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A B S T R A C T

The blood-brain barrier (BBB), a selective barrier regulating the active and passive transport of solutes in the
extracellular fluid of the central nervous system, prevents the delivery of therapeutics for brain disorders. The BBB
is composed of brain microvascular endothelial cells (BMEC), pericytes and astrocytes. Current in vitro BBB
models cannot reproduce the human structural complexity of the brain microvasculature, and thus their functions
are not enough for drug assessments. In this study, we developed a 3D self-assembled microvascular network
formed by BMEC covered by pericytes and astrocyte end feet. It exhibited perfusable microvasculature due to the
presence of capillary opening ends on the bottom of the hydrogel. It also demonstrated size-selective permeation
of different molecular weights of fluorescent-labeled dextran, as similarly reported for in vivo rodent brain,
suggesting the same permeability with actual in vivo brain. The activity of P-glycoprotein efflux pump was
confirmed using the substrate Rhodamine 123. Finally, the functionality of the receptor-mediated transcytosis,
one of the main routes for drug delivery of large molecules into the brain, could be validated using transferrin
receptor (TfR) with confocal imaging, competition assays and permeability assays. Efficient permeability coeffi-
cient (Pe) value of transportable anti-TfR antibody (MEM-189) was seven-fold higher than those of isotype
antibody (IgG1) and low transportable anti-TfR antibody (13E4), suggesting a higher TfR transport function than
previous reports. The BBB model with capillary openings could thus be a valuable tool for the screening of
therapeutics that can be transported across the BBB, including those using TfR-mediated transport.
MP and DK carried out the experiments. MP and DK wrote and edited
the manuscript. MP, DK, TF, YSM, KK, KS, MM contributed to the design
and implementation of the research and to the analysis of the results. All
authors have seen and approved the final manuscript.

1. Introduction

The blood-brain barrier (BBB) represents a physical and metabolic
barrier that separates the periphery from the central nervous system
(CNS). The BBB comprises brain microvascular endothelial cells (BMEC)
unsheathed by pericytes and astrocytes [1]. The maintenance of brain
homeostasis is ensured by the presence of adherens and tight junctions,
efflux systems and specific transporters expressed by BMEC. By strictly
regulating the passage of solutes, the BBB also represents a major hurdle
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for the delivery of many drugs into the extracellular fluid of the CNS. This
low penetration of drugs across the BBB limits the development of suc-
cessful drugs for treating CNS-related diseases [2]. The
receptor-mediated transcytosis (RMT) has attracted interest for phar-
maceutical companies since it can improve transport efficiency of large
molecules, like antibody-drug conjugates, in a non-invasive manner. The
RMT is indeed naturally present at the brain endothelium for enabling
the delivery of macromolecules necessary for the maintenance of brain
function [3,4]. Antibodies or peptide ligands which bind RMT receptors
can be grafted on drug delivery systems (DDS) for enabling their brain
accumulation [5–8]. The properties of these DDS (i.e. affinity, specificity,
valency) need however to be optimized to generate therapeutics with
high transportability across the BBB. A fully human BBB model would be
helpful to study the mechanisms of drug transportation and screen them
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based on their permeation efficiency into the brain.
Several in vitro BBB models have been implemented to optimize the

design of new therapies and drug delivery systems. For several decades,
transwell assays have been extensively used to predict drug permeability
by co-culturing a monolayer of BMEC with pericytes and/or astrocytes.
Each cell type can be physically separated by attaching them on both
sides of the transwell or on the bottom of the well plate [9]. Although this
system represents a cost-effective and reproducible method, it fails to
accurately mimic some important BBB features and extracellular matrix
(ECM) microenvironment. The two-dimensional configuration and the
presence of artificial polyester membrane reduce the possibility of the
three cell types of the BBB to communicate directly and make physical
contact with each other [10,11]. The lack of exposure of endothelial cells
to the physiological mechanical forces such as shear stress also prevent
the induction of a BBB phenotype in BMEC [12]. Alternatively, micro-
fluidic platforms have recently emerged to address these issues by of-
fering a closer representation of the in vivo microenvironment. These
“organ-on-chip” BBB models can reproduce a 3D multicellular configu-
ration by co-culture of several types of BBB cells, physiochemical
microenvironment, vascular perfusion under physiological shear stress
[13]. For example, systems of perfused vessels in co-culture with sup-
porting cells were engineered [14,15]. However, no direct cell-cell con-
tact was possible between the endothelial cells and the supporting cells
since they were physically separated by an acellular collagen type I gel or
polycarbonate membrane. It is however known that a direct contact
between vascular network and astrocytes is important to achieve a sig-
nificant reduction in paracellular transport of models compounds as
compared monoculture and indirect coculture [16–18]. Additionally, the
assembly of microfluidic models is difficult and expensive due to the
multi-step preparation and specific equipment required [14,19].
Furthermore, some of these models have a large vessel diameter
(~600–800 μm) [14,20], which is much higher than the actual in vivo

dimensions of the human BBB vasculature, composed of arterioles and
venules (10–90 μm diameter) and capillaries (7–10 μm diameter) [21].
As these models cannot effectively recapitulate BBB microvasculature
morphology, it may lead to an inaccurate reproduction of the blood flow
and transport exchange events occurring in brain capillaries. Although
this diameter could be greatly reduced below 30 μm of outer diameter in
self-organization models [16,19,22], the “brain” side remains not easily
accessible for the sample collection and in-depth composition analysis
after transport assays.

The validation of a BBB model usually relies on the assessment of
barrier integrity and functionality of specific transport systems. It can
respectively be checked by measuring the permeability of the dextran or
specific substrates. The size-permeability of different molecular weight of
dextran is often investigated in most BBB models to demonstrate the low
paracellular transport [13,15,19]. Only few studies however demonstrate
the functionality of specific transporters such as the transferrin receptor
(TfR) [14,23], known to use the RMT pathway. For example, Wevers
et al. investigated the functionality of the TfR by comparing the trans-
cytosis ability of the anti-TfR antibody MEM-189 and control antibody
IgG1 [14], with only a two-fold difference was observed. The function-
ality of the TfR in this model may be not sufficient to distinguish “hit”
compounds from other candidates when performing high-throughput
screening by transport assays. Therefore, a 3D BBB model displaying
higher discrimination of candidate molecules based on their
TfR-mediated transport efficiency is expected to improve the sensitivity
of the drug screening assays. To perform permeability assays, dextran or
other tested compound require the capillaries to have an open end to
perfuse molecules inside the capillary lumen. These techniques cannot
however be performed in our previously reported 3D self-organized BBB
capillary network model due to the absence of a perfusable connection
between the outside and the capillary lumen [24,25]. Controlling the
capillary organization and opening in our BBB model, as originally re-
ported in 3D blood-/lymph-capillary networks [26], would thus be
beneficial for drug transport assays.
2

In this study, we report the establishment of a 3D self-organized in

vitro model of the brain microvasculature with perfusable opening
structures. This model would not require any special equipment, and
would thus be easier and faster to set up than current microfluidic plat-
forms for high-throughput screening. This fully human 3D BBB model
recapitulates direct cell-cell interactions between BMEC, astrocytes and
pericytes. This model also demonstrates sufficiently low paracellular
permeability to enable a size-selective transport of different molecular
weight of dextran. The activity of the P-gp efflux pump was then vali-
dated using the specific substrate Rhodamine 123 which showed a
preferential transport from the “brain” side to the “blood” side. Finally,
the functionality of specific transport systems, such as the transferrin
receptor (TfR), was confirmed by competition assays using its native
ligand, transferrin, and permeability assays using TfR-targeted anti-
bodies. Permeability coefficient (Pe) value of transportable TfR antibody
(MEM-189) was 7-fold higher than the Pe value of isotype antibody
(IgG1) and low transportable antibody (13E4), suggesting a higher
functional and efficient TfR-mediated transport as compared to the other
previous reports [14]. By mimicking several features of the native BBB in
a user-friendly manner, our model shows potential to be used as a plat-
form for screening of CNS drugs transported across the BBB.

2. Materials and methods

2.1. Cell maintenance

The three cell lines used in this study have been developed and
characterized in previous studies: human brain microvascular endothe-
lial cells/conditionally immortalized clone 18 (HBEC) [27], human
astrocyte/conditionally immortalized clone 35 (HA) [28], and human
brain pericyte/conditionally immortalized clone 37 (HP) [29] were
kindly provided by Prof. Furihata from the School of Pharmacy, Tokyo
University of Pharmacy and Life Sciences (Hachioji, Tokyo, Japan). All
cells were cultured on 100 mm diameter collagen type I coated dishes
(Ref. 4020–010, Iwaki, Shizuoka, Japan) and incubated at 33 �C, 5%
CO2. All culture media were supplemented with 4 μg/mL Blasticidin S
HCl (Ref. R21001, Invitrogen, Waltham, USA) to maintain selective
pressure during routine culture. HBEC were cultured in Vasculife
(Ref. LEC-LL0005, VEGF-Mv, LifeLine, Frederick, USA) supplemented
with 0.5 mL rh FGF-b, 0.5 mL ascorbic acid, 0.5 mL hydrocortisone
hemisuccinate, 25 mL l-glutamine, 0.5 mL rh IGF-1, 0.5 mL rh EGF, 0.5
mL rh VEGF, 0.5 mL heparin sulfate, 25 mL fetal bovine serum (FBS) (kit,
LifeFactor VEGF-Mv, LifeLine, Frederick, USA), 25 mL supplementary
FBS (Gibco ThermoFisher, Waltham, USA), and 1%
penicillin-streptomycin (P/S, 10,000 U.mL-1 - 10,000 μg.mL-1, Nacalai
tesque, Kyoto, Japan). HA were cultured in Dulbecco's Modified Eagle
Medium (DMEM, Ref. 08458–16, Nacalai tesque, Kyoto, Japan), com-
plemented with 10% FBS, 1% P/S, 5 mL of N2 supplement x100 (Ref. 17,
502,048, Gibco ThermoFisher, Waltham, USA). HP were cultured in
Pericyte Medium (Ref. 1201, ScienCell Research Laboratories, Carlsbad,
USA), supplemented by 1% Pericyte Growth Supplement 100x, 10% FBS,
and 1% P/S. HA and HP were pre-differentiated at 37 �C during 3 days
prior to their use for the fabrication of the 3D model BBB model.

2.2. Fabrication of 3D BBB with open structures

The detailed method of preparation of the 3D BBB network with open
structures is summarized in Figure S1. One the first day of preparation, a
solution of 10%wt gelatin was prepared using gelatin powder (Ref
G1890, Sigma Aldrich, St. Louis, MO, USA) dissolved in PBS. This solu-
tion was first placed in warm water bath to make it completely dissolved.
450 μL of 10%wt gelatin solution was dispensed on a 24-well plate
(Ref. 3820–024, Iwaki, Shizuoka, Japan). The 24-well culture inserts
with 0.4 μm pore size (Ref. 3470, Costar, NY, USA) were placed on the
gelatin solution by taking precautions to avoid bubbles formation below
the insert. The 24-well plate was then incubated at 4 �C for 20 min to
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enable the gelation of the gelatin solution. After complete gelation, the
inserts were taken out from the gelatin mold and the culture insert
membranes was removed. The insert without membranes were plasma-
treated with a small plasma device (Ref. PM100, Yamato Scientific Co,
Ltd, Tokyo, Japan) with 40 sccm, 100 W for 1 min to make them hy-
drophilic. The plasma-treated inserts were placed back onto the gelatin
mold in the 24-well plate. The HBEC, HA and HP were harvested with a
Trypsin/EDTA solution composed of 0.25% trypsin (Ref. 209–19182,
Fujifilm Wako, Osaka, Japan) with 0.02% EDTA (Ref. E6758-500G,
Sigma Aldrich, St. Louis, MO, USA) and centrifuged at 130 g for 3 min at
room temperature. The cell pellet was resuspended in non-
complemented DMEM and cell count was performed with the
Countess™ 3 Automated Cell Counter (ThermoFisher, Waltham, USA).
For the preparation of each 3D BBB gel, 2 mg of fibrinogen (Ref. F8630-
5G, Sigma Aldrich, St. Louis, MO, USA) were dispersed in 40 μL of non-
complemented DMEM in a Eppendorf tube, while 4 � 105 HA, 2 � 105

HBEC and 2 � 105 HP, and 0.2 U thrombin (Ref. T4648-10kU, Sigma
Aldrich, St. Louis, MO, USA) were dispersed in 20 μL of non-
complemented DMEM in another Eppendorf tube. The other BBB con-
figurations were prepared in a similar manner but by omitting HP, HA
and/or HBEC inside the fibrin gel when necessary. Both solutions were
quickly mixed before depositing in cell culture inserts and incubated for
20 min at room temperature for fibrinogen gelation. The fibrins gels were
then incubated an additional 40 min at 37 �C, 5% CO2 to dissolve the
gelatin gels. After complete dissolution of the gelatin gels, 500 μL of PBS
was added into the bottom of the 24-well plates. The fibrin gels were
placed in a new well with 2.5 mL of triple media composed of Vasculife
medium, Pericyte medium, and DMEM/N2 medium (1:1:1; v:v:v), all
without Blasticidin, and incubated at 37 �C, 5% CO2 overnight.

On the next day, the insert with fibrin gel was placed upside down in a
6-well plate (Ref. 3810–006, Iwaki, Shizuoka, Japan) filled with 10 mL of
triple media. HBEC was harvested for a second seeding on the fibrin gel,
with 2 � 105 HBEC resuspended in 60 μL of triple media on top of each
fibrin gel. The gels were incubated at 37 �C, 5% CO2 to enable the
adhesion of HBEC onto the fibrin gel. After 6 h incubation, the inserts
were placed on top of 6 well culture plates thanks to a specifically
designed 24- to 6-well plate adaptor. 4 mL of triple media were addi-
tionally added and incubated at 37 �C& 5% CO2. Half of the media (7 mL
of total 14 mL) was changed every 3–4 days before the subsequent ex-
periments performed after 7 days of culture.
2.3. Immunofluorescence staining

After 7 days culture, the 3D BBB models were rinsed three times in
PBS then fixed in 4% paraformaldehyde (PFA, Fujifilm Wako, Osaka,
Japan) at room temperature (RT) for 15 min. Permeabilization was
carried out using 0.2% Triton X-100 diluted in PBS for 15 min (Sigma-
Aldrich, St. Louis, MO, USA). After PBS rinsing, blocking was performed
for 1 h at RT with 1% bovine serum albumin (BSA, Ref. A3294-50G,
Sigma-Aldrich, St. Louis, MO, USA) in PBS. The samples were incubated
with primary antibodies overnight at 4 �C: mouse anti-human CD31
antibody (Ref. NCL-CD31-1A10, Leica, Wetzlar, Germany), mouse anti-
human ZO-1 antibody (Ref. ZO1-1A12, Invitrogen, Waltham, MA, USA,
or mouse anti-human Claudin-5 antibody (Ref. 35–2500, Thermo Fisher
Scientific, Waltham, MA, USA) diluted at 1/100 in 1% BSA in PBS. After
PBS rinsing, samples were incubated for 2 h at room temperature in the
dark with secondary antibody goat anti-mouse conjugated with Alexa
Fluor 647 (Ref. A21235, Thermo Fisher Scientific, Waltham, MA, USA)
diluted at 1/100 in 1% BSA in PBS. Actin filaments were stained with
fluorescein isothiocyanate (FITC)-labeled phalloidin (Ref. ab235137,
Abcam, Cambridge, UK). The nuclei were counterstained with
Hoechst33342 (Ref. H3570, Thermo Fisher Scientific, Waltham, MA,
USA). After washing three times with PBS, the samples were observed
with confocal laser scanning microscope FluoView FV3000 (Olympus,
Tokyo, Japan) using � 10 or � 40 magnification.
3

2.4. Calculation of CD31þ surface area in the 3D BBB models

The whole insert was imaged by taking large scale pictures of the 3D
BBB models stained for CD31 using confocal laser scanning microscope
FluoView FV3000 (Olympus, Tokyo, Japan) using � 10 magnification.
Three sections of the 3D BBB gel (bottom, middle and top of the fibrin
gel) were separately imaged for three BBB gels issued from three inde-
pendent experiments. The observation settings were kept the same for
imaging the 3D BBB gels, such as the step size, the thickness of each
observed section, the exposition time and excitation power. The CD31þ

surface area was automatically generated by IMARIS software for the
three sections of the 3D BBB gels (Oxford Instruments, Abingdon, UK).
The total CD31þ surface area for each was obtained by summing the
CD31þ surface area of the three sections of the gel (bottom, middle and
top of the fibrin gel).

2.5. Leakage assay with fluorescein isothiocyanate labeled dextran

The perfusability of the open structures was assessed by adding a
solution of 1 mg/mL FITC-dextran MW 2000 kDa (Ref. FD2000S, Sigma
Aldrich, St. Louis, MO, USA) diluted in PBS in the bottom side of the
insert. After 1 h incubation at room temperature, observation by confocal
microscopy was performed by confocal laser scanning microscope Fluo-
View FV3000 (Olympus, Tokyo, Japan) using x60 magnification. This
experiment was conducted using fixed samples.

2.6. Imaging with optical coherence tomography (OCT)

The OCT system Cell3iMager Estier (SCREENHoldings Co, Ltd, Kyoto,
Japan) was used to confirm the microvasculature of the fabricated 3D
BBB model in a label-free manner [30]. After 7 days culture, the 3D BBB
model was fixed by the same method mentioned in section 2.3. After the
sample loading, the OCT imaging was performed using magnification
10x, with a scan size of 500 μm� 500 μm, a pitch of 2 μm and layer pitch
of 20 μm.The movie was created by combining the slice images from OCT
imaging.

2.7. Evaluation of the transepithelial electrical resistance

The transepithelial electrical resistance (TEER) was measured for the
fibrin gel without BBB cells and for 3D BBB model with open structures
after 7 days culture. The TEER was measured in PBS at RT using a Mil-
licell® ERS-2 Volt-Ohm Meter (Millipore, Bedford, MA, USA) equipped
with a STX01 chopstick electrode (Millipore, Bedford, MA, USA). The
TEER value was calculated from the following equation (1) [31]:

TEER ¼ ðRBBB � Ronly gelÞ x A (1)

where Ronly gel is the resistance of the fibrin gel without BBB cells; RBBB is
the resistance of the fibrin gel seeded with BBB cells, and A is the average
value of CD31þ surface area of three 3D BBB gels calculated by IMARIS
software.

2.8. Histology

After 7 days culture, the 3D BBB model with open structures were
rinsed with PBS and fixed with 4% PFA at RT for 15 min. The samples
were sent to the Applied Medical Research Company for paraffin wax
embedding, sections mounting, CD31 and hematoxylin and eosin (H&E)
staining. The sections were then observed using the FL Evos Auto mi-
croscope (Thermo Fisher, Waltham, USA).

2.9. Visualization of TfR-mediated endocytosis

The HBEC monolayer was co-incubated with 10 μg/mL Alexa Fluor
488-transferrin (AF 488-Tf, (Ref. 009-540-050, Jackson



M. Piantino et al. Materials Today Bio 15 (2022) 100324
ImmunoResearch, West Grove, PA, USA) and 10 μg/mL Alexa Fluor 647-
MEM-189 (AF 647 MEM-189, Ref. NB500-493AF647, NovusBio,
Centennial, USA) for 1 h at 37 �C, 5% CO2. The samples were then fixed
with 4% PFA and washed three times with PBS prior to the confocal
observation. Images were then taken with a confocal laser scanning mi-
croscope AX (Nikon, Tokyo, Japan).
2.10. Permeability assays

One day prior to the permeability assays, the wells of 24-well plate
were pre-incubated with 1 mL of 1% BSA (Ref. A3294, Sigma Aldrich, St.
Louis, MO, USA) in PBS overnight at 37 �C, 5% CO2 to prevent unspecific
adsorption of the tested molecules on the walls of the plate. All the
permeability assays were performed on day 7 and day 8 of culture of the
3D BBB models at 37 �C, 5% CO2 in triple media, using 1000 μL of triple
media in the bottom side and 200 μL in the top side of the inserts.

For the assessment of paracellular transport, 4 kDa (Ref. T1037,
Sigma Aldrich, St. Louis, MO, USA), 20 kDa (Ref. 73,766, Sigma Aldrich,
St. Louis, MO, USA) and 70 kDa (Ref. T1162, Sigma Aldrich, St. Louis,
MO, USA) of tetramethylrhodamine (TRITC)-labeled dextran at a final
concentration of 1 mg/mL or 10 μM Lucifer Yellow (CH, dilithium salt)
(Ref. L0259, Sigma-Aldrich, St. Louis, MO, USA) were added to the
bottom side before beginning the assay. 10 μL of the culture media was
collected in the top side of the insert at t¼ 1 h, 10 h, 24 h for the analysis.

For the evaluation of the functionality of P-glycoprotein (P-gp), the
transport of Rhodamine 123 (Ref. R302, Thermo Fisher Scientific, Wal-
tham, MA, USA) was measured for both the apical-to-basolateral side or
basolateral-to-apical side. For that, 10 μM Rhodamine 123 dissolved in
triple media was added in the bottom side (apical-to-basolateral trans-
port) or top side (basolateral-to-apical transport) of the inserts containing
the 3D BBB gels. Triple media was added in the top side (apical-to-
basolateral transport) or bottom side (basolateral-to-apical transport)
without the tested molecule. 10 μL of the culture media was collected in
the top side (apical-to-basolateral transport) or the bottom side (baso-
lateral-to-apical transport) of the insert at t ¼ 1 h, 5 h, 10 h, 24 h for the
analysis.

For the receptor-mediated transcytosis assay, 10 μg/mL Alexa Fluor
647-MEM-189 (AF 647-MEM-189, Ref. NB500-493AF647, NovusBio,
Centennial, USA), Alexa Fluor 647-13E4 (AF 647-13E4, Ref. NB100-
73092, NovusBio, Centennial, USA) or Alexa Fluor 647-immunoglobulin
G1 (AF 647-IgG1, Ref. NBP1-97005AF647, NovusBio, Centennial, USA)
was added in the bottom side of the insert during 24 h 10 μL of the culture
media was collected in the top side of the insert at t ¼ 1 h, 5 h, 10 h, 24 h
for the analysis.

For the competition binding assays to the TfR, Alexa Fluor 488-trans-
ferrin (AF 488-Tf, Ref. 009-540-050, Jackson ImmunoResearch, West
Grove, PA, USA) at a final concentration of 10 μg/mL was co-incubated
with various concentrations of unlabeled transferrin (Tf, Ref. 009-000-
050, Jackson ImmunoResearch, West Grove, PA, USA) at a final con-
centration of 0, 10 or 20 μg/mL in the bottom side of the insert. 10 μL of
the culture media was collected in the top side of the insert at t¼ 1 h, 5 h,
10 h for the analysis.

The fluorescent intensity of the tested molecules was evaluated using
Nanodrop™ fluorospectrometer (N3300, Thermo Fisher Scientific, Wal-
tham, MA, USA) from which was deduced the amount of transported
compound across the fibrin gel. The cumulative amount transported
across the membrane was plotted against time, and the slopes of the
linear regions were used to calculate the permeability coefficients, as
previously reported [32,33]:

The apparent permeability coefficient (Papp) was calculated using the
following equation (2):

Papp ¼ ðdQ=dtÞ= ðC0 x AÞ (2)

where dQ/dt is the transport rate, defined as the slope obtained from
linear regression of the transported amount, C0 is the initial
4

concentration on the donor side and A is the average value of CD31þ

surface area of the 3D BBB gel calculated by IMARIS software.
The effective permeability coefficient (Pe) of the 3D BBB gel was

calculated using the following equation (3):

PS ¼ ðdQ=dtÞ= ðD0 x A (3)

With PS, dQ/dt, and D0 being respectively the permeability surface
area product, the slope of the linear region of a plot of the amount of
permeant in the receiver chamber over time, and the initial concentration
of the tested molecule on the donor side.

1=PStotal ¼ 1=PSe þ 1=PSonly gel (4)

Pe ¼ PSe=A (5)

with PStotal and PSonly gel being respectively the permeability surface area
product corresponding to the 3D fibrin gel seeded with and without the
three types of BBB cells and PSe is the surface area product value for the
3D BBB cells. A is the average value of CD31þ surface area of the 3D BBB
gels calculated by IMARIS software.
2.11. Statistical analysis

All values are presented as means � standard deviation (SD). Statis-
tical analysis of the data was performed with Student's t-test or One-way
ANOVA using EzAnova software (Version 0.985, University of South
Carolina, Columbia, SC, USA) when more than two samples were
compared with Tukey multiple comparison post-hoc tests. Differences
were considered statistically significant when p < 0.05.

3. Results and discussion

3.1. Fabrication of a three-dimensional brain microvasculature network

model with open structures

A three-dimensional (3D) model of the 3D BBB microvascular
network was established as illustrated in Figure S1. Briefly, the HBEC, HA
and HP mixture was dispersed in the culture medium containing
thrombin. The cell suspension was mixed with fibrinogen and quickly
deposited in the 24-well insert before the formation of the fibrin gel. The
ratio of each cell type incorporated in the fibrin gel was already estab-
lished and optimized in a previous report [25]. Based on network
appreciation by confocal observations and capillary diameter and length
measurements, the best results were obtained for ratios of 1:2:0.5 HBE-
C:HA:HP. The selected cell ratio was in a similar order of magnitude than
those observed in vivo, such as 1:5:1 HBEC:HA:HP [34] or 1:0.3 HBEC:HP
[35]. The next day, a HBEC monolayer was deposited onto the bottom
side of the membrane-free insert of the fibrin gel. The expected mecha-
nism of the formation of the open structures is detailed in Fig. 1. After 7
days culture, the HBEC monolayer and the HBEC inside the fibrin gel
fused to generate a vascular network by self-organization with lumen
structures, as similarly shown in our previous works [25,36]. Several
holes, named open structures, were uniformly distributed in the entire
bottom surface of the fibrin gel (Fig. 2A, Figure S2). The confocal xz and
yz planes showed a clear organization of the HBEC as capillary-like tu-
bules with open lumen (Fig. 2B, Movie S1, S2). Moreover, the actin and
CD31 staining showed the direct cell-cell contact between HBEC, HP and
HA (Movie S2). This observation is consistent with previous studies
which demonstrated HA and HP were found in the close vicinity of the
HBEC network [24,25]. The open structures could be successfully
perfused by 2000 kDa dextran (Fig. 2C). Histological sections further
confirmed the presence of those open structures and the vascular
network inside the fibrin gel with lumen whose diameter varies from 10
to 100 μm (Fig. 2D, E, Figure S3, Movie S3). These values are close to the
dimensions of human cerebral capillaries of 7–10 μm and arterioles and



Fig. 1. Schematic illustration of the expected formation of the open structures in 3D BBB model.
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venules with a diameter size ranging from 50 to 100 μm [21]. These data
suggested the successful formation of open structures composed of BBB
microvascular network.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2022.100324.

3.2. Optimization of self-assembled microvasculature with open structures

We next wanted to understand whether there would be one specific
cell type which could more contribute for stimulating the formation of
the open structures in our model. As seen in Fig. 3A, different combi-
nations of the three BBB cell types were envisaged, with (i) only a
monolayer of HBEC on the bottom of the insert (“HBEC mono”), or in
combination with (ii) HP (“HBEC monoþ HP”), (iii) HA (“HBEC monoþ
HA”), or (iv) both HP and HA (“HBEC mono þ HP þ HA”), or (v) HA, HP
and HBEC (“HBEC mono þ HP þ HA þ HBEC”) inside the fibrin gel. The
CD31þ surface area was not significantly changed between the different
BBB models, although the highest value was obtained for “HBEC monoþ
HP þ HA þ HBEC” condition (Figure S4). Open structures were not
formed with “HBEC mono” conditions but were present in “HBEC mono
þ HP”, “HBEC mono þ HA”, “HBEC mono þ HP þ HA”, and “HBEC
monoþ HPþ HAþ HBEC” conditions, with a respective number of open
structures of 53 � 6, 131 � 8, 223 � 20 and 301 � 28 (Fig. 3A). Only a
few open structures were observed in “HBECmonoþ HP” condition. The
addition of HBEC inside the gel enabled the stabilization of a more
developed vasculature with more open structures found in “HBEC mono
þ HP þ HA þ HBEC” (Fig. 3B and C). Fewer open structures were found
in “HBEC mono þ HA” condition than with “HBEC mono þ HP þ HA þ
HBEC” (Fig. 3C). Open structures were more numerous on the bottom of
the gel for “HBEC mono þ HA” than for “HBEC mono þ HP” condition.
These results suggest HA could bemore necessary than HP to promote the
formation of the open structures in the fibrin gel. This observation is
consistent with previous report which also emphasizes the role of as-
trocytes in the improved morphology of the vascular network [19]. As-
trocytes have indeed a major role in the development andmaintenance of
BBB features in BMEC. They can secrete several growth factors, such as
vascular endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), glial cell line-derived neurotrophic factor (GDNF), or angio-
poietin 1 (ANG-1), which can stimulate vasculogenesis, the expression of
tight junctions and enzymatic systems and promote the polarization of
transporters in HBEC [18,37]. The diameter of these open structures,
5

when present, was in a similar range, independently of the cell combi-
nation inside the fibrin gels (Fig. 3C). The formation of open structures is
expected to result from the combination of biochemical and physical
effects that promotes in vitro vascularization in engineered 3D-microenvi-
ronments. The HBEC are indeed able to migrate in a 3D environment by
attaching to and degrading the surrounding ECM environment. They
migrate mainly towards the tissue surface through angiogenic processes
under the conditions that large amounts of angiogenic factors (e.g. VEGF)
are secreted by neighboring supporting cells [38]. This method enables
the 3D arrangement of HBEC that allows their encounter and connection
with each other inside the fibrin gel and with those seeded on the bottom
of the hydrogel in order to spontaneously form the HBEC capillary
network with open structures. Based on the structural evaluation of the
vascular network and the highest number of open structures, “HBEC
monoþ HP þ HAþ HBEC” was considered as the best combination after
7 days culture and was thus used for the subsequent experiments.

3.3. Evaluation of the barrier function properties

The BBB is characterized by its reduced paracellular transport, with
100% of the large molecules and 98% of small molecules which cannot
penetrate the brain [39]. Even the movement of small ions such as Naþ

and Cl� is also restricted, resulting in a high transendothelial electrical
resistance (TEER) that reach more than 1,000 Ω x cm2 [40,41]. We thus
sought to investigate if our model could reproduce this reduced para-
cellular transport in vitro. The TEER value measured in our 3D model was
about 560Ω x cm2, which is higher than the acellular fibrin gel which has
a TEER of about 51Ω x cm2 (Figure S5) and the previously reported TEER
value of 2D HBEC monolayer of about 20 Ω x cm2 [42]. Additionally, the
paracellular marker Lucifer Yellow showed an apparent permeability
coefficient value (Papp) and effective permeability coefficient value (Pe)
of 8.51 � 10�7 cm/s and 4.17 � 10�6 cm/s respectively (Fig. 4A and
Figure S6). The Papp value of Lucifer Yellow is in the same order range
(10�7 cm/s) than the in vivo permeability values measured in pial
post-capillary venules in a rodent model, reported to be around 1–2 x
10�7 cm/s [43]. Additionally, this Papp value is lower than the previously
reported values in vascular models using HUVEC or immortalized BMEC
[44,45].

The permeability of TRITC-dextran with different molecular weights
(4, 20 and 70 kDa) was also evaluated across the 3D BBB model with
open structures. As seen in Fig. 4B, the permeability of TRITC-dextran

https://doi.org/10.1016/j.mtbio.2022.100324
https://doi.org/10.1016/j.mtbio.2022.100324


Fig. 2. (A) Confocal image of the bottom side of the whole culture insert after 7 days culture showing the open structures. Scale bar ¼ 1 mm. (B) 3D reconstruction of a
confocal z-stack showing the open structures. HBEC were labeled with CD31 (red), all cells were stained for actin filaments (green) and nucleus (blue). Scale bar ¼ 80
μm. (C) Cross-sectional image of the open structure perfused with FITC-labeled dextran (MW 2000 kDa). Scale bar ¼ 50 μm. (D) Histological observations of the
bottom side of the insert showing open structures formed by HBEC, stained for CD31 (brown). Hematoxylin was used to stain cell nuclei (purple). (E) Histological
observations of a cross-sectioned gel, with lumen surrounded by HBEC stained for CD31 (brown). Hematoxylin was used to stain cell nuclei (purple).
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gradually decreased with increased molecular weight, resulting from the
different size of tested molecules transported across the 3D BBB model
with open structures (Figure S7). The Papp value of TRITC-labeled
dextran of 4 kDa, 20 kDa, and 70 kDa were respectively 3.63 � 10�7,
9.22 � 10�8, 8.84 � 10�8 cm/s (Figure S8). The Pe value of 4 kDa, 20
kDa, and 70 kDa TRITC-labeled dextran were respectively 2.14 � 10�6,
6.34� 10�7, and 4.76� 10�8 cm/s (Fig. 4B). The Pe values of the dextran
correlated with the previously reported in vivo rodent brain uptake (R2 ¼
0.973) (Fig. 4C) [46]. It should also be noted that our model showed a
better correlation with in vivo values than those previously reported using
iPSC-based BBB-Chip model (R2 ¼ 0.96) [13].

The expression of tight junctions (TJs) is known to have an important
role in the regulation of the diffusion of molecules across the brain
endothelium [47]. Claudin 5 is one of the dominant TJ proteins in the
brain endothelium and is thought to play a major role in the macromo-
lecular assembly of the TJs [48]. Zonula occludens-1 (ZO-1) is also
6

involved in the maintenance of the TJs stability and functionality by
serving as a linker molecule between the TJ components and the actin
cytoskeleton [49–51]. Both ZO-1 and Claudin-5 were expressed by HBEC
after 7 days culture both inside and in the bottom of the hydrogel
(Fig. 4D). The high expression of the TJs could be partially responsible
for the size-selective permeation of dextran and the low transport of the
paracellular tracer Lucifer Yellow. Taken together, these results demon-
strate that our model could be reliable to predict the brain penetrability
of candidate molecules due to the formation and maintenance of a
restrictive barrier sufficient for enabling the size-selective transport of
molecules.
3.4. Evaluation of efflux pump activity

The presence of specific transport systems on the membranes of
BMEC contributes to the regulation of the passage of molecules across the



Fig. 3. (A) Comparison of different types of BBB model with the HBEC monolayer seeded on the bottom of the fibrin gel (HBEC mono), with the HBEC monolayer
seeded on the bottom of the fibrin gel and only HP (HBEC mono þ HP) or only HA (HBEC mono þ HA) or both HP and HA inside the fibrin gel (HBEC mono þ HA þ
HP), or with the HBEC monolayer seeded on the bottom of the fibrin gel and HBEC, and HBEC, HP and HA inside the fibrin gel (HBEC mono þ HA þ HP þ HBEC).
Confocal images of the bottom side of the culture insert after 7 days culture for the different types of BBB model, HBEC were stained by the endothelial cell marker
CD31 (red). White arrows indicate the open structure. Scale bar ¼ 150 μm. (B) Confocal images of the bottom side of the whole culture insert after 7 days culture for
the different types of BBB model, HBEC were stained by the endothelial cell marker CD31 (red). Scale bar ¼ 1000 μm. (C) Quantification of number (top) and average
diameter (bottom) of open structures at the bottom side of the whole culture insert after 7 days culture for the different types of BBB model (n ¼ 3 gels/condition). The
average diameter was determined using 25 open structures per gel were used. Data are presented as means � S.D. Statistical analysis was performed using one-way
ANOVA (*p < 0.05, n. s. p � 0.05).
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Fig. 3. (continued).
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BBB, preventing potentially harmful compounds from entering in the
brain and effluxing brain metabolic wastes [18]. Efflux transporters
localized on the luminal surface of BMEC enable the clearance of
8

potentially harmful xenobiotics from the brain and limit the access of
toxic agents to the brain [52]. P-glycoprotein (P-gp) is one of the most
studied efflux pumps responsible for rejection of a wide range of



Fig. 4. Characterization of the barrier function properties of 3D BBB model with open structures. (A) Effective permeability coefficient (Pe) of 10 μM Lucifer Yellow
after 24 h incubation at 37 �C (n ¼ 3). Data are presented as means � S.D. (B) Pe values of 1 mg/mL TRITC-dextran with different molecular weights (n ¼ 4). Data are
presented as means � S.D. Statistical analysis was performed using one-way ANOVA (*p < 0.05, n. s. p � 0.05). (C) The permeability of dextran molecules across the
3D BBB model with open structures correlated (R2 ¼ 0.973) with previously reported in vivo rodent brain uptake (Pe, cm/s). (D) Immunofluorescence staining of the
TJs, Claudin-5 (green, top) or ZO-1 (green, bottom) and cell nuclei (blue) in the bottom and inside the 3D BBB model with open structures after 7 days culture. Scale
bar ¼ 50 μm.
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chemical compounds, including CNS drugs [53]. Although the expression
of P-gp by HBEC at both gene and protein levels was confirmed in 3D
model in a previous study [24], its functionality was yet to be investi-
gated. Since transporter expression is indeed not necessarily correlated
with its activity [54], it was primordial to confirm the functionality of the
efflux pump in our model. For that, both apical-to-basolateral (A to B)
and basolateral-to-apical (B to A) permeability of Rhodamine 123, a
specific substrate of P-gp [55], was measured. The Papp value of Rhoda-
mine 123 from A to B and from B to A was respectively 7.35 � 10�7 and
1.05 � 10�5 cm/s (Figure S9). As seen in Fig. 5A, the Pe value of
Rhodamine 123 from A to B compartment and from B to A compartment
was respectively 1.95 � 10�6 and 1.91 � 10�5 cm/s. The efflux ratio,
defined as Pe(B to A)/Pe(A to B), is about 9.7, demonstrating the high po-
larization of the P-gp, with a higher expression on the apical side, which
is similar to in vivo situation [56,57].
3.5. Assessment of transferrin receptor-mediated transport

The RMT pathway has been particularly well described for the
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transferrin receptor (TfR), which mediates the transport of iron-bound
transferrin (Tf) [4,58]. TfR has recently attracted increasing attention
due to its high expression by both brain BMEC and brain cancer cells,
which could be useful for the specific transport of large-sized drugs across
the BBB and to the cancer site [59–61].

We first sought to investigate if HBEC were able to mediate the
internalization into their cytoplasm of specific substrates of the TfR. The
colocalization between Alexa Fluor 488-transferrin (AF 488-Tf), the
native ligand of the TfR, and Alexa Fluor 647-MEM-189 (AF 647-MEM-
189), a transportable antibody targeting TfR, demonstrated that AF
488-Tf was endocytosed by HBEC through the binding to the TfR
(Figure S10). A competition assay was also performed between unlabeled
transferrin (Tf) and AF 488-Tf to further confirm the presence of the TfR-
mediated transport. For that, different concentration of unlabeled Tf
were tried by keeping constant the concentration of AF 488-Tf. As seen in
Figure S11A, the permeability of AF 488-Tf tended to decrease when
increasing the concentration of unlabeled Tf. The proposedmechanism to
explain this phenomenon is illustrated in Figure S11B. AF 488-Tf can be
normally transported in the absence of unlabeled Tf. The predominance



Fig. 5. (A) Comparison of the effective permeability coefficient (Pe) of 10 μM Rhodamine 123 from apical-to-basolateral side (A to B) and basolateral-to-apical side (B
to A) after 24 h incubation at 37 �C (n ¼ 3). Data are presented as means � S.D. Statistical analysis was performed using Student's t-test (*p < 0.05, n. s. p � 0.05). (B)
Pe values of 10 μg/mL AF 647-MEM-189 or AF 647-IgG1 using different 3D BBB models after 24 h incubation at 37 �C (n ¼ 3). Data are presented as means � S.D.
Statistical analysis was performed using Student's t-test (*p < 0.05, n. s. p � 0.05). (C) Pe values of 10 μg/mL AF 647-MEM-189, AF 647-13E4 or AF 647-IgG1 using 3D
BBB model with open structures after 24 h incubation at 37 �C (n ¼ 3). Data are presented as means � S.D. Statistical analysis was performed using one-way ANOVA

(*p < 0.05, n. s. p � 0.05). (D) Expected mechanism of the permeation of AF 647-MEM-189, AF 647-13E4 or AF 647-IgG1 in the 3D BBB model with open structures.
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of unlabeled Tf however resulted in the reduction of the transported
amount of AF 488-Tf in the top side of the insert. It could be due to a
decrease of the probability for AF 488-Tf to bind the TfR due to the
competition with unlabeled Tf for the binding to the TfR. This result
showed that the TfR-mediated transport can be modulated in our model
when co-incubating molecules competing for the same or overlapping
binding sites to the TfR.

We next sought to confirm whether the combination “HBEC mono þ
HPþHAþ HBEC” showed the highest TfR-mediated transport efficiency
as compared to “HBEC mono” and “HBEC mono þ HP þ HA” conditions.
For that, the permeability of AF 647-MEM-189 and the mouse Alexa
Fluor 647-Immunoglobulin G1 isotype control (AF 647-IgG1), which
does not bind any target on human cells, were compared for each model
configuration (Fig. 5B, Figure S12). The Pe value of AF 647-MEM-189
was 4.06 � 10�6 cm/s for “HBEC mono þ HP þ HA þ HBEC”, which
is higher than that of “HBEC mono” and “HBEC mono þ HP þ HA”
conditions, which have a respective Pe value of 7.96 � 10�7 and 9.54 �
10�7 cm/s (Fig. 5B). AF 647-IgG1 showed comparable low permeability
for all the configurations, with a respective Pe value of 4.07 � 10�7, 5.22
� 10�7 and 6.83 � 10�7 cm/s for “HBEC mono” “HBEC mono þ HP þ
HA” and “HBEC mono þ HP þ HA þ HBEC” conditions. Although the
number of open structures was the highest in “HBEC monoþ HPþ HAþ
HBEC” condition as compared to the “HBEC mono” and “HBEC mono þ
HP þ HA” conditions (Fig. 3C), it did not significantly affect the
permeability of AF 647-IgG1, which stayed in the same range of Pe value
in the three conditions, suggesting a maintained barrier function and
paracellular transport efficiency of the antibodies comparable among the
different BBB models. These results suggest “HBEC mono þ HP þ HA þ
HBEC” displayed the highest TfR functionality, due to the higher trans-
port of AF 647-MEM-189 as compared to the negative control AF 647-
IgG1. The observed differences of permeability between AF 647-IgG1
and AF 647-MEM-189 did not depend on the number of open struc-
tures or differences in barrier function, but resulted from the higher TfR-
mediated transport in “HBEC mono þ HP þ HA þ HBEC” condition. In
order to further characterize the permeation of TfR ligands in the “HBEC
mono þ HP þ HA þ HBEC” condition, we next compared the perme-
ability of AF 647-MEM-189 with another human anti-TfR antibody Alexa
Fluor 647-labeled 13E4 (AF 647-13E4), reported to have a reduced
transportability [23,62]. The Papp value of AF 647-MEM-189 was 6.37 �
10�7 cm/s, which is three times higher than that of AF 647-IgG1 and AF
647-13E4, with a respective Papp of 2.24 � 10�7 and 2.17 � 10�7 cm/s
(Figure S13). A similar trend was found for the Pe values, with 4.77 �
10�6 cm/s for AF 647-MEM-189, which was seven-fold higher than that
of AF 647-IgG1 and AF 647-13E4 which are respectively 6.83� 10�7 and
6.12 � 10�7 cm/s (Fig. 5C). It is worth mentioning that our model dis-
played a better capacity to discriminate antibodies based on their
TfR-mediated permeation than the OrganoPlate©, where only a two-fold
difference was observed between the permeability of MEM-189 and IgG1
[14]. The expected mechanism of permeation of the antibodies is
detailed in Fig. 5D. 13E4 is reported to have a reduced transportability as
a consequence of its high affinity to the TfR. The binding affinity to the
TfR has been indeed already reported to determine the transportability of
antibodies directed against the TfR, including MEM-189 and 13E4 [62].
Due to its high affinity to the TfR, 13E4 is degraded inside the cells, thus
is not transported across the HBEC network in the 3D BBB model.
Conversely, since MEM-189 have a moderate affinity to the TfR, it can be
efficiently transported by the TfR. Moreover, AF 647-MEM-189, AF
647-13E4 and AF 647-IgG1 have a similar MW (~156 kDa), thus sharing
the same contribution of the paracellular transport in the overall
permeability. The permeation rate of AF 647-MEM-189 was however
much higher than of AF 647-13E4 and AF 647-IgG1 in “HBEC mono þ
HP þ HA þ HBEC” condition (Fig. 5C), confirming that MEM-189 was
mainly transported by TfR-mediated transcytosis. Taken together, these
results demonstrated our 3D BBB model with open structures could be
useful for the study and the screening of molecules based on the
TfR-mediated transport efficiency.
11
4. Conclusion

In this work, we successfully developed a 3D self-organized capillary
network composed of endothelial cells, astrocytes and pericytes with
perfusable opening ends. After 7 days culture, the obtained vascular
network exhibited lumen which diameter was similar to the native BBB
capillaries and also showed a few larger similar to microvessels and ve-
nules. Additionally, many BBB features could be retrieved in this model,
including restricted paracellular transport, functional P-gp efflux system
and specific transporters, such as the TfR. Since our 3D self-assembled
BBB capillary network model was prepared in versatile commercial
transwell, it can be easily used as a screening tool for toxicological and
transport assays. The seeding density, cell ratios and gel volume could
indeed be potentially tuned to match the dimensions of �6–96
microplates.

Immortalized cell lines of the three BBB cell types were preferred for
the preparation of the model due their robustness and reproducibility,
which are indeed desired by pharmaceutical companies for high-
throughput screening assays. Nevertheless, ongoing work in the labora-
tory attempts to replace HBEC by human induced pluripotent stem cell-
derived BMEC-like (hiPS-BMEC). HiPS-BMEC have attracted increasing
attention in BBB modelling due to their ability to reproduce several BBB
features, including physiologically relevant TEER, high expression of
BMEC specific transporters and efflux pumps, and size-selective transport
of molecules [13,63,64]. We recently reported hiPS-BMEC showed
higher expression of some TJs and TfR, as well as a lower paracellular
transport as compared to HBEC [42]. It could be interesting to know if
hiPS-BMEC could form the same perfusable network with open structures
than the one observed with HBEC in the fibrin gel.
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