types of brain
cells such as pericytes and astrocytes, which induce
leaky barriers in the in vitro monolayer models.8

Recently, the in vitro monolayer deriving from
immortalized mouse brain endothelial cell line, bEnd3,
becomes popular because of its advantages over pri-
mary cell culture, including the ability to maintain
BBB characteristics over many passages, as well as
easy growth and low cost. Previous studies have eval-
uated bEnd3 cells as an in vitro BBB model in terms of
expression of tight junction proteins, the permeability
to sucrose, the trans-endothelial electrical resistance
(TEER) as well as transporter of glucose.8,33 These
studies concluded that bEnd3 monolayer is an attrac-
tive in vitro BBB model, which can express mRNA for
a number of important tight junction proteins, ZO-1,
ZO-2, claudin-1, and claudin-3 and exhibit simi-
lar barrier functions as primary culture cells. In the
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present study, we investigated whether or not the
bEnd3 monolayer is a good in vitro model for studying
solute and nanoparticle transport across the BBB,
especially the transport of charged molecules.

The surface glycocalyx layer (SGL) of the BBB is
located on the luminal surface of the endothelium43

and contains a great number of solid-bound fixed
negative charge.39,41,45 In addition to the tight junc-
tions in between endothelial cells, the SGL plays an
important role in maintaining the barrier function of
endothelium due to its matrix-like structure as well as
the charge.1,9,11,18,39,44 Yuan et al.46 found that the
permeability of intact rat pial microvessels to positively
charged ribonuclease was four times as large as that to
negatively charged a-lactalbumin, though they have
almost the same size. Combining these measured per-
meability data with a mathematical model, they pre-
dicted that the charge density is ~30 mEq/L in the
structural components of the BBB, i.e., the SGL and
the basement membrane. Therefore, the first objective
of the present study is to test whether bEnd3 mono-
layer expresses the functional SGL as in the intact BBB
by quantifying the thickness (Lf) and charge density
(Cmf) of the cultured bEnd3 monolayer (Fig. 1). To do
this, we measured the solute permeability of bEnd3
monolayer to fluorescently-labeled neutral solutes
(sodium fluorescein and various sized dextrans) and
charged solutes (a-lactablumin and ribonuclease).
By utilizing a transport model across the bEnd3
monolayer with the measured permeability data, we
can predict Lf and Cmf of the SGL at the bEnd3
monolayer.

Orosomucoid, a plasma glycoprotein, which is
synthesized in the liver and may be also secreted by
endothelial cells,38 increases several folds during
infection or trauma.29,35 Orosomucoid is also bound to

the surface of cultured bovine pulmonary microvas-
cular endothelial cells.36 It has been found that oro-
somucoid modulates the transport of charged solutes
across the wall of peripheral and cerebral microvessels
in vivo by decreasing the transport of negatively
charged molecules but increasing that of positively
charged ones,13,23,46 suggesting that orosomucoid plays
an essential role in maintaining the permeability
property of endothelium by adding negative charge to
the SGL.13,23,38 The second objective of the present
study is thus to investigate whether orosomucoid
modulates the bEnd3 monolayer permeability in a
similar way as it does for the intact endothelium of
the BBB.

The third objective is to test whether or not bEnd3
cell monolayer is a good in vitro model for studying the
transport of nanoparticle drug carriers across the BBB.
In the past decade, the charge-loaded polymeric
nanoparticles have attracted increasing interests as the
carriers for therapeutic agents across the BBB due to
their prolonged bioavailability, high loading efficiency,
and tunable surface chemistry.31 Gil et al.20 developed
novel quaternary ammonium b-cyclodextrin (QAbCD)
nanoparticles as drug delivery carriers across the BBB.
The QAbCD nanoparticles exhibit cationic property,
which has been considered as an effective approach to
enhance the transport across the BBB.26 The hydro-
dynamic radii of QAbCD nanoparticles are from 65 to
88 nm in pH 7.4 and 37 �C,20 which are significantly
larger than the size of paracellular pathways of the
BBB. Surprisingly, Gil et al.20 found that the perme-
ability of the bovine brain microvessel endothelial cell
(BBMEC) monolayer to QAbCD nanoparticles was
either comparable or even larger than that to neutral
dextran-4k, whose molecular weight is similar to that
of one basic unit of QAbCD nanoparticles (~5000).
One explanation was that when the large QAbCD
nanoparticle crosses the BBMEC monolayer, it
degrades to its much smaller basic units. Another more
likely explanation was that the transport of the nano-
particles is by transcytosis, a trans-cellular process,
instead of through a paracellular pathway. To examine
whether or not bEnd3 monolayer is able to mimic the
transport of nanoparticles across the endothelium of
the intact BBB, we measured the bEnd3 monolayer
permeability to these QAbCD nanoparticles, and
compared with that of intact rat pial microvessels.

MATERIALS AND METHODS

Cell Culture

Immortalized mouse cerebral endothelial cells,
bEnd3 cells (American Type Culture Collection,

FIGURE 1. The schematic diagram of bEnd3 monolayer.
There is a cleft (width 2B) with a tight junction (opening width
2Bs and thickness Ljun) in between two adjacent endothelial
cells (Es). The thickness of the endothelial cell is L and the
distance between the luminal side of the endothelial cell and
the tight junction is L1. At the luminal side of the endothelium,
there is a surface glycocalyx layer with a thickness Lf and a
charge density Cmf.
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Manassas, VA) were grown in DMEM with 4.5 g/L
glucose, 10% FBS, 3.7 g/L sodium bicarbonate, and
4 mM glutamine. Cells were maintained in a humidi-
fied cell culture incubator at 37 �C and with 5% CO2/
95% room air. Cells used in all experiments were in
passage 28–35. Cells were seeded at a density of
6.0 9 104 cells/cm2 on Transwell permeable inserts
(12 mm in diameter, 0.4 lm pores size; Corning
Incorporated, Corning, NY). Inserts were incubated at
37 �C with 200 lL of 30 lg/mL fibronectin for 1 h
before plating cells. The cells seeded onto Transwell
insert reached confluence within approximately two
days, shown in Fig. 2, in which the tight junction
accessory proteins ZO-1 were stained with anti-ZO-1
antibody in green and the nuclei of endothelial cells
were stained with propidium iodide in red. The per-
meability experiments were performed on the mono-
layer 4–5 days after cell seeding, allowing sufficient

time for the cells to develop the junctions between
cells.

In Vitro Solute Permeability Measurement

On the day of experiment, Transwell insert filter
was washed with PBS, and then the media of the
donor chamber was filled with 0.5 mL fluorescently-
labeled test solutes in Ringer solution containing
10 mg/mL BSA while the acceptor chamber was filled
with 1.5 mL Ringer solution containing 10 mg/mL
BSA (Fig. 3). The samples of 50 lL were drawn every
10 min for 90 min from the acceptor chamber and
were then replaced with the same amount of Ringer-
BSA solution. The fluorescence tracer concentration
in the samples was determined by Bio-Tek Synergy
HT plate reader (Winooski, VT), and the excitation
and emission wavelengths were set to 485 and 535 nm,
respectively, for all fluorescence tracers in the present
study. The solute permeability (P) of the monolayer
was calculated from the relationship,

P ¼
DCA

Dt � VA

CD � S

where DCA/Dt is the increase in fluorescence concen-
tration in the accepter chamber during the time inter-
val Dt, CD is fluorescence concentration in the donor
chamber (assumed to be constant during the experi-
ment), VA is the volume of the acceptor chamber, and
S is the surface area of the filter.

The measured solute permeability was made on the
bEnd3 monolayer that was formed on Transwell insert
with 0.4 lm pores. Transwell insert itself could also
provide resistance on transport of solutes. Therefore,
the total resistance of this in vitro model system com-
prises of two parts: the resistance from the monolayer
and the resistance from the empty insert,

1

Pt
¼ 1

Pc
þ 1

Pi

FIGURE 2. bEnd3 cells grown on a Transwell insert were
observed using a fluorescence microscope, in which tight
junction accessory proteins ZO-1, were stained with anti-ZO-1
antibodies in green and the nuclei of endothelial cells were
stained with propidium iodide in red.

FIGURE 3. Transwell filter set-up for measuring bEnd3 monolayer permeability to solutes. The acceptor chamber was filled with
10 mg/mL BSA in Ringer solution, while the donor chamber was filled with the same solution added with fluorescently labeled
solutes. The sample solution was extracted from the acceptor chamber every 10 min for fluorescence assessment and then was
replaced with same amount of Ringer solution containing 10 mg/mL BSA.

Surface Charge of bEnd3 Monolayer



Solving above equation, we have the permeability of
the monolayer Pc,

Pc ¼
Pt

1� Pt

Pi

Here Pt is the measured permeability of the total sys-
tem and Pi is the permeability of the insert.

Solutions and Fluorescent Test Solute Preparation

Mammalian Ringer Solution

Mammalian Ringer solution with 10 mg/mL bovine
serum albumin (BSA, A4378, Sigma) was used during
the permeability measurement. The solution composi-
tion was (in mM) NaCl 132, KCl 4.6, MgSO4 1.2,
CaCl2 2.0, NaHCO3 5.0, glucose 5.5 and HEPES 20.
All these chemicals were from Sigma. The pH was
buffered to 7.4–7.45 by adjusting the ratio of HEPES
acid to base. In addition, both the washout solution
and the fluorescent dye solution contained bovine
serum albumin (BSA, A4378, Sigma) at 10 mg/mL.19

The solutions were made fresh on the day of use to
avoid binding to the serum albumin.3,16

Neutral Test Solutes: Sodium Fluorescein
and FITC-Dextrans

Sodium fluorescein (NaF; F6377, Sigma; mol.
wt. 376, Stokes–Einstein radius ~0.45 nm) and all
FITC-dextrans, FITC-dextran-4k (FD4, Sigma; mol.
wt. 4000, Stokes radius ~1.4 nm), FITC-dextran-20k
(FD20 s, Sigma; mol. wt. 20,000, Stokes radius
~2.4 nm), and FITC-dextran-70k (FD70 s, Sigma;
mol. wt. 70,000, Stokes radius ~3.6 nm), were dis-
solved in Ringer solution containing 10 mg/mL BSA
at the concentration of 10 lM.

Charged Test Solutes: FITC-Labeled Ribonuclease
and a-Lactalbumin

Ribonuclease A (R5500, Sigma) and a-lactalbumin
(L6010, Sigma) were labeled with FITC (F7250, Sigma,
mol. wt. 389.4) as follows.2,16 Protein (90 mg) was
dissolved in 15 mL of borate buffer (0.05 M, pH
approximately 9.3, 20 �C) containing 0.4 M NaCl.
The solution was placed in 18-mm-diameter dialysis
tubing (Spectrum Medical Industries, 3500 mol. wt.
cutoff) and was then dialyzed for 12 h with constant
stirring at 15 �C against 50 mL of the borate buffer
containing FITC (0.5 mM). The labeled protein then
was dialyzed against 2 L of glucose-free mammalian
Ringer solution twice, each round for 12 h. The dial-
ysis procedure was then performed twice with 2 L
of normal Ringer solution until there was no free
dye. The influence of the free dye on measured

permeability to a labeled protein was discussed by Fu
et al.16 The FITC-labeled a-lactalbumin and ribonu-
clease were stored frozen and used within 2 week of
preparation. In addition, on the day of experiment,
unlabeled 10 mg/mL BSA was added to aliquots of
the labeled protein in the Ringer solution. The final
FITC-a-lactalbumin and FITC-ribonuclease dye con-
centrations used in the experiment were 1 mg/mL in the
Ringer-BSA solution. For this preparation, the fluo-
rescence intensity of the free FITC dye was less than
1% of the solution, which was checked using the
image system at the same instrument settings used in
our in vitro experiments. All dye solutions described
above were kept chilled until just before use and were
discarded at the end of the day.

Analysis and Statistics

All data were presented as means ± SE or otherwise
specified. Data were analyzed for statistical signifi-
cance using ANOVA. Significance was assumed for
probability levels p< 5%.

RESULTS AND DISCUSSION

It has been demonstrated that bEnd3 monolayer is
able to mimic permeability properties of primary cul-
ture models of early passages.8,33 However, it was also
suggested that the permeability of bEnd3 monolayer to
sucrose increased significantly after passage 35, com-
pared with that of prior passages. In the present study,
we measured solute permeability of bEnd3 monolayer
of the cells at passages from 28 to 35, 2–3 days after
the formation of confluence. The extra time after
confluence is crucial for the formation of the tight
junctions between endothelial cells.8

Solute Permeability of bEnd3 Monolayer
to Neutral Solutes

Table 1 summarized the measured permeability (P)
of the monolayer to sodium fluorescein and various
sized neutral dextrans in Ringer-BSA solution. The
solute permeability was also corrected by subtracting
the resistance contributed by empty Transwell insert
using the equation shown in the previous section. After
correction, the permeability to sodium fluorescein
(PNaF) was 7.24 ± 0.84 9 10�6 cm/s, ranging from 5.40
to 8.35 9 10�6 cm/s, while PDex4k was 2.91 ± 0.43 9

10�6 cm/s, ranging from 2.48 to 4.01 9 10�6 cm/s,
PDex20k was 0.80 ± 0.16 9 10�6 cm/s, ranging from
0.59 to 1.04 9 10�6 cm/s, and PDex70k was 0.44 ± 0.16 9

10�6 cm/s, ranging from 0.26 to 0.96 9 10�6 cm/s.
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These values are comparable to those measured in
previous studies of bEnd3 monolayer and other in vitro
BBB models using primary cells for similar size
solutes.7,8,21,33

Solute Permeability of bEnd3 Monolayer to Charged
Solutes in the Presence and Absence of Orosomucoid

We measured permeability of bEnd3 monolayer to
FITC-labeled a-lactalbumin (MW14,176; Stokes radius
2.01 nm; net charge�11) and ribonuclease (MW13,683;
Stokes radius 2.0 nm; net charge +3) in Ringer-BSA
solution (control), and in that with additional 1 mg/mL
orosomucoid (G3643, a1-acid glycoprotein, Sigma).
Table 2 summarizes the measured and the corrected
permeability to a-lactalbumin and ribonuclease for both
control and orosomucoid groups. After correction for
the resistance from the Transwell insert, the permeabil-
ity of the bEnd3 monolayer to ribonuclease in Ringer-
BSA (Pribonuclease, BSA) was 2.21 ± 0.63 9 10�6 cm/s,
ranging from 1.63 to 3.43 9 10�6 cm/s, while the per-
meability to ribonuclease in the presence of orosomu-
coid (Pribonuclease, ORO) was 3.95 ± 0.72 9 10�6 cm/s,
ranging from 2.48 to 4.91 9 10�6 cm/s; Similarly,
Pa-lactalbumin, BSA was 1.09 ± 0.64 9 10�6 cm/s, ranging
from 0.33 to 2.50 9 10�6 cm/s, while Pa-lactalbumin, ORO

was 0.76 ± 0.27 9 10�6 cm/s, ranging from 0.42 to
1.14 9 10�6 cm/s. Correspondingly, the ratio of per-
meability of the monolayer to positively charged ribo-
nuclease to that to negatively charge a-lactalbumin was
2.03 in the absence of orosomucoid, while this ratio
increased to 5.20 in the presence of orosomucoid.

Comparison of Permeability of bEnd3 Monolayer
and that of Pial Microvessels to Neutral Solutes

Figure 4 compares the permeability of bEnd3
monolayer to various sized neutral solutes, NaF,
dextran-4k, dextran-20k, and dextran-70k (diamonds),
with that of intact rat pial microvessels to the same
solutes (squares).47 The ratios of permeability of bEnd 3
(PbEnd3) to that of pial microvessels (Ppia) are 3.0, 3.6,
3.8 and 3.4-fold, correspondingly, to NaF, dextran-4k,
dextran-20k, and dextran-70k. This range of PbEnd3 to
Ppia is much smaller than that of Pmesentery (measured
in intact rat mesenteric microvessels) to Ppia, which is
from 6 to 11-fold for the similar sized solutes.19,47

TABLE 1. Measured and corrected permeability (P) of bEnd3 monolayer to neutral solutes.

Solutes MW Stokes radius (nm)

P (910�6 cm/s),

measured (±SE, n = 6)

P (9 10�6 cm/s),

corrected (±SE, n = 6)

NaF 376 0.45 5.70 (±0.66) 7.24 (±0.84)

Dex4k 4000 1.4 2.38 (±0.35) 2.91 (±0.43)

Dex20k 20000 2.4 0.77 (±0.15) 0.80 (±0.16)

Dex70k 70000 3.6 0.42 (±0.15) 0.44 (±0.16)

TABLE 2. Measured and corrected permeability (P) of bEnd3 monolayer to charged solutes.

Solutes MW

Stokes

radius (nm)

Solution

in Transwell

P (910�6 cm/s),

measured (±SE)

P (910�6 cm/s),

corrected (±SE)

Ribonuclease 13,683 2.0 BSA 1.97 (±0.56)

n = 6

2.21 (±0.63)

n = 6

Orosomucoid 3.24 (±0.59)

n = 9

3.95 (±0.72)

n = 9

a-Lactalbumin 14,176 2.01 BSA 1.03 (±0.60)

n = 9

1.09 (±0.64)

n = 9

Orosomucoid 0.73 (±0.26)

n = 9

0.76 (±0.27)

n = 9
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FIGURE 4. Comparison of the permeability of bEnd3 mono-
layer (u) to that of intact rat pial microvessel (j) to sodium
fluorescein, dextran-4k, dextran-20k, and dextran-70k. Values
were plotted as mean 6 SD. * p < 0.001.
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Therefore, our results indicate that the bEnd3 mono-
layer carries the low solute permeability character of
the BBB and thus can be a fairly good in vitro model
for studying solute transport across the BBB.

Determination of Surface Glycocalyx Layer (SGL)
Thickness Lf of bEnd3 Monolayer

In order to predict the thickness of the SGL (Lf) of
bEnd3 monolayer, we have measured the solute per-
meability of the monolayer to four neutral solutes with
characteristic sizes: sodium fluorescein (Stokes radius =

0.45 nm), dextran-4k (Stokes radius = 1.4 nm), dex-
tran-20k (Stokes radius = 2.3 nm), and dextran-70k
(radius = 3.5 nm). We also used a modified theoretical
model from Fu et al.18 to predict the Lf using the ana-
tomical parameters of bEnd3 monolayer, either mea-
sured in the current study or from the literature. Table 3
summarizes the values for these parameters. The model
geometry is shown in Fig. 1. The lines in Fig. 5 show the
model predictions of the permeability to these four
solutes as a function of Lf, while the filled circles

represent the experimental results. From Fig. 5, we can
see that for the best fit to the measured P to NaF, the
thickness of the SGL, Lf, would be 215 nm, ranging
from 195 to 260 nm when considering the deviation in
themeasured data; forDextran-4k,Lfwould be 140 nm,
ranging from 110 to 160 nm; for Dextran-20k, Lfwould
be 200 nm, ranging from 150 to 260 nm; for Dextran-
70k, Lf would be 100 nm, ranging from 85 to 180 nm.
Overall, to account for the measured permeability data
for all four solutes, Lf would be 163 ± 57 nm, which is
comparable to those found in the peripheral and cere-
bral microvessels.1,5

Comparison of Permeability of bEnd3 Monolayer
and that of Pial Microvessels to Charged Solutes

Previously in vivo study has demonstrated that the
charge carried by the SGL of the cerebral endothelium
plays an important role in modulating the permeability
of the BBB to charged solutes.46 In the present study,
we examined whether or not bEnd3 monolayer carries
significant charge and has effect on the transport of
charged solutes. If it does, how much is the charge
density of the SGL of bEnd3 monolayer? Can the
plasma glycoprotein, orosomucoid, modulate its per-
meability to charged solutes by adding the charge to
the SGL, as it has been observed in the endothelium of
the intact BBB?46 To answer these questions, we
measured the permeability of bEnd3 monolayer to the
solutes with similar size but opposite charges: nega-
tively charged a-lactalbumin (�11) and positively
charged ribonuclease (+3) in the presence and absence
of orosomucoid. Figure 6 shows our results. The ratio
of Pribonuclease to Pa-lactalbumin was about 2.0 in the
absence of orosomucoid, which was less than that, 4.4,
found in intact pial microvessels.46 The difference is

TABLE 3. Anatomical parameters of bEnd3 monolayer
in the model.

Fiber radius of surface glycocalyx layer34,38 (rf) 6 nm

Gap spacing between fibers of glycocalyx34,38 (D) 8 nm

Thickness of endothelial cells37 (L) 700 nm

Distance between the junction strand and

the front of the cleft17,37 (L1)

350 nm

Width of inter-endothelial cleft4 (2B) 18 nm

Width of the small slit of the junction

strand5,12 (2Bs)

8 nm

Thickness of tight junction strand4 (Ljun) 11 nm

Width of endothelial cells (measured in the present

study) (2D)

20 lm

Total cleft length per unit endothelial monolayer

surface area (measured in the present study) (Ljt)

603 cm/cm2
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FIGURE 5. The permeability of bEnd3 monolayer to four
different sized solutes as a function of the thickness of SGL,
Lf, of the monolayer. The lines represent model predictions,
and experimental results (circles) were plotted as mean 6 SD.
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partially due to the additional negative charge carried
by the basement membrane sandwiched between the
endothelium and the wrapping astrocytes of the intact
BBB.14,22,27,30 In the presence of orosomucoid, the
ratio of Pribonuclease to Pa-lactalbumin was increased to
5.2, which is smaller than that measured in rat pial
microvessels for the same reason as in the absence of
orosomucoid.

Determination of Surface Glycocalyx Layer (SGL)
Charge Density Cmf of bEnd3 Monolayer

In order to estimate the charge density of the SGL,
Cmf, of the bEnd3 monolayer, we combined the mea-
sured permeability of bEnd3 monolayer to negatively
charged a-lactalbumin (�11) and positively charged
ribonuclease (+3) in a control solution of 10 mg/mL
BSA-Ringer, with predictions from an electro-
diffusion model modified from Fu et al.18 using ana-
tomical parameters of the bEnd3 monolayer (Table 3)
and the SGL thickness Lf found from the previous
section. The solid line in Fig. 7 shows our model pre-
diction for the ratio of the permeability of the bEnd3
monolayer to ribonuclease to that to a-lactalbumin as
a function of the SGL charge density Cmf. The squares
represent the measured permeability in the presence
and absence of orosomucoid. To account for the
measured ratio of Pribonuclease to Pa-lactalbumin of 2.0 in
the absence of orosomucoid, Cmf would be 24 mEq/L,
which is comparable to that of the SGL, ~30 mEq/L,
at the endothelium of the intact pial microvessel.46

Modulation of Permeability of bEnd3 Monolayer
to Charged Solutes by Orosomucoid

Our recent study46 demonstrated that the charge
density of SGL of the intact pial microvessel increases
from ~30 mEq/L in the absence of orosomucoid, to
~80 mEq/L in the presence of orosomucoid, by roughly
2.7-fold increase, in order to account for the increased
ratio of Pribonuclease to Pa-lactablumin under the oroso-
mucoid treatment. For this in vitroBBBmodel of bEnd3
monolayer, our model (the line in Fig. 7) predicted that
the charge density of the SGL Cmf would increase from
~25 mEq/L in the absence of orosomucoid to ~50 mEq/
L in the presence of orosomucoid, by approximately
2-fold increase, in order to account for the measured
ratios, the open square for the control and the solid
square for the orosomucoid treatment. Although this
increase ratio is slightly less than that in the intact pial
microvessel, the added charge by orosomucoid to the
SGL of bEnd3 is significant and it substantially modu-
lates the transport of charged solutes.

Comparison of Permeability of bEnd3 Monolayer
and that of Rat Pial Microvessels to QAbCD

Nanoparticles

We measured the permeability of both bEnd3
monolayer and rat pial microvessels to QAbCD
nanoparticles, designed as carriers for drug delivery to
the central nervous system, to examine whether bEnd3
monolayer is a good in vitro model for transport study
of drug carriers. The method for permeability mea-
surement on rat pial microvessels has been published in
our previous studies.39,40 The permeability of bEnd3
monolayer and that of rat pial microvessels to QAbCD
nanoparticles are summarized in Fig. 8. Each QAbCD
sample is denoted as 1-W-N, where W and N represent
the feeding molar ratios of choline and epichlorohy-
drin to b-CD, respectively.20 Sample 1-15-0.5 has a

0.1

1

10

100

0 20 40 60 80 100 120

P
 ri

b
o

n
u

cl
ea

se
 /P

 
-l

ac
ta

lb
u

m
in

Cmf (mEq/l)

Model Prediction

Expt. data (BSA)

Expt. data (ORO)

FIGURE 7. The ratio of Pribonuclease to Pa-lactalbumin as a func-
tion of charge density of SGL (Cmf) of bEnd3 monolayer. The
solid line represents the model prediction. The open square
represents the measured ratio in 10 mg/mL BSA-Ringer
(BSA), while the solid square represents the measured ratio in
1 mg/mL orosomucoid in BSA-Ringer (ORO). Experimental
data were plotted as mean 6 SD.

0

1

2

3

4

5

6

1-15-0.5 1-15-4 1-15-6

P
er

m
ea

b
ili

ty
 (

x 
10

-6
 c

m
/s

) Pial microvessel b.End3 monolayer

FIGURE 8. Comparison of the permeability of bEnd3 mono-
layer and that of rat pial microvessels to three samples of
QAbCD nanoparticles. The values were plotted as mean 6 SD.

Surface Charge of bEnd3 Monolayer



zeta potential of -11.8 (f)c/mV, while sample 1-15-4
and sample 1-15-6 have zeta potential of 6 and 14 (f)c/
mV, respectively. Gil et al.20 used the dynamic light
scattering instrument to measure the QAbCD nano-
particles at 50 mg/mL, pH 7.4 and 37 �C. The corre-
sponding sizes were: 1-15-0.5: 77.3 ± 4.1 (nm); 1-15-4:
65.3 ± 4.3 (nm); 1-15-6: 88.0 ± 3.8 (nm). They did not
find particle aggregation at this concentration. When
measuring the permeability, we diluted the nanoparti-
cles to 100 lg/mL and the aggregation was unlikely.
The permeability of bEnd3 monolayer to sample 1-15-0.5,
1-15-4, and 1-15-6 was 2.17 (±0.66, SD, n = 6) 9 10�6

cm/s, 3.60 (±1.40, SD, n = 6) 9 10�6 cm/s, and 3.27
(±1.58, SD, n = 6) 9 10�6 cm/s, respectively, while
that of rat pial microvessels was 2.34 (±0.70, SD,
n = 9) 9 10�6 cm/s, 2.71 (±0.58, SD, n = 13) 9 10�6

cm/s, and 2.83 (±0.64, SD, n = 11) 9 10�6 cm/s,
respectively. The permeability of bEnd3 monolayer to
each QAbCD nanoparticle shows no significantly dif-
ference from that of rat pial microvessels (p> 0.05).
The permeability of bEnd3 monolayer to neutral
Dextran-4k was 2.91 9 10�6 cm/s, which is slightly
larger than that of the negatively charged 1-15-0.5, but
smaller than that of positively charged 1-15-4, and
1-15-6. In contrast, the permeability of pial microves-
sels to neutral Dextran-4k was 0.92 9 10�6 cm/s,46

which is roughly 1/3 of its permeability to these
nanoparticles.

Because the endothelium of the BBB is wrapped by
the basement membrane and astrocyte-foot processes,
the resistance of the BBB would be larger for both
paracellular and transcellular transport than that of
the endothelium alone. That the permeability of the
BBB to small molecule Dextran-4k is only 1/3 of that
to the much larger nanoparticles suggests that instead
of going through a paracellular pathway like Dextran-4k,
these nanoparticles would go through a transcellular
pathway across the BBB. In addition, there is no sig-
nificant difference between the permeability of bEnd3
monolayer and that of pial microvessels to the QAbCD
nanoparticles. This implies that the trans-endothelial
resistance is dominant in the nanoparticle transport
across the BBB.

Future Studies

The TEER (transendothelial electric resistance)
reflects the ion permeability of the endothelial layer. We
measured the TEER of the bEnd3 monolayer (cultured
for 4–5 days), which was 23.6 ± 2.7 Xcm2 (SD,
n = 7). This value is much smaller than ~1800 Xcm2,
the in vivo value for rat cerebral microvessels.10 Koto
et al.25 measured the TEER of bEnd3 monolayer from
1 to 11 days after confluence (or 3–13 days of cell
seeding). They found that the TEER increased with

days of culture, reaching the maximum of ~110 Xcm2

at day 8, and decreased afterwards. Compared to the
in vivo TEER data, bEnd3 is not a good model for
studying ion permeability. Contact co-culture with
glial cells may be a good candidate since its TEER can
reach ~1000 Xcm2.28 However, for the transport of
larger molecules compared to ions, the resistance from
the surface glycocalyx would be larger than that from
the tight junction pores. Therefore, bEnd3 monolayer
can serve as a fairly good in vitro model for investi-
gating transport of relatively large molecules.

A recent study by Potter and Damiano34 showed
that the SGL was not present in in vitro assays of
BAECs or HUVECs cultured in 100 to 150 lm chan-
nels in collagen gels. There is also ample evidence from
other studies that a substantial SGL exists in vitro
depending on the culture conditions.6,40–42 Under our
culture conditions for bEnd3 cells, we tested the SGL
as a functional transport barrier. To confirm its
structural properties, we will perform immunostaining
to relevant SGL components and confocal microscopy
in the future.

In summary, the cultured cell monolayer of the
immortalized mouse brain cell line, bEnd3, is able to
maintain many characteristics of the BBB: low (para-
cellular) permeability to various sized solutes, sug-
gesting fairly well-formed tight junctions; comparable
thickness and the charge density of the SGL to that of
the intact BBB endothelium; the charge of SGL can be
modulated by orosomucoid in a similar way as in the
intact BBB; demonstrating transcellular transport of
large nanoparticles as observed in the intact BBB.
Overall, the bEnd3 monolayer is a fairly good in vitro
model for studying the solute and particle transport
across the BBB.
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