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ABSTRACT: Diﬀerent types of in vitro blood−brain barrier
(BBB) models have been constructed and applied for drug
transport to evaluate the eﬃcacy of nanocarrier-based drug
delivery. However, the eﬀectiveness of diﬀerent types of BBB
models has not been reported. In this paper, we developed
two types of in vitro models: a one-cell type BBB model
developed using only endothelial cells and a three-cell type
BBB model obtained by coculturing endothelial, pericyte, and
astrocyte cells. The nanoparticle transport mechanisms
through the BBB and transport eﬃciencies of the
Lactoferrin-attached silica nanoparticles were studied using
both types of the in vitro BBB models. Compared with the
one-cell type model, the PSi-Lf NPs exhibit relatively lower transport eﬃciency across the three-cell type BBB model. However,
the eﬀects of the nanoparticle size on the transport eﬃcacies are consistent for both models. For both types of BBB models, the
transport eﬃcacies of the NPs are size-dependent, and the highest eﬃcacies are achieved for PSi-Lf NPs with 25 nm in diameter.
Our experimental results indicate that the one-cell type and three-cell type BBB models are equivalent for evaluating and
optimizing nanoparticle transport across the BBB.
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INTRODUCTION
The blood−brain barrier (BBB) is a fundamental structure for
precise regulation of biomolecule transportation between the
blood and the central nervous system (CNS).1−3 Generally, it
is composed of various brain endothelial cells. These cells
express the low amount of leukocyte binding molecules and are
capable of forming tight junctions, which limits the paracellular
transportation.4 Only several drug molecules or protein-based
therapeutics could transport through the BBB freely.5 This is
because of the defense mechanism of the BBB, which protects
the brain from the environmental invasion.6,7 On the other
hand, it often obstructs the delivery of brain therapeutic drugs
for neurological disease treatment. Therefore, great eﬀorts have
been devoted to develop novel nanocarriers for direct brain
drug delivery and improve the prognosis of patients with CNS
diseases.
For nanocarrier-based targeted drug delivery, it is crucial to
construct an in vitro model of the BBB biological system for
studying the interaction between nanocarriers and the BBB.
Nowadays, various kinds of in vitro BBB have been developed
by culturing brain cells to understand the biological
mechanisms of the BBB and evaluate the performance of
nanocarriers.8−10 These BBB models are usually formed using
a transwell apparatus to separate the luminal side from the
abluminal side.11
The most common model is based on growing a monolayer
of BCECs on the transwell membranes (Figure 1a).12 The one© 2019 American Chemical Society

cell type BBB model can be obtained with a relatively simple
procedure and low cost.10 However, this type of in vitro model
is a simpliﬁed version of real BBB structure. In human and
animal brains, the BBB is formed from the brain pericyte and
astrocyte cells in addition to endothelial cells. Some
researchers have developed in vitro BBB models by coculturing
three types of cells (Figure 1d) to mimic the human
brain.13−16 These works demonstrated that the addition of
astrocyte cells could induce more stringent interendothelial
tight junctions which improves the overall expression of
proprietary BBB features. The three-cell type BBB models can
better mimic the BBBs in brains.12 Despite the clear
advancement in the three-cell type BBB models, these systems
suﬀer from some disadvantages, including being expensive, and
the quality of the three-cell type BBB model is more diﬃcult to
control.
In this paper, we developed two types of in vitro BBB
models: one-cell type formed using only BCECs and three-cell
type syngeneic BBB model obtained by coculturing BCECs,
pericyte, and astrocyte cells. Transport of silicon nanoparticles
(Si NPs) is studied through these BBB models. Since BBB
endothelial cells carry a number of receptors, various ligands
have been successfully used to help to transport drugs through
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Figure 1. (a) Schematic of the one-cell type BBB model. (b) Microscopy image of the brain endothelial cells grown on the transwell membrane
after day 13. (c) Immunoﬂuorescence of membrane proteins (Claudin-5) for the one-cell type BBB model. Scale bar 20 μm. (d) Schematic of the
three-cell type BBB model. (e) Photograph of a three-cell type BBB model. Reproduced with permission from ref 16. Copyright 2017, American
Chemical Society. (f) Immunoﬂuorescence of membrane proteins (Claudin-5) on a three-cell type BBB model. Scale bar 20 μm.
pericytes, and astrocytes on transwell membranes,16 which was stored
at −80 °C and can be used during one month. According to the
protocol, the BBB kit has to be thawed and activated before use. The
medium was defrozen in a 37 °C water bath and quickly added to the
brain-side chamber and blood-side chamber. Next the BBB kit was
placed in the incubator, and the medium was changed every day. After
4 days of incubation, the kit was functionally active.
Measurement of trans-Endothelial Electrical Resistance of
BBB Models. The trans-endothelial electrical resistance (TEER) can
be determined according to our previous study.16 Brieﬂy, an EVOM
voltammeter with two probes was placed at both sides of the
transwells. The relative resistance value was recorded as follows

the BBB research.23−25 Among them, lactoferrin (Lfs) is a
mammalian cationic iron-binding glycoprotein belonging to
the transferrin (Tf) family, which can bind the lactoferrin
receptor on the BBB to transport across the BBB.22
Lactoferrin-attached silica nanoparticles were used to evaluate
these diﬀerent BBB models. By using a combination of
ﬂuorescence imaging and permeability assay, we characterized
the spatiotemporal behavior of lactoferrin-attached Si NPs
transcytosis through diﬀerent BBBs and identiﬁed relevant
eﬃciencies. The results showed that NPs exhibited relatively
lower transport eﬃciency across the three-cell type BBB
system. However, the eﬀects of the NP sizes on the transport
eﬃcacies were consistent for diﬀerent models. It indicated that
both types of BBB models were equally eﬀective to optimize
and select nanocarriers.

■

TEER = (RA − R Z) × area

(1)

where RA and RZ represent the relative resistance value and resistance
of medium alone, respectively.
Transport Eﬃciency of Nanoparticles across BBB Models.
The transport eﬃciency of PSi NPs or PSi-Lf NPs was calculated
according to our previous study.16 Brieﬂy, the media containing PSi
NPs and PSi-Lf NPs were incubated in the two BBB models for 12 h.
Then, the medium was collected from the basolateral side, and the
ﬂuorescence intensity was recorded using ﬂuorescence spectrometry.
The transport eﬃciency of NPs could be determined according to this
equation

EXPERIMENTAL SECTION

Preparation of NPs. Silica nanoparticles (Si NPs) were
synthesized according to the previous work.16 Brieﬂy, 7.5 mL of
cyclohexane was mixed with Triton X-100 (1.8 mL) and n-hexanol
(1.6 mL). For synthesis of diﬀerent sizes of Si NPs, diﬀerent amounts
of DI water (160, 400, and 1120 μL) were added and stirred for
another 20 min. Then, 80 μL of Rubpy dye (0.1 M) was injected
slowly. After stirring for 5 min, 200 μL of tetraethyl orthosilicate
(TEOS) and 100 μL of NH4OH were injected. After 24 h incubation,
the Si NPs were washed with DI water 3 times. Then the polyethylene
glycol (PEG) labeled Si NPs (PSi NPs) and lactoferrin (Lf) attached
PEG labeled Si NPs (PSi-Lf NPs) were synthesized according to a
previous report.16
Construction of BBB Models. In this study, the one-cell type in
vitro BBB model was formed according to a previous work.17 This
BBB model is developed by culturing the bEnd.3 endothelial cell line
on the transwell membrane of microplate wells. Brieﬂy, bEnd.3
endothelial cells were incubated on the transwell (0.4 μm pore size)
with DMEM medium. Cells were grown for 13 days with changing
medium every day until a compact monolayer was formed on the
transwell. On the other hand, the three-cell type in vitro BBB model
was purchased from PharmaCo-Cell Co. Ltd. (Nagasaki, Japan,
http://www.pharmacocell.co.jp/, BBB kit (RBT-24H)). This BBB kit
was developed by coculturing primary wistar rat BCECs, brain

transport efficiency (%) =

(Ib − Ic)
× 100%
(It − Ic)

(2)

where Ib and It represent the collective ﬂuorescence intensity in the
basolateral side and the original medium containing PSi NPs in the
apical side. Ic is calculated from autoﬂuorescence of control.

■

RESULTS AND DISCUSSION
Characterization of BBB Models. As shown in Figure 1b,
the brain endothelial cells, in the one-cell type BBB model,
formed tight junctions with spindle-shaped optical morphology
after 13 days of culture. The trans-endothelial electrical
resistance (TEER) value is used to estimate the tightness of
the BBB model. Usually, the TEER value is related with the
permeability of the intercellular molecule across the BBB.18
The strong tight junctions might eliminate all intercellular
1051

DOI: 10.1021/acsabm.8b00654
ACS Appl. Bio Mater. 2019, 2, 1050−1055

Article

ACS Applied Bio Materials

Characterization of Nanoparticles. In Figure 3a−c, the
TEM images show that PSi NPs with diﬀerent diameters can
be successfully synthesized. The average diameter of PSi NPs is
presented in the size distribution histogram (Figure 3d−f). In
addition, the cytotoxicity of these NPs was evaluated. As
shown in Figure 4, more than 90% cell viability on the bEnd.3

transport mechanisms, which can result in extremely high
electric resistance.19 Previous works have demonstrated that
incubation of endothelial cells on transwell could achieve a
TEER value of ∼200 Ω cm2 within 12 days.20 In this study, a
TEER value of ∼225 Ω cm2 was obtained after 13 days of
incubation for the one-cell type BBB model, indicating that this
BBB model was suitable for in vitro study of the permeability
assay (Figure 2). The TEER value of the BBB model formed

Figure 2. Measured TEER values of two types of BBB models. Black:
one-cell type BBB model. Red: three-cell type BBB model. The date
of TEER values of three-cell type BBB model is reproduced with
permission from ref 16.

Figure 4. Cellular cytotoxicity assessment of bare PSi and lactoferrinbound PSi nanoparticles on a one-cell type BBB model.

cell can be achieved after incubation with PSi NPs or PSi-Lf
NPs with various concentrations for 24 h, indicating negligible
cytotoxicity for these NPs.
Transcytosis Mechanism for Diﬀerent BBB Models. In
earlier work,16 we have studied the mechanism of intercellular
transcytosis in the three-cell type BBB model. Brieﬂy, we have
demonstrated the transport pathway of PSi-Lf NPs during the
transcytosis. The three-cell type BBB models were ﬁrst

from three types of cells is also larger than 200 Ω cm2.21 The
immunostaining of the relative protein (Claudin-5) on one-cell
type and three-cell type BBB models, as shown in Figure 1c
and 1f, showed that the endothelial cells formed spindle-like
junctions for both models.

Figure 3. TEM images of (A) 100 nm, (B) 50 nm, and (C) 25 nm diameter PEG-labeled silicon nanoparticles (PSi NPs). Size distribution for (D)
100 nm, (E) 50 nm, and (F) 25 nm diameter PSi NPs.
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Figure 5. (a) Representative 3D confocal image showed colocalization of PSi-Lf NPs (red) and EE marker Rab-5 (green) on the one-cell type BBB
model. (b) Co-localization study of PSi-Lf NPs (red) with LE marker Rab-7a (green) on the one-cell type BBB model. (c) Z-stacks reconstructed
into 3D images of colocalization proﬁles of PSi-Lf NPs (red) with Lyso-Tracker (green) on the one-cell type BBB model. (d) Co-localization study
of PSi-Lf NPs (red) with Actin (green) on the three-cell type BBB model. Reproduced with permission from ref 16. Scale bar: 10 μm.

In addition, the confocal laser scanning microscopy (CLSM)
image has shown less colocalization of the PSi-Lf NPs with
lysosome trackers (Figure 5c). They indicated that the
transcellular mechanism of NPs on the one-cell BBB model
is similar to that found in the three-cell type model.
Transport Eﬃciencies of Nanoparticle Across Diﬀerent BBB Models. As shown in Figure 6, the transport

incubated with transferrin (Tf). Figure S1a shows that
endothelial cells can uptake transferrin-bound PSi-Lf NPs
indicating the entry of PSi-Lf NPs through the endocytosis.
After the BBB was stained with Rab 5/Rab 7, it was further
incubated with PSi-Lf NPs. As shown in Figure S2a and S2b,
the PSi-Lf NPs demonstrated less colocalization with early
endosomes (EEs) and late endosomes (LEs), indicating the
NPs traﬃcked backward from the EEs and LEs during the
endocytosis. However, the PSi-Lf NPs showed high colocalization in the sorting endosomes (SEs) as seen in Figure S1b and
S1d. Besides, the CLSM imaging indicated the colocalization
of PSi-Lf NPs with the Actin network after 4 h of incubation,
implying that Actin is required for eﬃcient transcytosis and
delivery in apical recycling pathways (Figure 5d). In addition,
the PSi-Lf NP-containing compartment also showed less
colocalization with lysosomes (Figure S1c and S1d), which
indicated that the endocytosis of PSi-Lf NPs will not involve
the lysosome pathway. Z-stacks reconstructed CLSM imaging,
further showing transcellular movement across the BBB
monolayer (Figure S2c).
In this work, we studied whether PSi-Lf NPs penetrating the
one-cell BBB model exhibited the same traﬃcking pathway and
transcytosis mechanism that was observed in the three-cell
cocultured BBB model. To do so, we treated the one-cell BBB
model with multiplex endocytic markers. As shown in Figure 5,
the PSi-Lf NPs can colocate with the EEs after 1 h of
incubation (Figure 5a) but show low colocalization with LEs
after 2 h of incubation (Figure 5b), indicating PSi-Lf NPs
traﬃcked out from EEs. Compartments containing PSi-Lf NPs
were conﬁrmed to have a low degree of association with LEs.

Figure 6. Transport eﬃciencies of PSi-Lf NPs across one-cell type
and three-cells type BBB models. The date of transport eﬃciencies of
PSi-Lf NPs across three-cell type BBB model is reproduced with
permission from ref 16.
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eﬃciency of the three-cell type BBB model demonstrated a
particle size dependent transport behavior. The maximum
transport eﬃciency was achieved for 25 nm PSi-Lf NPs among
diﬀerent NPs studied here (Figure 6). In the one-cell type BBB
model, the 25 nm PSi-Lf NPs also achieved the highest
eﬃciency (38%), which was 1.8-fold higher than that achieved
in the three-cell type BBB model. In addition, as shown in
Figure 7, the red color intensity in the BBB incubated with 25
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Figure 7. Confocal ﬂuorescence images of the one-cell type BBB
model in vitro with NPs for 2 h.
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nm PSi-Lf NPs is stronger than others (50 and 100 nm),
indicating that NPs with such size achieved the most eﬀective
uptake by the endothelial cell. It is important to note that after
conjugation of Lf with PSi NPs the intensity of red
ﬂuorescence in the one-cell type BBB model was strongly
enhanced. The aforementioned results conclude that transport
behavior of PSi-Lf NPs for the one-cell type BBB model is also
size- and ligand-dependent.
Overall, the three-cell type BBB model showed a lower
permeability for NPs compared with the one-cell type BBB
model. This phenomenon might be caused by the more
complex astrocyte interaction and protein expression in the
three-cell type BBB model. However, our results also indicate
that the size-dependent nanoparticle transport trend remains
the same for both BBB models. Thus, the one-cell type and
three-cell type BBB models are equivalent for evaluating and
optimizing NPs across the BBB. Considering the low cost and
the simplicity of the construction procedure, the one-cell type
BBB model is more favorable for high-throughput drug
permeability test and ligand binding aﬃnity measurement.
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