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ARTICLE INFO ABSTRACT

Brain homeostasis relies on the selective permeability property of the blood brain barrier (BBB). The BBB is
formed by a continuous endothelium that regulates exchange between the blood stream and the brain. This
physiological barrier also creates a challenge for the treatment of neurological diseases as it prevents most blood
circulating drugs from entering into the brain. In vitro cell models aim to reproduce BBB functionality and predict
the passage of active compounds through the barrier. In such systems, brain microvascular endothelial cells
(BMECs) are cultured in contact with various biomaterial substrates. However, BMEC interactions with these
biomaterials and their impact on BBB functions are poorly described in the literature. Here we review the most
common materials used to culture BMECs and discuss their potential impact on BBB integrity in vitro. We in-
vestigate the biophysical properties of these biomaterials including stiffness, porosity and material degradability.
We highlight a range of synthetic and natural materials and present three categories of cell culture dimensions:
cell monolayers covering non-degradable materials (2D), cell monolayers covering degradable materials (2.5D)
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and vascularized systems developing into degradable materials (3D).

1. Introduction

Endothelial cells that line the inner surface of the vasculature are
specialized according to the architecture and the need of the tissue it
supplies [1]. In particular, brain microvascular endothelial cells
(BMECs) that constitute brain capillaries, form a continuous en-
dothelium that separates the cerebral tissue from the bloodstream. This
endothelium, termed the blood brain barrier (BBB), maintains the sta-
bility of the brain tissue composition by regulating ion and macro-
molecule diffusion through the capillary wall [2]. The BBB ensures
homeostasis in the central nervous system (CNS) by protecting neurons
from the entrance of blood-circulating pathogenic agents into the brain.
Therefore, CNS diseases such as amyotrophic lateral sclerosis, epilepsy,
Alzheimer’s and Parkinson’s diseases are associated with BBB dys-
function [3-5]. Conversely, the BBB also rejects most of the large drugs
(> 400 Da) targeting the brain [6]. This renders drug accumulation at
relevant therapeutic concentrations challenging, for treatment of a
variety of neurological diseases. The development of BBB tissue models
is of great importance to understand how the microenvironment in-
fluences the BBB selectivity property and establish new therapeutic
strategies for drug diffusion into the brain [7-9].

In order to build relevant BBB tissue models, it is necessary to un-
derstand the in vivo structure of brain capillaries. A complex and
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dynamic microenvironment surrounds brain capillaries and influences
BBB integrity. BMECs closely interact with two other cell types, peri-
cytes and astrocytes, which wrap 30 % and 98 % of the surface of the
endothelium, respectively[10]. They provide mechanical support for
the vascular endothelium and secrete biochemical factors required to
maintain BBB integrity [11,12]. Pericytes and astrocytes both partici-
pate in the maturation and maintenance of BBB properties [13]. In
some brain diseases, both astrocytes and pericytes affect BBB selective
permeability [14,15]. For example, during inflammation astrocytes
secrete pro-inflammatory mediators that increase BBB permeability and
support leukocyte infiltration [14]. During cerebral ischemia, pericytes
represent a source of matrix metalloproteinases (MMPs) that locally
degrade the BBB and contribute to plasma leakage [15]. Both pericytes
and astrocytes are separated from the BMECs by a vascular basement
membrane (BM). The BM provides mechanical support to the BMECs
and retains most of the biochemical cues secreted by the surrounding
cells. The diffusion gradient of these biochemical cues oriented towards
the BBB strongly influences BBB integrity [16,17]. Finally, as part of the
vascular system, the BMECs perceive active mechanical stimuliin the
form of shear stress exerted by the blood flow and the circumferential
stretch induced by blood pressure [18]. Recent studies document the
impact of circulatory pressure and blood flow on blood brain barrier
function [18-20]. Importantly, brain endothelial cells react to shear
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stress and circumferential stretch by remodeling their cytoskeletal fi-
laments and producing stress fibers [18-20]. These fibers are aligned
along the direction of flow and perpendicular to the direction of stretch.
The development of BBB models to accurately predict the passage of
drugs through the barrier relies on the integration of these biochemical
and mechanical factors as parameters that participate in BBB matura-
tion and function.

Two types of models are commonly used for drug testing: animal
models and in vitro cell models. Animal models, compared to in vitro
models, preserve the native matrix architecture and can further predict
cellular response in a physiological context. However, when it comes to
the BBB, there is a mismatch between animals and humans in terms of
cellular and matrix composition. This usually renders animal models
poorly predictive of the human BBB response. As a result, almost 80 %
of animal-drug candidates fail in clinical trials due to high-level toxicity
and/or low therapeutic efficiency. Conversely, in vitro cell models cul-
ture cells from a human origin in a well-defined environment to mimic
tissue and organ functions. Various human brain endothelial cells have
been successfully used to model aspects of the BBB, including im-
mortalized cell lines, primary cells, and induced pluripotent stem cells
(iPSC) [2,22,23]. BBB in vitro models rely on the culture of BMECs at
the interface between two compartments, luminal and abluminal.
Several cell culture configurations exist, which have been classified into
three categories of models in this review: 2-dimensional (2D), 2.5D and
3D models. 2D models refer to the culture of BMEC monolayers on top
of flat and stiff synthetic substrates [24]. Among them, the Transwell®
model relies on the culture of BMECs on top of a suspended porous
membrane. Transwells are commercially available and widely used to
model the BBB for drug screening [25]. They offer easy access to both
sides of the barrier and are relatively cheap and easy-to-use. However,
they are poorly representative of BMEC native environment in term of
substrate mechanical stiffness and cell curvature [26]. To overcome this
limitation, soft cell-degradable materials, such as hydrogels, give rise to
two main cell culture configurations [6]. The culture of BMEC mono-
layer inside a predesigned tubular structure made of hydrogels, named
as 2.5D models in this review, and the embedding of cells into hydro-
gels to induce capillary angiogenesis, which we term 3D models in this
review.

BMECs cultured within in vitro models are exposed to a variety of
biochemical (e.g., cell culture media composition and substrate protein
coating) and physical (e.g., substrate architecture and media flow) cues
that may affect cell phenotype and impact the barrier formation. The
impact of biochemical signaling cues on in vitro BBB formation and
integrity is well-documented [27,28]. In the last decade, there have
been multiple reports concerning the impact of shear stress on BBB
integrity due to the introduction of mechanical stimuli from media flow
applied to BMECs [29-31]. However, the impact of the matrix-induced
mechanical signaling on in vitro BBB property has been poorly described
(Fig. 1).

Here, we review materials that have been used as substrates to
culture brain endothelial cells in 2D, 2.5D and 3D BBB models. We also
explore how material properties, such as elasticity, structure, and de-
gradability (by the cells during matrix remodeling), affect endothelial
barrier function by developing an analytical framework to guide the use
of BBB models. Ultimately, this review offers insight into the emerging
organ-on-a-chip technology proposed as a promising option to fill the
gap in drug screening. These new in vitro models include a variety of
environmental factors, such as topographical guidance, mechanical
stimulation, biochemical gradients and spatially defined co-culture
[32]. BBB-on-a-chip models use biomimetic materials to culture BMECs
indifferent configurations (e.g, 2D, 2.5D, and 3D) to improve en-
dothelial barrier development and maintenance.

2. The blood brain barrier basement membrane

The basement membrane (BM) acts as a physical support to the
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BMEC:s. It also constitutes a source of biochemical and biophysical cues
that both modulate BBB functions and integrity. The present section
describes the composition and the architecture of the BBB BM. The
interaction between the endothelial cells and the BM is presented here
at the molecular, cellular and tissue scale.

2.1. Architecture and composition

The extracellular matrix (ECM) is a fibrous network of entangled
proteins, whose architecture and protein composition are specific to the
tissue. The brain vascular BM, in particular, is secreted by neural cells
during brain development and comprises four glycoprotein families:
collagen IV, laminins, nidogens, and heparan sulfate proteoglycans
(including perlecan and agrin) [69]. The formation of the BM depends
on the self-assembly of two independent polymeric networks, one from
laminin and the other from type IV collagen. First, laminin trimers self-
assemble into a polymeric sheet-like structure, and this is then followed
by the crosslinking of collagen fibers to create a second independent
network. Finally, the two networks are linked together by nidogen and
heparan glycoproteins as a result of their high affinity to both laminin
and collagen (Fig. 2) [71]. The brain microvascular BM is divided into
two entities that mainly differ according to their laminin isoform
composition. The endothelial BM, secreted by BMECs, separates the
endothelial cells from the pericytes. It is mainly composed of laminin-
111 and -211 [16]. The parenchymal BM, secreted by astrocytes, com-
prises both laminin-411 and -511 and surrounds pericytes and BMECs
[2]. The BM thickness varies from 20 to 200 nm, depending on whether
the BM is lined with pericytes or astrocytes, and constitutes a reservoir
of growth factors and differentiation factors secreted by surrounding
cells [72,73].

The ECM contains pores and fibrils, whose size, density, and or-
ientation together influence physicochemical matrix parameters (e.g.
matrix rigidity, confinement, and topology) [69]. These parameters
jointly impact how cells interact with the underlying matrix during
tissue formation, maintenance, and regeneration [69]. BMsform thin,
dense, sheet-like structures [74]. BMECs are anchored to the BM fibrils
thanks to BMEC dystroglycan- and integrin-mediated adhesion com-
plexes that interact with the laminin from the BM [75]. Apart from
providing efficient guidance for cell migration, the BM also influences
BBB properties on both a cellular and multicellular scale as described in
the following section.

2.2. Substrate mechanosensing by vascular endothelial cells

Vascular endothelial cells are exposed to multiple mechanical sti-
muli, including oriented hemodynamic forces (e.g. shear force and
circumferential stretch) and sub-endothelial matrix mechanics [76].
Vascular endothelial cells are able to probe multiple mechanical cues in
parallel and translate them into an integrated response through the
activation of signaling pathways. This response determines many cel-
lular functions including motility, adhesion, and morphological stabi-
lity [77-80]. The impact of BM mechanical stimuli on brain endothelial
cells is attracting more attention with respect to the regulation of BBB
functions.

Endothelial cells establish a physical linkage with the underlying
matrix through protein complexes called focal adhesions (FA) [81].
These FA, mainly composed by integrins, give the ability to the ECs to
probe the mechanical matrix properties [82], and are connected to the
cell cytoskeleton [83]. This connection facilitates the transmission of
mechanical forces in and out of the cell. As a consequence, cells exert
pulling-pushing forces on the matrix, both mediated by the actin cy-
toskeleton through actin filament polymerization (pushing force) and
actomyosin-dependent contraction (pulling force). In response to these
forces, the matrix deforms with an amplitude that depends on the
matrix elasticity and stiffness [84,85]. Endothelial cells (EC) respond to
mechanical matrix properties by translating these mechanical cues into
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Fig. 1. Select history of in vitro BBB models. [11,19,29,30,33-68] A review of literature on BBB models showing year of publication and type of model, whether 2D,
2.5D or 3D. Publications were grouped for their focus on substrate biomechanics, substrate biochemistry or shear stress. IPS: induced pluripotent stem cells.
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Fig. 2. Illustration of the cellular and extracellular architecture of the blood brain barrier.

biochemical signals that modulate gene and protein expression, aptly
described by the term mechanotransduction [86]. In a physiological
context, mechanical forces are involved in stem cell self-renewal and
differentiation [87]. Tissue injury disrupts the mechanical homeostasis
of the matrix that underlies normal tissue architecture. In pathological
conditions, the injury results in progressive fibrosis accompanied by an
increased in matrix stiffness [88]. The increase in matrix stiffness has
been associated with EC barrier disruption, mainly due to a dysregu-
lation of the G protein signaling balance [80]. Increased in tissue
stiffness also plays a central role in promoting tumor-like vasculature
[89].

Mechanical cues emanating from the underlying matrix also influ-
ence the overall tissue structure. [90] In the case of the BBB, in

particular, the maintenance of cell-matrix interactions is critical in
maintaining cell-cell adhesions and the maintenance of the all tissue
architecture [91]. Indeed, these interactions stabilize numerous tight-
junction (TJ) proteins, including Claudin-5, ZO-1 and Occludins, that
physically close the gap between each endothelial cell and thus main-
tain the vascular barrier. Andresen et al. found that the vascular en-
dothelial (VE)-cadherin, a component of the adherens junction, was
related to an activated downstream mechanotransduction signal gen-
erated by substrate stiffness [72]. Indeed, endothelial cells cultured on
a stiff substrate (Young’s Modulus in the range of GPa) produce bundles
of actin stress fibers. These stress fibers generate a tensile force in the
cell that can pull proteins of the adherens junction complex away from
the cell surface inward toward the center of the cells. When the number
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of adherens junctions decreases, the vascular permeability increases. In
contrast, the recruitment of VE-cadherin at junctional complexes has
been observed within endothelial cells cultured on softer substrates
(Young’s Modulus in the range of kPa). In summary, the mechanical
tension initiated at the FA of the EC propagates throughout the cell
along the actin cytoskeleton. This tension propagates at the cell-cell
adherens junctions, thereby inducing tension in the neighboring cell.
The decrease in stress fiber density reduces the tensile force applied on
cell-cell adherens junctions, thereby maintaining barrier tightness and
function [73,92,93].

3. Materials used to culture brain vascular endothelial cells

Materials that constitute the substrate for BBB cell model tend to
reproduce all or part of the BM properties. As a result of their diversity
in term of physico-chemical properties, these materials may impact the
formation of the BBB in vitro differently.

3.1. Synthetic 2D materials for the culture of brain endothelial cell
monolayers

For about a century, cells have been cultured in vitro on flat syn-
thetic materials. For BBB models, in particular, synthetic materials used
to culture brain ECs are usually stiff (Young’s Modulus in the range of
MPa to GPa) and are either solid (glass or polystyrene Petri dishes) or
porous (semi-permeable membranes). These surfaces provide mechan-
ical support for cell growth, proliferation, and migration in the mono-
layer configuration. The substrates can be easily modified by absorptive
protein surface coatings to facilitate cell adhesion and spreading.
Notably, collagen IV and laminin proteins improve brain endothelial
cell adhesion and proliferation and the subsequent formation of an
endothelial monolayer [33,94]. Maherally et al. have shown that per-
lecan decreases human cerebellar microvascular endothelial cell
(hCMEC/D3) barrier permeability by increasing the trans-endothelial
electrical resistance (TEER), by stimulating the expression of tight
junction proteins [33]. Interestingly, the influence of agrin on the BBB
function seems to be dependent on cell type, improving hCMEC/D3
barrier tightness, while preventing human induced-pluripotent-stem-
cell (iPSC)-derived BMEC barrier formation [34].

Porous, semi-permeable membranes are an integral component of
most compartmentalized cell culture systems. Apart from providing
physical support for cell growth, porous membranes help to establish
cell barrier models by defining apical and basal compartments and al-
lowing molecule exchange between them [95]. They are widely used to
measure the transport of molecules across the vascular wall (e.g. per-
meability assay) in the context of drug screening [96]. Various mate-
rials have been used to fabricate porous membranes, including poly-
carbonate (PC), poly(e-caprolactone) (PCL), polydimethylsiloxane
(PDMS), polyester (PE), silicon nitride (SiN), and silicon dioxide (SiO5)
[95]. Polymeric track-etched membranes, such as Transwell inserts, are
compatible with cell culture multiwell plates. These membranes are
around 10 pm thick with a pore size ranging from 0.4-8 um in diameter.
Porous membranes with 0.4 um diameter pores were preferentially used
to culture endothelial cells since larger diameters were leading to cell
migration across the membrane [95]. Nevertheless, in the case of as-
trocyte-endothelial cell co-cultures on opposing sides of a membrane, 3
um pores were used to facilitate astrocyte migration through the pores
toward the endothelial monolayer, thus allowing cell-cell physical
contact along the endothelium [97].

Transwells membrane are made using a track-etching technique that
generates randomly localized straight pores through the membrane.
Because the pore distribution is not controlled, it is necessary to
maintain a low pore density to prevent the formation of merges tracks
and doublet holes. Several fabrication techniques based on lithography
have been developed to control pore size better and distance between
pores and achieve higher membrane porosity (Fig. 3). For example,
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Deosarkar et al. used soft lithography technique to fabricate a curved
PDMS porous membrane and implement a vessel-like cell curvature
[98]. Ma et al. used beam photolithography to regularly design 0.27 to
0.7 um pores on a 1 pm-thick SiN membrane with a density of up to 50
% [100]. This ultrathin SiIN membrane was shown to increase the fea-
sibility of physical contact between astrocytes and BMECs significantly
when grown on opposite sides of the membrane, thus improving BBB
functions. Marino et al. used a two-photon lithography technique to
design porous microtubes on top of which they cultured murine brain-
derived endothelial cells (bEnd.3 cell line) [101]. Using this technique,
they developed for the first time a 1 to 1 scale, biomimetic BBB model.
As part of tissue development and maintenance, cells that compose
the tissue secrete and remodel their own ECM. Interestingly, this pro-
cess is maintained when cells are cultured in vitro. Recent studies have
shown that brain endothelial cells can secrete all major components of
the BM when cultured on 2D synthetic materials [35]. In addition, both
composition and architecture of cell-secreted ECM have been shown to
influence BBB functions in vitro significantly [29]. In this last study,
Zobel et al. cultured BMECs on an ECM secreted in vitro by either as-
trocytes, pericytes, or a serial combination of both. Analysis of the se-
creted ECM demonstrated that cells could remodel the underlying ECM
and generate supra-structures, thus maintaining BBB functions [29].
Beyond improving cell-substrate biochemical interactions, ECM secre-
tion by the endothelial cells might substantially influence how cells
sense the mechanical properties of the underlying material. ECs cul-
tured on top of a porous membrane were able to span ECM fibers over
open pore regions. As a result, ECs established FAs over the pores. These
results suggest that cells were able to locally probe ECM mechanical
properties discriminating between the open pore regions and the solid
substrate [105]. The number of FAs localized over the open pore region
(e.g. sensing the secreted ECM), in comparison with the total number of
FAs over the membrane, appeared to be sufficient to decrease the me-
chanical tension in the cells. As a result, the overall cell expression of
TJs was increased, and the barrier permeability decreased. This last
study has also shown that cells were only able to span fibers only over
small pores (diameter < 3 um). This observation is following previous
papers showing the positive impact of 0.4 um Transwell membrane on
murine BBB functions compared to larger pores (> 3 um) [106].

3.2. Degradable biomaterials as a matrix design element for the culture of
brain vascular endothelial cell monolayers

The ECM is a dynamic structure that is continuously secreted and
remodeled by cells through the action of enzymes, including matrix
metalloproteinases (MMPs) [107]. The process of matrix remodeling is
an essential part of tissue development and maintenance [108]. Dys-
regulation of this process is usually linked to tissue disease [109]. For
the BBB in particular, extensive matrix remodeling of the brain vascular
BM has been linked to Epilepsy and Alzheimer’s disease, partly due to a
change in BM mechanical properties [110-112]. In this section, we
focus on cell-degradable materials that have been used to culture brain
endothelial cells in monolayer for 2.5D BBB models. The physical and
biochemical characteristics of these materials are summarized in
Table 1.

3.2.1. Electropsun membranes

The BM is a fibrous network, whose fiber alignment and orientation
influence cell and tissue functions. The electrospinning technique is a
simple, versatile, and relatively inexpensive approach to generate na-
nofibers from a viscoelastic solution. High electric fields are applied
between a metallic needle and a grounded collector to draw out a na-
nofiber jet from the needle tip. The nanofibers are subsequently pulled
to and deposited on the collector [113]. The electrospinning parameters
can be adjusted to control fiber diameter, cross-sectional shape, bead-
formation, branching and fiber morphology [113,114]. Nanofibrous
mats are formed by continuous electrospinning on the same area until a
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Fig. 3. Comparison of 2D blood brain barrier models. [102-104].

mat is formed. In some BBB models, nanofibrous mats replace the semi-
permeable membrane from Transwell inserts [43,106]. These models
remain compatible with traditional barrier tissue characterization as-
says and tools.

Natural polymers [116], synthetic polymers [106], and a combi-
nation of both [117] have been used to produce electrospun nanofibers.
In these last studies, both material elasticity and degradation rate were
tuned by varying the ratio between polymers and the crosslinking
agent. Bischel et al. fabricated a 4.5 pm thick nanofibrous mat made of
gelatin with a fiber diameter ranging from 100 to 600 nm [44]. Both
human BMECs and astrocytes were successfully cultured for 28 days
long on top of the gelatin mat. As a result, both cell matrix secretion and
the expression of cell-cell TJs were upregulated when cells were cul-
tured on top of the gelatin mat compared to the traditional Transwell
porous membranes. Qi et al. used electrospun meshes made of synthetic
poly(lactic-co-glycolic) acid (PLGA) to co-culture induced-pluripotent-
stem (iPS)-derived ECs and astrocytes. [115] Pensabene et al. devel-
oped a 5.8 um thick electrospun membrane made of mixed PCL and
PEG polymers to culture pericytes and astrocytes with BMECs [117].
The addition of PEG increased the protein adhesion property of the
fibers as well as the cell degradation rate of the membrane.

3.2.2. Hydrogel membranes
One significant advancement in tissue engineering has been the

Table 1

Materials used to replace porous membrane for 2.5D models. n.d. means ‘no data’.

possibility to form hydrogels to mimic ECM mechanics and biochem-
istry closely [120]. Hydrogels are usually composed of a swollen
polymer mesh hydrated with more than 30 % (v/w) water content.
These polymers maintain their structural integrity through crosslinking
between the components, where the crosslinking degree strongly in-
fluences hydrogel elasticity [121]. Hydrogels used to culture vascular
endothelial cells can be composed of natural (alginate, collagen, elastin
and hyaluronic acid) or synthetic (PEG, PMMA) polymers [122].
Hydrogels are compatible with a variety of fabrication techniques,
including 3D printing, micropatterning, and electrospinning. These
methods enable the design of different substrate configurations [121].
For example, an ultrathin hydrogel membrane was fabricated to culture
Human Umbilical Vein Endothelial Cells (HUVECs) in a flat monolayer
configuration [123]. In this particular study, the hydrogel was made of
PEG polymer modified to include the fibronectin-derived, integrin-ad-
hesive, tri-peptide sequence Arg-Gly-Asp (RGD). Notably, the culture of
HUVECs on such membranes showed an increase in VE-cadherin ex-
pression intensity compared to the culture on a traditional porous
membrane [124]. Type I collagen is one of the most favoured bioma-
terials used to prepare hydrogels with a low Young’s Modulus (in the
range of kPa) and inherent RGD sequences for cell-matrix adhesion and
remodeling [31]. Hydrogel coating using fibronectin and laminin has
been used to add Arg-Glu-Asp-Val (REDV) and Ile-Lys-Val-Ala-Val
(IKVAV) sequences respectively. Such coatings were shown to enhance

Traditional porous membranes Electrospun membranes

Hydrogel membranes

Biomaterial/ origin PET/ Gelatin/ natural PCL-PEG/ synthetic PLGA/ synthetic Collagen-Matrigel/ natural PEG/synthetic
synthetic

Thickness (um) 10 4.5 5.8 30 20 9.5-18.8

Pore size (um) 0.4 n.d. 0.6 n.d. 0.25-0.7 0.2

Fiber diameter (um) None 0.2 0.5 0.8 n.d. n.d.

Stiffness 180 MPa 3.4 MPa n.d. 53.8 MPa 660 kPa 54.7 kPa- 96.8 kPa

Physical tunability No Yes Yes Yes Yes Yes

References [102] [44] [117] [115] [125] [126]
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iPS-derived BMEC barrier formation [34].
3.3. Biomaterials for blood brain barrier angiogenesis

The BBB development starts with the angiogenesis of pre-existing
vessels sprouting into the embryonic neuroectoderm [27]. The com-
munication between endothelial progenitor cells and neural cells in-
cluding astrocytes and pericytes triggers brain capillary sprouting and
BBB maturation [127]. The in vitro study of vascular network formation
relies on the study of EC behavior in constricted environments, for
example, embedded into a hydrogel. By culturing BMECs in mono-
layers, the study of these mechanisms is limited, as the cell-matrix in-
teraction only happens on one side of the cells. This configuration
forces the cells to adopt apico-basal polarity and constrains the cells’
migration to only one plane [128]. In contrast, the culture of cells
within a 3D matrix offers cell-matrix interactions across the entire cell
surface, cell migration in any direction, and cell-cell interactions in 3D
[129].

3.3.1. Angiogenesis of endothelial cells in vitro

The term “angiogenesis” refers to the development of new blood
vessels. To induce angiogenic-like behavior in vitro, two main strategies
are employed to culture endothelial cells. Cells can be suspended in a
hydrogel and allowed to migrate and self-assemble to recreate a vas-
cular network [60]. Alternatively, cells are seeded as a monolayer in
contact with the hydrogel surface and expand into the gel through a
sprouting mechanism [43]. More generally, endothelial cells in contact
with a hydrogel and activated by angiogenic growth factors, such as the
Vascular Endothelial Growth Factor (VEGF), migrate within the gel and
sprout. The formation of sprouts corresponds to branch expansion from
the main vessel and mainly relies on tip cells that lead the sprouting
direction and stalk cells that follow tip cells and multiply to form the
vessel [130]. During sprouting, endothelial cells remodel the matrix
considerably through the action of MMPs able to cleave collagen fibers
[131].

The tension generated mediated by cell-matrix adhesion receptors
strongly influences the capillary morphogenesis [132]. Particle image
velocimetry techniques were used to estimate the amplitude of cell-
matrix mechanical interactions during in vitroEC sprouting [133]. In
this last study, Du et al. described a cell-matrix interaction occurring
through the tip cells’ “pull” and “release” behavior during sprouting.
Collagen fiber reorientation occurring during the “pulling” behavior
was responsible for dynamic changes in matrix stiffness. Fibers pro-
vided ‘contact guidance’ along the sprout’s long-axis. In a com-
plementary study, the presence of cells within the matrix was found to
be responsible for the progressive increase in matrix stiffness by both
applying traction forces and depositing matrix components [134].

3.3.2. Biomaterials for blood brain barrier angiogenesis

Blood brain barrier in vitro angiogenesis relies on the use of hy-
drogels that can be remodeled by the BMECs. To the best of our
knowledge, only one 3D BBB model uses PEG as a synthetic hydrogel
modified to integrate the RGD peptide sequence for cell adhesion [135].
This last model includes the three major cell types for the reconstitution
of a neurovascular unit: ECs, human iPSC-derived neuronal progenitors,
and putative mesenchymal stem (stromal) cells. Apart from that study,
most of the 3D BBB models rely on the use of natural polymer-based
hydrogels, including collagen type I and fibrin.

The healing process associated with angiogenesis is usually ac-
companied by fibrin matrix deposition [136]. Fibrin also provides good
mechanical support for angiogenesis in vitro [137]. Fibrin from bovine
plasma was combined with various proteins from the brain vascular BM
including laminin, hyaluronic acid, and chondroitin sulfate to improve
BMEC interaction with the surrounding matrix [60,67]. The mechanical
impact of fibrin hydrogels, influenced by matrix elasticity and fiber
density, in turnstrongly influenced blood vessel formation in vitro

Materials Science & Engineering R 140 (2020) 100522

[138].

Type I collagen is present in most human tissues, though its con-
centration in the brain parenchyma is very low. Commercially available
and relatively cheap, collagen type I is widely used as a hydrogel base
to culture BMECs in 3D. Collagen fibrils are self-assemble and crosslink
at neutral pH to form a hydrogel [139]. Hydrogel mechanical properties
are tunable by varying the collagen concentration, gelation time, tem-
perature, pH and ionic strength [139]. Collagen concentration also in-
fluenced hydrogel fibril density and thus matrix porosity [140]. Indeed,
for low collagen concentration, fibrils were sparsely distributed with a
low degree of entanglement, a large mesh size, and big pores. In con-
trast, increased collagen concentration resulted in smaller mesh size
and stiffer gels. In their study, Shamloo et al. cultured human micro-
vascular ECs into diverse collagen concentration hydrogels. They de-
scribed the collagen concentration of 2.7 mg/ml as a critical value after
which cells were no longer able to elongate and penetrate the matrix
[140]. McCoy et al. were able to tune collagen hydrogel microstructure
by varying the gelation temperature. Indeed, decreased the gelation
time of a collagen type I matrix from the usual 37 °C to 4 °C, which
resulted in an increase in the length and the diameter of the fibrils [54].
The resulting changes in the hydrogel microstructure influenced the
vascularization of the brain vascular endothelial cells in the matrix.
Indeed, the increase in fiber length and thickness was shown to promote
thick and lumenized vascular branches by more efficiently transmitting
the EC contractility force along the fibers toward neighboring cells, as
well as by providing strong contact guidance for vascular network de-
velopment. Notably, this change in matrix microstructure was linked to
an increase in collagen type IV secretion by the ECs.

4. Organ-on-a-chip systems: toward dynamic 2D, 2.5D, and 3D
models

The emergence of microfabrication techniques combined with the
recent progress in tissue engineering has given rise to a new class of in
vitro models based on microfluidic devices. These new systems, named
organ-on-a-chip, aim to reproduce organ functional units. This is
achieved by culturing cells in a physiologically relevant micro-
environment, in terms of geometrical, mechanical, and biochemical
factors [141]. Microfluidic devices are particularly relevant to mimic
vascular organs in vitro. Indeed, they propose more realistic dimensions
and geometry of the vascular tissue. As a result, these devices are
compatible with physiological shear stress values and physical de-
formation on cells [142]. Most of the BBB-on-a-chip applies physiolo-
gical shear stress of 10 to 20 dyn.cm ~ 2 on top of BMECs, as it was found
to improve BBB function in vitro considerably [18,19,40].

Several materials support the fabrication of these microfluidic de-
vices. The polydimethylsiloxane (PDMS) elastomer is widely used due
to its high resolution, flexibility, optical transparency, and biocompat-
ibility [143]. An easy way to prepare PDMS microfluidic devices is by
using soft-lithography. The technique consists of pouring PDMS mixed
with a crosslinker agent on top of a mold containing the design of the
fluidic. After curing, the PDMS is peeled from the mold and contains its
replica. The system is then closed by bonding the replica to either a
glass or a PDMS flat layer, in this way creating a fluidic channel. The
PDMS formulation spans a wide range of mechanical properties, in-
cluding Young’s Modulus varying from 500 kPa to 4 MPa [144].
However, PDMS has limitations in organ-on-chip applications due to its
intrinsic hydrophobicity that may cause non-specific absorption of
proteins and hydrophobic analytes, including drugs [145].

About twenty BBB-on-a-chips have been published to date, and the
field is rapidly moving forward. However, the cell culture configuration
varies a lot from one model to another, ranging from 2D to 3D dynamic
models. Thus, for some BBB-on-a-chip systems, a porous membrane was
integrated between two PDMS layers to divides the channel into two
compartments [65,146]. Similar to Transwell models, cells are cultured
on either side of the membrane, in which fluid composition and flow
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Fig. 4. Blood brain barrier-on-a-chip system, from 2D to 3D configuration.

rate are independently set (Fig. 4A) [65]. Moving toward 2.5D cell
culture configurations, several organ-on-a-chip models offer the in-
tegration of hydrogels as supports for cell growth within the fluidic
chamber. Lumen design for BBB-on-a-chip systems mainly relies on two
techniques to separate liquids from the hydrogel. The phase guide
technique is widely used for commercial organ-on-a-chip plates, such as
the OrganoPlate® by the Mimetas Company, which consists of injecting
the hydrogel into one channel of an interconnected multichannel device
[66,147]. The presence of a phase guide in the first channel allows the
gel to remain in that channel and thus create a direct interface with the
adjacent channel where ECs will be cultured. In this case, the fluidic
chamber for culturing cells is made of an assembly of various materials
including the hydrogel and the support material for the microfluidic
device (Fig. 4B). To avoid this mix of materials, an alternative strategy
consists of forming a lumen directly inside the hydrogel using techni-
ques such as viscous fingering or needle molding (Fig. 4C) [51,52].
Alternatively, the introduction of gold nanorods into a collagen hy-
drogel enabled the direct writing of channels by a laser beam to ther-
mally denaturize collagen fibers with high spatial and size resolution
[148]. Indeed, BMECs were encapsulated into the hydrogel and allowed
to migrate into the channels and line the tubular structure to recreate a
vascular network. Zheng et al. designed a 2.5D BBB model containing
bifurcations, which was relevant to study the effect of local changes in
shear stress on BMEC barrier integrity [64]. Finally, the tubular shape
of 2.5D BBB-on-a-chip systems enabled the introduction of physiolo-
gical cyclic stretch. [56,149,150] This additional mechanical parameter

was found to induce EC stress fiber and FA rearrangement and influ-
ences EC barrier functions. In their 2.5D BBB model, Herland et al. also
included astrocytes and pericytes directly embedded into the matrix
[51]. Both pericytes and astrocytes migrated toward the vasculature to
closely interact with the BMECs. As a result of these interactions,
BMECs were more polarized and apt to secrete BM components such as
collagen type IV.

3D BBB-on-a-chip models mainly rely on the injection of hydrogels
into a central compartment delimited by two external fluidic channels.
ECs are seeded in these external channels and to form adhesive contacts
with the hydrogel in order to induce vascularization of the matrix
(Fig. 4D) [43,66,67]. In most of the models, the mechanical interaction
between BMECs and astrocytes, pericytes, or neurons, was described as
essential to promote vascular angiogenesis and BBB maturation
[43,60,67,151]. One hypothesis to this last observation could be that
the physical support brought by the neural cells surrounding the BMECs
is essential for the establishment of the BBB in vitro. Indeed, all pre-
viously described BBB-on-a-chips are made of hydrogels with a me-
chanical stiffness around 1 kPa, close to the one from the brain par-
enchyma [152]. Buxboim et al. suggested that cells were able to sense
substrate stiffness up to 20 microns deep [153]. Considering the
thickness of the BM that separates BMECs from the neural cells (nan-
ometer range), and the cellular elastic modulus (3.5-4.2 kPa) [154] we
are not able to confirm that the ECs sense the stiffness of the brain
parenchyma. The use of biomaterials which enable close contact be-
tween astrocytes, pericytes, and endothelial cells is likely the best way
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to reproduce the in vivo mechanical properties of the basement mem-
brane.

5. Challenges and Future directions: the use of conducting
polymers for in vitro models of electrically active NVU tissue

As illustrated in this review, biochemical and mechanical para-
meters strongly impact BBB integrity. The development of new, be-
yond-2D in vitro models, integrating relevant biomaterials has allowed
significant progress to be made in generating more physiologically re-
levant models for studying the BBB. However, the inclusion of electrical
cues may also be advantageous for tissue development [155]. A con-
sensus has arisen that the BBB should not be studied in isolation, and
really should be studied in the context of the neurovascular unit (NVU)
[65]. As shown in Fig. 1, the NVU consists of brain capillary endothelial
cells in close physical proximity to astrocytes, pericytes, and neurons.
Besides the fact that the cells of the NVU share a similar environment,
their function is also known to be linked. As one example, in vivo and ex
vivo analysis of the impact of status epilepticus (SE) on the NVU in a rat
pilocarpine model revealed an induced spatiotemporal BBB leakage
happening within hours following electrical seizures. The resulting BBB
damage appears to be an important factor in triggering epileptogen-
esis—associated changes, including degeneration of NVU cells [110].
Thus, there is an interest in understanding how brain endothelial cells
react after current stimulation, in particular concerning the transport
function across the BBB. Recent models using a 2D culture of b.End3
cells on a Transwell filter subjected to spatially uniform, direct current
stimulation (DCS) revealed the oriented movement of fluid and solute
across the BBB associated with DCS [156].

The field of neural interfacing has seen intense activity in the past
decades. Although most efforts focus on in vivo applications involving
implantation of electronic devices for recording, there has been a
convergence with the field of tissue engineering, for the simple reason
that modification of electrodes, to match the tissues into which they are
inserted, is generally found to result in better recordings, particularly
for chronic applications [157]. Extensive work has been carried out
using conducting polymer (CP) hydrogels as coatings for electrodes
used in neural recordings, not only because the coatings enable low
impedance (and hence better recordings), but also because the CP hy-
drogels reduce mechanical mismatch that is the culprit for significant
glial scarring incurred by implantable electrodes [158]. Another focus
of work using CP hydrogels has been the idea of neural regeneration,
around, or assisted by, soft electrodes [159]. Indeed, very early work
focused on enhanced neurite outgrowth upon electrical stimulation of
neuron-like PC12 cells grown on CP electrodes [160]. This is particu-
larly relevant in the case of models of the NVU that involve electrically
active cells.

Building on this work, biocompatible CPs incorporated into hydro-
gels or scaffolds are now increasingly being used in in vitro models,
representing a new class of advanced materials combining ECM phy-
sical properties with electrical conductivity [161,162]. A variety of
conducting polymers including poly(3,4-ethylenedioxythiophene)
doped with poly(4-styrenesulfonate) (PEDOT:PSS) have been used for
in vitro models of the CNS. For example, hydrogels made of PEDOT:PSS
combined with polyurethane composites have been shown to support
human NSC growth and enhance neurogenesis by electrical stimulation
of the cells [163]. Enhanced biocompatibility of CPs by using biomo-
lecules as dopants has led to the development of PEDOT:GAGs (glyco-
saminoglycans) films. These films increased the proliferation of neural
cells compared to the conventional PEDOT:PSS-based substrate [164].
Neurospheres, consisting of astrocytes and neurons, grown in Matrigel
and cultivated on electrodes patterned with polyethylene glycol dia-
crylate (PEGDA) resulted in enhanced recordings [165]. Although these
materials have not been used to-date for BBB or NVU models, they show
enormous potential given their interesting electrical and mechanical
features. Recently, PEDOT:PSS has also been used to form mechanically
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compliant scaffolds [166,167] for hosting a variety of cell types [168].
These scaffolds are produced via a freeze-drying method, which allows
easy tuning of mechanical, biological, and electrical parameters
[169,170]. PEDOT:PSS PCL (polycaprolactone) composite scaffolds
have been used for stimulation of electro-responsive cells showing great
potential for bone reconstruction and of interest for nerve regeneration
as mentioned earlier [171].

Beyond simply acting as a template for cell growth and adhesion,
the electrically conducting properties of the scaffolds also allows for cell
monitoring [166,172]. The use of PEDOT:PSS-based transistors, so
called organic electrochemical transistors (OECTs), allows the mea-
surement of barrier tissue integrity in real time with high temporal
resolution, of particular interest for BBB permeability measurements. In
addition, the proven ability of these devices to record and stimulate
neurons is an added advantage when interfacing with cells of the NVU
[173]. Thanks to their ability to act as a convertors of ionic signals into
electrical signals, OECTs have shown promise as devices to interact
with biological environments. [174] Integrated as porous 3D scaffolds
or in planar configurations integrated with a microfluidic device
[166,172,175,176], OECTs show a promising way to integrate con-
tinuous electrical measurement platforms into in vitro models, a
growing trend in the organ-on-chip community (Fig. 5) [177].

In this review, we presented the physical properties of materials
used to culture BMECs in vitro to generate models of the BBB (sum-
marized in Table 2). Progressing from the conventional stiff and flat
semi-permeable membrane, we have presented a range of materials that
aim to reproduce physical cues of the brain vascular BM better. As a
consequence of the rapid expansion of our understanding of mechan-
otransduction, and subsequent consideration of substrate physical
properties such as matrix stiffness, new materials have been developed
with the aim of reproducing in vivo mechanical cues delivered from the
matrix to the tissue. Hence, new materials exhibiting a lower Young’s
Modulus, having increased pore density, and being capable of re-
modeling by surrounding cells are in high demand. The development of
natural or synthetic hydrogels with tunable elasticity and cell-de-
gradation profiles has been suggested as the most promising class of
biomaterials for soft tissue engineering. Mechanical stress impact on
blood brain barrier properties has been explored through organ-on-chip
systems where endothelial cells are cultivated in the monolayer lining
of a predesigned vascular channel [56]. We have defined the culture of
a monolayer of endothelial cells on degradable substrates as a 2.5D cell
culture configuration. We differentiate such models from 3D ap-
proaches consisting of embedded endothelial cells within a 3D matrix,
where cells receive mechanical cues from the surrounding environment
across the entire cell surface. These 3D models are particularly inter-
esting for the study of BBB development from an angiogenesis per-
spective.
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Table 2
Summary of materials for BBB modeling and mechanical stimuli associated with investigate/improve cell-matrix interactions.
Cell model type Mechanical stimulus Material Stiffness range Endothelial cell type Reference
2D Curvature SU-8 resin GPa bEnd.3 [101]
2D Porosity Silicon nitride GPa bBMVEC [100]
2D Pulsatility Shear stress Silicon GPa HBMECs [20]
2.5D Topography Gelatin nanofibers MPa HBMECs [44]
2.5D Topography PCL-PEGnanofibers n.d. TIME cells [117]
2.5D Topography PLGA nanofibers MPa hiPSC-derived EC [115]
2.5D Topography In vitro cell-secreted ECM n.d. Porcine brain ECs [29]
2.5D Topography Stiffness PEG-RGD hydrogel kPa HUVECs [124]
2.5D Topography Stiffness Collagen-Matrigel kPa HUVECs [123]
hydrogel
2.5D Geometry Shear stress Collagen hydrogel kPa hBMVECs/ [41,51,53,56]
hCMEC/D3/
bEnd.3
2.5D Shear stress Cyclic strain Collagen-Matrigel- kPa hCMEC/D3 [56]
Hyaluronic acid
hydrogel
3D Shear stress Fibrin hydrogel kPa HUVECs/ hBMECs [43,60,151]
3D Topography Collagen hydrogel kPa hCMECs [54]
3D Matrix degradability PEG hydrogel kPa hPSC-derived ECs [135]
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