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Abstract
The human Blood Brain Barrier (hBBB) is a complex cellular architecture separating the blood
from the brain parenchyma. Its integrity and perfect functionality are essential for preventing
neurotoxic plasma components and pathogens enter the brain. Although vital for preserving the
correct brain activity, the low permeability of hBBB represents a huge impediment to treat mental
and neurological disorders or to address brain tumors. Indeed, the vast majority of potential drug
treatments are unable to reach the brain crossing the hBBB. On the other hand, hBBB integrity can
be damaged or its permeability increase as a result of infections or in presence of
neurodegenerative diseases. Current in vitro systems and in vivo animal models used to study the
molecular/drug transport mechanism through the hBBB have several intrinsic limitations that are
difficult to overcome. In this scenario, Organ-on-Chip (OoC) models based on microfluidic
technologies are considered promising innovative platforms that combine the handiness of an
in vitromodel with the complexity of a living organ, while reducing time and costs. In this review,
we focus on recent advances in OoCs for developing hBBB models, with the aim of providing the
reader with a critical overview of the main guidelines to design and manufacture a hBBB-on-chip,
whose compartments need to mimic the ‘blood side’ and ‘brain side’ of the barrier, to choose the
cells types that are both representative and convenient, and to adequately evaluate the barrier
integrity, stability, and functionality.

1. The organ-on-chips landscape

A bit like an aquarium recreating the marine ecosys-
tem, Organ-on-Chips (OoCs) replicate the microen-
vironment of living organs. OoCs are often con-
sidered the nascent technology that will be able
to replace animal models, in compliance with the
principles of the 3Rs (Replacement, Reduction, and
Refinement) developed over 50 years ago to provide
a framework for performing more humane animal
research [1]. Although that goal is still far off, using
an in vitro OoC might help to shorten the portion of
a clinical trial that tests a wide range of drug doses
on patients to pinpoint the dose of a drug that is
both effective and safe. Indeed, any toxicity observed
with in vitromodels can prevent unsuitable drug can-
didates from entering the expensive phase of clin-
ical trials to limit costs and unrealistic expectations.
However, OoCs are not formally validated yet and

their use in the context of regulatory submissions is
rare because of the lack of qualified assays in Good
Laboratory Practice compliance [2]. It is not enough
that OoCs respond to drugs as human organs to
validate them, because these tests do not capture
the full complexity of organs function, and chips
may not include some complex signals such as those
from the endocrine and immune systems [3]. Nev-
ertheless, many pharmaceutical companies and gov-
ernment regulators are interested in OoCs use and
refinement for their potential to reduce R&D costs
[4]. Furthermore, beyond illuminating differences
between animal models and humans with import-
ant outcomes in drug screening, OoCs may also sup-
port studies of disease modelling and regenerative
medicine with interesting perspectives in the preci-
sion medicine field. For all these applications, a key
aspect is to mimic in OoCs models the fluidic trans-
port of vascularized tissues thanks to microfluidic
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Figure 1. BBB structure: From the inside to the outside of
the barrier, we find the capillary endothelial cells
surrounded by pericytes, enclosed by the basement
membranes, and the astrocytic endfeet covering the whole
surface. The microglia and the synaptic terminals of
neurons contact the barrier from the outside, where the
extracellular matrix is located. Created with
BioRender.com.

technologies. Particularly in the brain, vasculariza-
tion has exceptional features, which are represented in
the blood-brain barrier (BBB, figure 1). Using OoCs
technology to develop a model of the human BBB
(hBBB) is considered a promising way to overcome
the limitations of rodent models and transwell sys-
tems, by combining the handiness of an in vitromodel
with the complexity of a living organ, while reducing
costs and time [5].

In this review, we provide a critical overview of
the biological and technological aspects of the OoC
models for best recapitulating the hBBB features and
functions. We classified the models developed so
far into three main categories (also called layouts),
described the main building blocks, cell types, and
features, and analyzed the methods to assess barrier
integrity. Finally, we concisely illustrated the applica-
tions of these models and some recent advances dis-
closing future perspectives in the medical field with
strong impact on public health. Hence, far from being
a comprehensive overview of disease modelling in
hBBB-on-chips, the main purpose of this review is
to describe the advancements in the development of
hBBB in vitroOoC-based models and their technolo-
gical challenges.

2. BBBmodels overview

Researchers wishing to study the complexity, func-
tionality, and responsivity of BBB can apply two
approaches: in vivo studies by animal models and
in vitro studies by cell cultures. Recently, Jackson et al
have extensively outlined in vitro and in vivo BBB

model systems currently in use [6]. In this section, we
provide a short overview of the gold standard mod-
els, which are rodent models (in vivo) and transwell
systems (in vitro).

In vivo rodent models fulfill the requirements
for the pharmacological evaluation of drug deliv-
ery across the BBB, considering the clinical need to
determine the safety and efficacy of a new drug.
However, the use of animal models is challenging,
time-consuming, and costly because of many anim-
als involved, animal-to-animal variability, and high
doses of chemicals needed. There are also ethical
issues concerning the use of animalmodels for clinical
trials. Moreover, humans and rodents show insuper-
able structural differences such as genetic, immun-
ologic, physiologic, and pathologic aspects that may
influence the translation of preclinical results in clin-
ical trials [6]. Indeed, more than 80% of poten-
tial therapeutics fail in human testing [7]. Neverthe-
less, rodent models are frequently used to investig-
ate transport and metabolism in the context of the
BBB thanks to the application of severalmethods such
as intravenous injection, brain perfusion, positron
emission tomography, and microdialysis sampling
[8]. The two-photon imaging technique has even
allowed studying both blood flow and the activity of
individual cells below the surface of the brain in rats
or mice [9].

In vitro transwell systems consist of more cell
types cultured on semi-permeable microporous
inserts in static wells, leading to compartmental-
ized co-cultures of the BBB cells derived by human
tissues to achieve a multicellular human platform
[10]. These models allow permeability or extravas-
ation assays, and they are user-friendly, reprodu-
cible, and cost-effective, offering moderate scalabil-
ity and high throughput screening [11]. However,
transwell systems lack some key features of the BBB,
such as the endothelium exposure to flow-induced
shear stress (which plays a crucial role in modulating
cell morphology, structure, and function) and the
3D microenvironment, acting as a functional scaf-
fold pivotal for the cellular interactions and signals
distribution [12, 13]. Moreover, in a transwell sys-
tem, the ‘edge effects’ are not negligible since cells are
unable to form a monolayer near the walls surround-
ing the membrane, resulting to be intrinsically very
permeable [11].

Hence, both rodent models and transwell systems
have several limitations that cannot be overcome even
by combining both approaches together. In this scen-
ario, the development of OoC models of the hBBB
rises scientific challenges that are worth investigating.

3. hBBB features and functions

The hBBB is the boundary separating the blood from
the brain parenchyma, controlling the exchange of
substances, and the immune cells transport into the
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Figure 2. Human brain microvascular architecture: (A) in the brain intracortical region, the arteriolar and venular trees have a
quasi-fractal structure (they are vessels of more than 10 µm in diameter, colored in black); (B) in contrast, the capillary bed is a
dense mesh with vessels of less than 10 µm in diameter (colored in red). Adapted from [14] CC BY 4.0.

central nervous system (CNS), modulating the traf-
ficking of pathogens. The hBBB consists of cellular
(Endothelial Cells, Pericytes, Astrocytes, Microglia)
and extracellular components, which are Extracellu-
lar Matrix (ECM) and Basement Membranes (BM).
Interactions among these different cells and struc-
tures along with neurons refine a functional unit,
called Neurovascular Unit (NVU), responsible for a
dynamic system capable of regulating the local blood
flow [15].

In this section, we report the main features and
functions of the hBBB that must be considered to
develop an OoC model. For that reason, here we first
recall some fundamental notions related to the overall
human brain microvascular architecture and then we
briefly outline the contribution of each component of
the hBBB. However, if the reader aims at raising its
knowledge about the structure, function, and trans-
port properties of the hBBB, we suggest reading the
engineering perspective provided by Wong et al [16].
While to deepen the anatomy and immunology of
vasculature in the CNS, we suggest reading the work
of Mastorakos and McGavern [17].

3.1. Human brain microvascular architecture
The microvascularization of the human brain
(figure 2) extends in length for about 600 km [18].
It is a multiscale network where, in contrast with the
capillary bed, the arteriolar and venular trees have
a quasi-fractal structure [14]. Individual capillary
segments are between two junctions, and they are
7–10 µm in diameter with an average intercapillary
distance of about 40 µm. Therefore, the cell body
of a neuron is typically about 10–20 µm from the

nearest capillary [16]. The region between capillar-
ies and neurons is occupied by extracellular space,
modelled as an interconnected network of 40–80 nm
diameter tunnels, spanned by sheets between pairs of
cell surfaces with a width of 10–40 nm [19].

Therefore, the development of an OoCmodelling
the hBBB starts from the level of complexity of the
functional unit to replicate. Depending on the design
strategies, as shown in section 4, the functional unit of
a hBBB-on-chip model can be an individual capillary
segment or a 3D network of capillaries.

3.2. Endothelial cells (ECs)
ECs line the brain microvessels lumen, connected by
adherents junctions (AJs) and tight junctions (TJs).
In particular, brain ECs are rich in TJs that play
important roles in tissue integrity and vascular per-
meability. Indeed, they prevent the paracellular trans-
port of most water-soluble compounds, including
polar drugs, and severely restrict transport of small
ions. Instead, the lipid membrane of the endothe-
lium offers an effective diffusive route for lipid-
soluble agents. TJs consist of transmembrane pro-
teins, named claudin (CLDN) and occludin (OCLN),
that link to the cytoskeleton through scaffolding
proteins such as zonula occludens −1 (ZO-1), −2
(ZO-2), −3 (ZO-3), and cingulin [17]. Thus, trans-
cellular transport is responsible for most molecular
trafficking between the vascular system and the brain
parenchyma [15]. Genes associated with junctional
proteins and transporters of the ECs can be upregu-
lated by shear stress associated with blood flow [12].
How brain ECs are affected by biomechanical inputs
from the vascular system is an interesting matter
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that merits further study. For instance, there are two
works reporting in vitro effects of the flow on the
endothelium morphology, both observed no elonga-
tion and alignment of brain ECs under flow [12, 20].
Especially, Ye’s hypothesis was that ECs in the brain
are programmed to resist elongation in response to
curvature and shear stress, minimizing the length of
tight junctions per unit length of capillary and hence
minimizing paracellular transport into the brain [20].
Indeed, while there are many cells around the peri-
meter of large vessels, in small capillaries ECs can
wrap around to form tight junctions with them-
selves, as well as their neighbors [21]. Nevertheless,
Moya et al have recently observed ECs alignment in
the direction of flow as well as significant morpho-
logical differences compared to static conditions in
their OoC model of the hBBB, suggesting that brain
microvascular ECs reorganize under flow conditions
[22]. There are differences in the experimental setup
that may explain these differing observations, as
well the different cells type used: DeStefano used
human brain microvascular ECs differentiated from
human induced pluripotent cells (hiPSCs) line [12];
Ye used primary ECs from the brainmicrovasculature
[20]; Moya used immortalized ECs from the brain
microvasculature [22].

There is no doubt that the correlation between
endothelial morphology and shear stress still needs
exploration. OoCmodels of hBBB allow investigating
this controversial issue better than traditional in vitro
systems that do not include flow-induced shear stress.

3.3. Pericytes
Pericytes are the closest cellular connections with the
endothelium, wrapping around precapillary arteri-
oles, capillaries and postcapillary venules in the brain.
In the human brain, the average ratio of pericytes to
ECs is the highest (1:3–4). Pericytes have a prom-
inent round nucleus that clearly differs from the
elongated cigar-shaped nucleus of the ECs. The peri-
cytes extend long processes that wrap the vessel wall
with heterogeneous patterns, as a result of their
functional differentiation [23]. A thin layer of the
basement membrane, deposited by pericytes dur-
ing development and angiogenesis, separates peri-
cytes from ECs, and from surrounding astrocyte
endfeet [24]. Although pericytes are usually quies-
cent, providing vascular stability, in the condition of a
brain injury, they undergo phenotypic and functional
changes that may include migration, proliferation or
differentiation [25]. Indeed, pericytes have stem cell-
like characteristics and can be differentiated into cell
types from different lineages. Dore-Duffy et al repor-
ted that pericytes from cultured rat capillaries can
also generate neurospheres with formation and dif-
ferentiation rates higher in capillary cultures than in
primary pericyte cultures [26]. Moreover, pericytes
are contractile, with actin stress fibres throughout the
cell body, and contribute to the regulation of cerebral

blood flow by controlling capillary diameter [27].
Indeed, Kisler et al reported that a rapid progressive
loss of pericyte coverage of cortical capillaries up to
50% in mice is correlated with approximately 50%
reductions in stimulus-induced cerebral blood flow
responses, with potential implications in neurolo-
gical conditions [28]. Jamieson and co-workers stud-
ied the pericytes’ contribution to the barrier function
of an endothelial monolayer with different in vitro
models. They compared the traditional transwell sys-
tem to a microfluidic system, also applying physiolo-
gical shear stress in the engineered microvessel with
a cylindrical geometry. In both systems, the pres-
ence of pericytes had no effect on the barrier
function of a healthy endothelial monolayer [29].
The most supported hypothesis is that an optimal
endothelial monolayer does not require other cell
types to ensure physiological barrier function, while a
stressed one can be partially or fully rescued through
the secretion of soluble factors from other cell
types.

Simulating stress or damages in OoC models of
the hBBB can help to further explore the pericytes’
role, because they can recapitulate the correct spatial
arrangement with pericytes at the interface between
the endothelium of microvessels and the surround-
ing matrix. The pericytes’ motility and distribution
towardsmicrovessels ofOoCmodelsmay be a charm-
ing subject of study, for instance.

3.4. Astrocytes
Astrocytes, which are specialized glial cells, make
synapses between neurons and contacts with brain
microvessels thanks to their cellular processes named
‘astrocytic endfeet’, which form a continuous sheath
covering the microvessels. The thickness of this glial
sheath varies from 300 nm down to 20 nm, with
endfoot–endfoot clefts of 20 nm width [30]. Astro-
cytic endfeet show several specialized features of this
location, including a high density of the water chan-
nel aquaporin 4 (AQP4) and the Kir4.1 K+ chan-
nel, which are involved in ion and volume regulation
[15, 17]. Furthermore, AQP4 has a crucial role in the
‘glymphatic pathway’ proposed by Iliff et al to explain
the mechanism of ECM debris removal through
NVU and cerebrospinal fluid (CSF) active directional
filtration [31, 32]. There are many different astro-
cytic factors that regulate barrier permeability, with
a key role in BBB recovery after brain damage [33].
Somemore well-known astrocytic factors are glutam-
ate, aspartate, interleukin-1β (IL-1β), endothelin-1,
nitric oxide, interferon-γ, and tumor necrosis factor-
α (TNFα) [17]. The appropriate control of these
factors may be significant to protect against brain
injury induced by BBB disruption.

The clinical use of an astrocyte-targeted therapy is
a promising approach that encourages further invest-
igation of astrocytic functions. It is with this in mind
that OoC models of the hBBB may allow studying
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in vitro the selective and controlled modulation of
astrocytes while interacting with the other cells of the
BBB in physio/pathological conditions.

3.5. Microglia
Microglia are the first cellular lines in the innate
immune response of CNS, acting as specialized res-
ident macrophage, which can mediate the loosen-
ing of BBB and the secondary immune reaction [13].
In the healthy brain, microglia bodies are relatively
immobile, but they extrude numerous protrusions
with secondary branches used for the continuous
exploration of the microenvironment. Under patho-
logical conditions, microglia cells are activated in
order to play a pro-inflammatory function or on the
contrary a pro-angiogenic and immunosuppressive
role. Activated microglia can be recognized by a de-
ramified phenotype with retracted and thicker pro-
cesses and enlarged cell bodies [34]. BBB-associated
microglia preferentially localize along the vasculature
in locations where astrocytic endfeet coverage is
absent [35]. Microglia exert dual detrimental and
protective properties on the BBB. Based on the cur-
rent knowledge, pro-inflammatory microglia (M1)
contribute to BBB dysfunction and vascular ‘leak’,
while anti-inflammatory microglia (M2) play a pro-
tective role in the BBB [36]. However, the role of
microglia in regulation of the BBB phenotype still
needs to be thoroughly investigated. The endothelial
and non-endothelial components of the BBB can
influence microglia via blood-derived factors, or
endothelium-, pericyte- and ECM-derived mediators
[37]. Increasing our knowledge of microglia–BBB
interactions may disclose how BBB dysfunction
and neuroinflammation are associated with CNS
diseases.

Modulation of microglial activation by suppress-
ing the deleterious effects and simultaneously retain-
ing the protective functions on the BBB, could allow
to develop novel therapeutic targets. OoC models
of hBBB will aid in meeting this challenge because
they allow advancing the study of cell–cell inter-
actions at the BBB interface by the evaluation of
microglial effects on barrier permeability and bio-
marker expression.

3.6. ECM and basement membranes (BM)
The ECM, surrounding the cells in the brain paren-
chyma, is mainly composed of proteoglycans, hyalur-
onan, link proteins and tenascins [38]. The cellular
components of BBB and ECM are functionally and
structurally integrated, controlling the bidirectional
exchange of nutrients, cytokines, molecular mediat-
ors, and immune cells between CNS and systemic
circulation [13]. The Basement Membranes (BMs)
are a unique form of the ECM, with many func-
tions, including structural support, cell anchoring
and signalling transduction. Structurally, the BMs are
highly organised protein sheets with thicknesses of

50–100 nm. Biochemically, the BMs consist of four
major ECM proteins: collagen IV, laminin, nidogen
and perlecan (also known as heparan sulfate pro-
teoglycan 2, HSPG2) [39].

In the brain, two types of BMs are found:
endothelial BM (inner) and parenchymal BM (outer),
which enclose pericytes. In capillaries, the outer BM
is adjacent to the inner BM, whereas the postcapil-
lary venules are surrounded by a perivascular CSF-
filled space that separates the inner BM from the outer
BM. These spaces support a lot of immune activ-
ity, playing a major role in compartmentalizing CNS
immune reactions [17]. During a diseased state of the
CNS, the ECM undergo profound changes including
the remodelling and enzymatic degradation of ECM
proteins. ECM remodelling can lead to BBB disrup-
tion or contribute to BBB repair according to the
biphasic ECM regulation following vascular damage
[40]. Among the extracellular proteases of the CNS
involved in the ECM turnover, there are more than
20 members of matrix metalloproteinases (MMPs).
However, our knowledge of the molecular mechan-
isms underlying ECM remodelling and turnover in
CNS diseases is still limited.

ECM-targeted therapy could become promising
for the treatment of CNS diseases if biomarkers to
monitor ECM remodelling will be identified. There-
fore, simulating the BBB breakdown in OoC models
may aid to detect ECM molecules and extracellular
proteases able to pass directly into the vascular system
by studying mechanism and timing. Consequently, a
careful ECM composition in a OoC model of hBBB
appears crucial.

4. Development of hBBB-on-chip models

In this section, we deepen the design strategies
to develop hBBB-on-chip models. The design of a
hBBB-on-chip model must consider two main areas:
the ‘blood side’, mimicking the microvascular lumen
of the brain capillary bed; and the ‘brain side’, mim-
icking the abluminal side of the capillaries and the
brain parenchyma. Based on the spatial arrangement
of the blood side and the brain side in the device,
threemain layouts can be defined: (i) side-by-side lay-
out, where the blood side and the brain side are on
the same plane (figure 3(A)); (ii) double-layer layout,
where the brain side and the blood side are on two
overlapped planes (figure 3(B)); (iii) hollow chan-
nel layout, where the blood side is surrounded by the
brain side (figure 3(C)).

Regardless of the layout, we can identify three
main elements that are common to all the models:
building blocks to device manufacture, cell types to
be included, and hBBB features to reproduce. Thus,
we collected and examined published works devel-
oping microfluidic models of BBB made strictly of
human cells (table 1), exempting those including
merely brain ECs without any cellular component
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Figure 3. Examples of hBBB-on-chip models with different layouts. (A) Side-by-side layout. Adapted from [50], Copyright
(2018), with permission from Elsevier. (B) Double-layer layout. Adapted from [49], with permission from Springer Nature.
CC BY 4.0. (C) Hollow channel layout. Adapted from [53]. CC BY 4.0.

of the brain side. Being mainly focused on biolo-
gical and technological aspects, we avoided describ-
ing the recent, although valuable in the medical field,
advances of devices already reported. Rather, if the
reader is interested to further the applications of OoC
models of hBBB to the clinical field, such as disease
modelling and drug testing, we suggest the recent
work of Cui and Cho [41].

4.1. Building blocks
The building blocks to manufacture a hBBB-on-chip
model are (a) chip, (b) hydrogel, and (c) membrane
(or fibre).

Chips with microfluidic patterns are commonly
fabricated by photolithography and soft lithography.
Indeed, most of the reported hBBB-on-chip mod-
els are fabricated by standard polydimethylsiloxane
(PDMS) replica molding. Briefly, the microfluidic
chip is made by casting PDMS prepolymer and cur-
ing agent at a weight ratio of 10:1 onto a patterned
SU-8 master. The polymer is cured in an oven and
subsequently peeled off from the mold. Addition-
ally, cutting-edge technologies such as 3D print-
ing and two-photons lithography were successfully
used to produce microfluidic chips as BBB models,
but they did not describe a human model [42, 43].
Moreover, the 3D bio-printing methods showed a
promising application for the OoCs fabrication, even
if a hBBB model did not come out yet [44]. Indeed,
it is worth mentioning Kolesky’s work developing a

method enabling cell-laden hydrogel to be poured
around a printed sacrificial element, which is sub-
sequently flushed away to leave the channel free
for endothelial cell seeding and perfusion through
the connection to a microfluidic pump [45]. Fur-
thermore, in the recent work of Dobos et al, the
two-photon polymerization allowed to print directly
on a chip microvascular structures (10–30 µm in
diameter) [46].

Hydrogels are essential for assembling a 3D cell
culture inside a microfluidic device. For instance,
hydrogel filling the brain side of hBBB-on-chip mod-
els with a double-layer layout allowed to have a
3D cellular microenvironment like in vivo brain
parenchyma [47–49]. Meanwhile, in some mod-
els with a side-by-side layout, the hydrogel was
exploited to obtain a 3D self-organized microvascu-
lar network by angiogenic or vasculogenic processes
[50–52]. Hydrogels were also used to fabricate a
cylindrical channel inside a microfluidic device to
build hBBB-on-chip models with a hollow chan-
nel layout. For instance, thanks to the viscous fin-
gering technique, Herland et al developed a lumen
in a collagen gel where astrocytes were incorpor-
ated (the brain side), while ECs and pericytes lined
the lumen of the channel (the blood side) [53].
Alternatively, a hydrogel gelled around a needle
into the housing device allowed to have a hollow
channel layout [54]. Finally, the development of
novel photo-curable hydrogels is crucial to fabricate
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‘bio-printed’ OoCs, as previouslymentioned. Indeed,
several approaches have been developed to intro-
duce reactive groups to the biopolymers allowing the
photopolymerization [55].

Membranes (or alternatively fibres) are key ele-
ments to partition the compartments of a micro-
fluidic device while providing structural support for
cell layers, and preserving physical and biochemical
cross-talk between cells. Most hBBB-on-chip models
with a double-layer layout use a commercial mem-
brane made in Polycarbonate (PC) or Polyethyl-
ene terephthalate (PET) [47–49, 56], integrated by
functionalization with 3-aminopropyltriethoxysilane
(APTES) according to what reported from Aran and
colleagues [63]. However, some researchers preferred
a porous membrane in PDMS for its high trans-
parency compared to the other membranes, which
allows non-invasive monitoring of cells during cell
culture without resorting to labeling [57, 58]. Instead,
Tibbe et al developed a temporary membrane sep-
arating channels in a model with a side-by-side lay-
out to allow the seeding of cells separately in each
channel and to put them in direct contact after
membrane deletion [59]. A similar strategy could be
developed and applied to the other layouts, open-
ing a new class of OoCs in which cells are not sep-
arated by artificial barriers and interact with each
other more strictly as in vivo. For example, recently,
Arik et al have proposed a collagen-based enzymatic-
ally degradable membranes for OoC barrier models
[64]. Indeed, collagen is an actual part of the in vivo
ECM, and collagen-based membranes can be treated
with proteases to modulate fibre thickness and per-
meability. Their results provide a preliminary study
to develop more representative models and deepen
the disease-related ECM remodelling. A further inter-
esting approach was used by Huang et al, which
developed a few hundred nanometers thick mono-
layer of nanofibres by electrospinning of a gelatin
solution. They used electrospun nanofibres as an arti-
ficial physiologically relevant basement membrane
to separate two compartments in a device with a
double-layer layout [65]. Although both Arik’s and
Huang’s devices are not applied to model the hBBB,
it is easy to imagine it for future developments.
Indeed, an approach similar to Huang’s chip has been
already demonstrated in a transwell-like hBBBmodel,
consisting of a 3D printed holder and an electro-
spun poly(lactic-co-glycolic acid) (PLGA)mesh as an
insert [66]. Finally, some hBBB-on-chip models have
a hollow fibre in place of a separating membrane. For
instance, Nguyen et al developed their hollow fibre in
alginate covered by ECs on the abluminal side and
placed in the channel of a microfluidic device with
a side-by-side layout [60]. Instead, Moya et al used
a commercial hollow fibre in polyvinylidene fluoride
(PVDF), enclosed in a microfluidic device to obtain a
hollow channel layout [22].

4.2. Type of cells
The cellular players of a hBBB-on-chip model are
basically the ECs into the blood side, while pericytes
and astrocytes into the brain side. However, even
neurons and microglia could be included in the brain
side with the aim of replicating the NVU.

ECs are the most important cells in the hBBB,
and the use of the primary human brain microvas-
cular endothelial cells (hBMVECs) should be the
best choice pursuing the development of a human
model, including the primary human brain pericytes
(PCs) and astrocytes (Acs). However, the isolation of
primary hBMVECs has a highworkload, they are very
expensive and require time to reach confluence [67].
Originally, many works on hBBBmodels reported the
use of human umbilical endothelial cells (HUVECs),
but these cells are a model of large vessels and do
not exhibit the required barrier properties and func-
tions. A good alternative is represented by the immor-
talized human cerebral microvascular endothelial cell
lineHCMEC/D3, developed byWeksler et al, showing
fundamental properties of primary human BMECs,
including tight junction/transporter protein expres-
sion and contact growth inhibition, for up to 35
passages [68].

Additionally, the recent development of human-
induced pluripotent stem cells (hiPSCs) technology
is fascinating for those who wish to study the hBBB
role in nervous system diseases. Since hiPSCs can
be derived from patients, researchers may simultan-
eously generatemultiple cell types and study neurolo-
gical disorders within an endogenous human model.
Unluckily, working with hiPSCs has some disadvant-
ages as batch-to-batch variability and high costs, and
it is technically challenging and time-consuming [69].
To date, there is not a fully isogenic hBBB-on-chip
model that means the complete incorporation of all
hiPSCs-derived components of the hBBB [47, 48, 50,
51, 57]. However, it is worth mentioning that the
model developed by Vatine and co-workers incor-
porating hiPSCs-derived ECs of Huntington’s disease
(HD) patients, co-cultured with primary brain vas-
cular pericytes and astrocytes, showed an increas-
ing barrier permeability than the same model with
healthy control hiPSCs [57].

4.3. Features of the ‘blood side’ and ‘brain side’
With the aim to replicate in a OoC model the fea-
tures of the two different sides (blood and brain)
of the hBBB, researchers must keep in mind (a) the
microvessels in vivo architecture and size to design
the chip geometry of the blood side; (b) effects of
cell exposure to the flow-induced shear stress dur-
ing pumping through the blood side; and, (c) the
3D microenvironment and ECM composition of the
brain side.

The shape and size of the blood side in a hBBB-
on-chip model impact the endothelium properties,

11



Biofabrication 15 (2023) 022003 V Guarino et al

such as cell distribution, orientation, and alignment.
The most reported shape of the blood side is a single
straight rectangular channel, with a minimum aspect
ratio of 2:1 related to a width of 200 µm and a
height of 100 µm [47, 57]. In such a case, we refer
to a ‘templating’ approach for modelling a microves-
sel on a chip by cells lining the microchannel walls
and forming an endothelial monolayer with a pre-
determined architecture and well-defined size. This
approach is themost used being effective and reliable,
although the human brain capillaries appear as com-
plex arrays of tubular vessels with a critical average
diameter of 10 µm [16]. Indeed, realizing networks
of tens of microns in size is challenging due to limita-
tions of the templating fabrication methods, or dif-
ficulties in delivering fluids through small artificial
capillaries. Contrariwise, a ‘self-organizing’ approach
is based on filling the chip with a 3D matrix and
promoting an angiogenic or vasculogenic process to
obtain ex-novomicrovessels, well-connected and per-
fusable, with shape and size more like a 3D physiolo-
gical network. Although quite bio-mimicking, this
approach lacks reproducibility since it does not guar-
antee full control of the intraluminal flow because
of the spontaneous forming of an unpredictable and
complex architecture. To date, the average diameter of
34.64 µm reported by Lee et al is the smallest engin-
eered vessel diameter reached in a hBBB-on-chip by
using the self-organizing approach [52]. Therefore,
all current hBBB-on-chip models are still far off from
reaching the human brain capillaries dimensions.

With respect to the cell exposure to the flow-
induced shear stress in the blood side of a hBBB-
on-chip model, getting a dynamic cell culture on a
chip is the keystone. Indeed, reproducing physiolo-
gical shear stresses is crucial to effectively model the
ECs arrangement and integrity of the hBBB. Ini-
tially, several hBBB-on-chip models allowed only
static cell cultures, easy to accomplish by connect-
ing the microchannels to some media feed reser-
voirs and merely refreshing the medium [50, 52, 60].
Then, some microfluidic systems were improved by
applying hydrostatic pressure to the microchannels,
for instance, by placing pipette tips with unequal
medium amounts at the inlets and outlets [48, 51,
58, 59]. However, the intraluminal flow generated
by hydrostatic pressure is low compared to the flow-
induced shear stress experienced by brain microves-
sels. Indeed, the flow rate in brain capillaries typic-
ally ranges from 6 to 12 nl min−1 corresponding to
a shear stress of 10–20 dyne cm−2 for a capillary of
10 µm in diameter [16]. Instead, a lower shear stress
of 1–4 dyne cm−2 is representative of the brain ven-
ous system [12]. Therefore, a dynamic culture by a
peristaltic or a syringe pump to generate continu-
ous cell exposure to the flow is needed to get real-
istic shear stresses in hBBB-on-chip models [22, 49,
57]. Although multi-pumping systems are suitable to

study more devices at the same time, the long mul-
tiple tubes that connect the devices located in a CO2-
incubator to pumps (outside the incubator) could be
an obstacle in many steps of the culture and may
increase the probability of air bubbles generation.
Moreover, for some microfluidic devices, it would
be exorbitantly expensive to run a cell culture under
continuous flow for many days to get realistic shear
stresses, as it may happen for the model developed
by Herland et al where they would need flow rates
in the range of 600 ml h−1 [53]. Another strategy
of microchannels perfusion is using a rocker plat-
form, allowing the medium to flow from inlet to out-
let and back, creating a bidirectional flow, regulat-
ing the inclination angle, and the interval with which
the rocker platform switches sides [61]. Despite some
efforts, the research of a hBBB-on-chip model able to
incorporate physiological shear stresses is still chal-
lenging, and it is a key aspect to effectively reproduce
the ECs arrangement and the barrier integrity.

Finally, we need to consider the features of a
hydrogel filling the brain side of a hBBB-on-chip
model to replicate the 3D brain microenvironment
(cell-cell and cell-ECM interactions) and allow more
realistic cellular responses. The most used hydro-
gels in hBBB-on-chip models as 3D matrices are
made in naturally-derived materials: Matrigel [49,
59], collagen [47, 51, 53], and fibrin [50, 52]. Indeed,
these hydrogels mimic salient elements of native
ECM, have mechanical properties near to those of
many soft tissues (e.g. brain parenchyma), support
cell adhesion, and regulate cell behavior. Moreover,
their structure undergoes remodelling by the cul-
tured cells, like in vivo, thanks to the degradation
and deposition of ECM proteins. At the same time,
naturally-derived hydrogels meet some significant
technical requirements, such as suitable optical prop-
erties to allow visualization of cells in situ by ima-
ging, or a good chemical degradability to recover
alive cells from the matrix for molecular and cellu-
lar analyses. Despite their advantages, these hydro-
gels have some common drawbacks such as low stiff-
ness, limited long-term stability, and batch-to-batch
variability [70]. Although there are other hydrogel
options (e.g. synthetic or hybridmaterials) that can be
explored to have more well-defined and tunable plat-
forms, naturally-derived hydrogels are the most used
by researchers to develop OoC models.

5. Barrier assessment of hBBB-on-chip
models

The BBB integrity of a model can be assessed by
qualitative and quantitativemethods, allowing for the
comparison of in vitro model outcomes with those
in vivo. The most common methods are tight junc-
tions (TJs) immunolabeling, permeability assays, and
TEER reading.
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Figure 4. ZO-1 visualization in two different hBBB-on-chip models. (A) 3D model based on a side-by-side layout chip and a
self-organizing approach. Adapted from [52] John Wiley & Sons. © 2019 Wiley Periodicals, Inc. (B) 2D model based on a
side-by-side layout chip and a templating approach. Adapted from [62] John Wiley & Sons. © 2018 The Authors. Bioengineering
& Translational Medicine published by Wiley Periodicals, Inc. on behalf of The American Institute of Chemical Engineers.
CC BY 4.0.

TJs immunolabeling is used to preliminary evalu-
ate the barrier integrity. The immunostaining of pro-
teins characteristic of tight junctions found in vivo
(ZO-1, Occludin, and Claudin-5) provides qualitat-
ive insights into the endothelial monolayer in vitro,
by imaging with fluorescent microscopy [71]. The
barrier integrity is further assessed by measuring
the flux of tracer molecules (often fluorescently
labeled) across the endothelium and quantified by the
endothelial permeability coefficient (named appar-
ent permeability, Papp). The permeability of BBB is
affected by the paracellular water flow, as well as the
pore size of the tight junctions [72]. In vivo, BBB per-
meability of microvessels in the rat brain tissue was
assessed by the cerebral circulation of FITC-dextran
−4 kDa, −20 kDa, −40 kDa, −70 kDa, resulting to
be 6.2, 1.8, 1.4, 1.3 × 10−7 cm s−1, respectively [73].
Finally, TEER measures the ion flux through the bar-
rier. It gives an indication of the tightness of cell–cell
junctions in the paracellular space of cellular mono-
layer bymeans of electrical resistance readings. In vivo
TEER values measured in rat brain surface microves-
sels have been reported to be 800 Ω cm2 as the aver-
age resistance of venousmicrovessels, and 2000Ω cm2

as the average resistance of arterial microvessels, with
an overall average of 1500 Ω cm2 that is considered
the reference value for in vitro BBB models [74, 75].
However, these TEER values were unlike those pre-
viously reported by Smith et al that calculated an
electrical resistance of 8000 Ω cm2 for brain paren-
chymal vessels in adult rats from the combined per-
meability of radioisotopic sodium, potassium, and
chloride [76].

For the evaluation of the barrier integrity of a
hBBB-on-chip model, researchers should optimize

specific protocols to execute on a chip the immunola-
beling of TJs proteins of the endothelium, permeab-
ility measurement, and TEER reading. Then, these
methods can be used to investigate how a hBBB-on-
chip model is affected by some stimuli like cellular
exposure to different shear stresses or the delivery of
drug formulations.

5.1. TJs immunolabeling
Among the TJs proteins of the endothelium, ZO-1
is the most considered marker for the endothelial
tightness of a hBBB-on-chip model. The visualiza-
tion of ZO-1 allows a quick qualitative comparison
among different chips or different conditions of the
same chip (figure 4). For instance, Lee and colleagues
compared the confocal images of ZO-1 expression
for each culture condition tested in their 3D hBBB-
on-chip model (figure 4(A)): ECs, ECs/Astrocytes
(EA), ECs/Pericytes (EP), or ECs/Pericytes/Astrocytes
(EPA). They reported that ZO-1 expression in a
monoculture of ECs was not significant around the
cell-to-cell boundary, but rather distributed over the
cell body. When ECs sprouted in the presence of
astrocytes (condition EA), the boundaries between
ECs were visible through the ZO-1 junction. How-
ever, the expression signal was weaker than that under
conditions EP and EAP. Condition EAP exhibited
the strongest ZO-1 intensity with a clear zipper-
like boundary between ECs. These differences in
fluorescence intensity meant that the expression of
the ZO-1 tight junction proteins was determined
by cellular interactions between ECs and surround-
ing BBB perivascular cells [52]. Instead, Brown and
co-workers performed immunostaining for ZO-1 on
their 2D hBBB-on-chip model after culturing 3 d
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Figure 5. Examples of dedicated setup for the TEER reading on a chip. (A) Customized system based on two couples of Ag, AgCl
wire electrodes to read the ohmic resistance by using a commercially available volt-ohmmeter (EVOM2). Adapted from [49], with
permission from Springer Nature. CC BY 4.0. (B) Multi-Electrode Array (MEA) chip with connectors in Platinum (gray) and the
TEER electrodes in gold. Reproduced from [77] with permission from the Royal Society of Chemistry.

statically and after conditioning to physiologically rel-
evant fluid flow (figure 4(B)). The TJs expression pro-
file increased dramatically in the flow-conditioned
model, similar to the in vivo hBBB, as compared to
its static counterpart [62].

5.2. Permeability assays
A real-time representation of the barrier integrity
of hBBB-on-chip models can be obtained by meth-
ods that do not compromise cell viability, like the
permeability measurement. Thus, a blank measure-
ment of permeability (chip without cells) should be
subtracted from the measured permeability of cells
grown into the device to calculate the permeability
coefficient (Papp index) of the endothelium in vitro, to
be compared with the permeability recorded in vivo.
Although, it must be considered that any tracer com-
pounds may interfere with the transport process and
affect the barrier integrity, as well as compromise fur-
ther experiments on the tested cells [72]. The mostly
used tracer is the FITC-labeled dextran with differ-
ent molecular weights (4, 10, 20, 40, or 70 kDa), and
the outcome of its passage through the endothelium
allows a quantitative assessment of how close a hBBB-
on-chip model is to the in vivo BBB. Indeed, Campisi
and co-workers developed a 3D hBBB-on-chipmodel
with hiPSC-derived ECs in a static tri-culture with
primary brain pericytes and astrocytes, whose per-
meability resulted close to the recorded value in vivo
[50]. Also, Vatine and colleagues reported a physiolo-
gically relevant permeability of their 2D hBBB-on-
chipmodel by co-culturing hiPSC-derived ECs under
continuous flow with primary brain pericytes and
astrocytes [57]. In both models, despite the differ-
ences in design, hiPSC-derived ECs cultured alone
showed a higher permeability than the co-cultures.
However, in any culture conditions, the magnitude

order of the recorded permeability coefficients was
the same as the in vivo BBB permeability values and
lower than the coefficients of other hBBB-on-chip
models, even of those similar in design but without
hiPSC-derived ECs [49, 52].

5.3. TEER readings
Reading in vitro TEER is a sensitive, non-invasive
method to monitor live cells during various stages
of growth, differentiation, or experimental treatment.
Generally, TEER measurements are based on read-
ing ohmic resistance or measuring impedance across
a wide spectrum of frequencies. Conventional TEER
electrodes are not suitable for use in OoC systems due
to their microscale design. Indeed, electrodes should
be integrated along the microchannels to ensure a
uniform current density and an equal potential drop
over the entire cell culture area. In this case, in addi-
tion to the high technical complexity, the risk of cell
coverage of the electrode surfaces may compromise
the measurement [72].

A hBBB-on-chip model typically requires a ded-
icated measurement setup and presents specific
challenges for assessing the TEER values (figure 5).
However, in some models, where ECs, pericytes, and
astrocytes are co-cultured in a fully 3D organiza-
tion, TEER measurement is unworkable because of
the challenges for the electrodes integration as well
as for ensuring a uniform electric field along the
culture area [50–52]. Additionally, multiple factors
may affect the TEER readings on a chip: temperature,
physical support for cell culture, and characteristics
of the electrodes such as material, quality, and surface
state. Finally, other potential sources of measurement
errors are chip-to-chip variation in the positioning
of the electrodes and air bubbles trapped in the
microchannels [71]. Therefore, a comparison among
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different hBBB-on-chip models based on TEER val-
ues is not trusted yet, but TEER readings can be used
to guide the internal decision-making of research-
ers to optimize the cell culture protocols on-chip by
associating the TEER outcomes with those of the
immunostaining and the permeability studies. For
instance, Ahn et al reported a customized set-up
adapted to a commercially available volt-ohmmeter
(EVOM2) (figure 5(A)). They recorded TEER values
from their model under different levels of shear stress
and used them for the cross-validation of permeabil-
ity coefficient analysis. Although recorded TEER val-
ues were lower than in vivo, the measurements sug-
gested the enhancement of barrier integrity when
the applied shear stress was physiologically relevant
[49]. Instead, Vatine and co-workers used a specific
chip design integrating electrodes for TEER readings,
as previously developed by Maoz et al (figure 5(B))
[77]. TEER measurements on their model under
high shear stress and based on hiPSC-derived ECs,
co-cultured with primary pericytes and astrocytes,
reached physiologically relevant values [57].

6. hBBB-on-chip models applications

Despite the variety of hBBB-on-chip models repor-
ted in the literature, there are only a few examples
in which they have been demonstrated to be applied
in the medical or toxicological fields. Most stud-
ies remark on the potentiality of the approach and
refer to future research for specific applications. This
may be attributed to the OoCs complexity itself, thus
the authors are mainly focused on developing an
architecture acting as a ‘cell container’ with well-
arranged cell assembly in a way as close as possible to
in vivo BBB for molecular permeability, TJs expres-
sion, and TEER values. However, some application
cases of the hBBB-on-chip models exist and prove
the superiority of these models as compared with
in vivo animal models or other in vitro systems. For
example, Lee et al have demonstrated the potenti-
ality of their 3D hBBB-on-chip model in studying
the mechanism of inhibitors of efflux transporters,
in particular the p-glycoprotein, for the use in drug
co-treatment and have suggested further applications
to evaluate CNS medications targeting pathological
angiogenesis associated with brain tumors or brain
damage [52]. Some hBBB-on-chip models have been
used to assess the transcytosis across the barrier of
therapeutic antibodies, thus demonstrating that these
in vitro models are able to support the discovery/
engineering of novel BBB-shuttle technologies [61].
Other models have been used to study the effect
of intravascular administration of methamphetam-
ine, a psychoactive drug, and to identify previ-
ously unknown metabolic interactions between the
BBB and neurons [56]. Ahn’s model was exploited
to evaluate lipid-nanoparticle distributions at cellu-
lar levels and to assess the distinct cellular uptakes

and BBB crossing mechanisms through receptor-
mediated transcytosis [49]. This allowed to demon-
strate the huge potentialities of Ahn’s platform to
screen drug candidates for the treatment of neuro-
logical diseases. The study of distinct contributions
of astrocytes and pericytes to neuroinflammation was
the main target of Herland’s model. Indeed, when
their model was stimulated with the inflammatory
trigger tumor necrosis factor-α, the authors reported
different secretion profiles for granulocyte colony-
stimulating factor and interleukin-6, depending on
the presence of astrocytes or pericytes [53]. A model
study to investigate the BBB disruption in various dis-
eases, including acute liver failure andmelanoma, was
developed by Motallebnejad et al who showed the
effects of apical delivery of the transforming growth
factor β on BBB integrity and astrocyte activation
as an effect of high plasma levels of the same factor
[48]. Finally, it should be remembered the Vatine’s
model, incorporating hiPSCs-derived ECs of Hunt-
ington’s disease (HD) patients, to assess the using
a personalized hBBB-on-chip model as a predictor
for patient-specific brain penetrability of candidate
molecules [57].

7. Conclusions

Models of hBBB based on OoC technology repres-
ent a disruptive technology with several advantages,
but still some weaknesses. From a technical point of
view, their implementation is not straightforward and
well targeted efforts are needed to develop standard-
ized and validated models for toxicological screen-
ing and for studying various diseases in which the
hBBB district is involved. Nevertheless, the works
reported in the literature are consistent enough to
demonstrate the potential of these OoC platforms as
compared to other hBBB in vitro and in vivo animal
models. Indeed, OoCs were found to be more effect-
ive in predicting human response than the traditional
in vitro cell cultures and in vivo methods of animal
testing and, therefore, to be efficient in preclinical
predictions [78]. On the other hand, being the tradi-
tional animal models quite expensive, there is a grow-
ing need of designing innovative cost-effective hBBB
models to accelerate the development of novel drugs
and decrease the considerable costs of failure in pre-
clinical predictions and clinical tests. For all these
reasons, once routinely accepted in common prac-
tice, hBBB-on-chip models are expected to sensibly
reduce the number of animal testing and speed up the
process of novel drug testing in the pharmaceutical
industry. However, to move towards standardization,
more focused research is needed to establish and val-
idate the most convenient design strategy for better
mimicking the hBBB. Regarding the most convenient
cell types to be included in a hBBB-on-chip model,
although hiPSCs technology offers interesting per-
spectives for the development of personalizedmodels,
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its current immaturity and high costs are such that
primary cells ensure more chance for reliability and
reproducibility [69].

Then, a step forward would be to reduce fabric-
ation costs by moving from techniques such as 3D
printing, soft lithography, hot embossing, and injec-
tion molding to bioprinting, which has been con-
sidered by many researchers as a more cost-efficient
fabrication process for OoCs [79]. Another import-
ant issue that could act in favor of adopting OoCs
for modelling hBBB is that microfluidic technology
allows easy integration of sensors into the chips,
which makes monitoring key physiological paramet-
ers easier compared to traditional methods [80, 81].
Far from being considered a purly academic exer-
cise, the development of hBBB-on-chip models is
also interesting for medtech companies and emer-
ging start-ups. Some of them (i.e. SynVivo, Emu-
late) already sell microfluidic devices with biologic-
al/chemical components kits required to model the
hBBB that researchers can use to perform drug per-
meability assays, to evaluate toxicity effects of chem-
ical, biological, and physical agents on the cells of the
hBBB, to study the effect of drugs with potential pro-
tective effects on the hBBB, to investigate the effects of
tumor cells and inflammatory factors on the hBBB, to
visualize and quantify tight junction, transporter pro-
teins or the migration of immune cells, and for a gen-
omic, proteomic, and metabolic analysis of normal
and dysfunctional hBBB. For instance, the effects of
hyperthermia treatment with magnetic nanoparticles
on glioblastoma were demonstrated by using a com-
mercial microfluidic platform [82], but several other
applications can be imaged such as testing of treat-
ments with ultrasounds to increase BBB permeability
to drugs, methods to identify personalized doses of
drugs, testing of drug or stem cell-loaded nanocarri-
ers that cross the BBB, etc.

In conclusion, hBBB-on-chip models are poised
to become broadly accepted in biomedical and phar-
maceutical research because of their higher biologic
fidelity and lower cost compared to traditional meth-
ods, although strong cooperation with researchers
and industry must be forced to develop and validate
processes. These joint efforts are necessary to promote
the technological improvements that can facilitate the
widespread adoption of OoC-based hBBBmodels for
preclinical and clinical studies.

8. Future perspectives

As we discussed so far in this work, the develop-
ment of hBBB-on-chip models has made substantial
technological advancements over the last decade, but
recently there has been increasing interest in model-
ling various neurological diseases such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD) using such
technology [83, 84]. Recent findings in AD research
have established that BBB impairment is related to

AD pathogenesis. Although just a few hBBB-on-chip
models have been successfully applied to AD research,
they showed to be more promising than traditional
in vitro hBBB transwell models to enable the accurate
quantification of beta-amyloid (Aβ) accumulation
around the perivascular area and Aβ clearance from
the BBB [85]. Modelling a brain disease in a hBBB-
on-chip model can be also used to better predict drug
responses. For instance, glioblastoma (GBM) spher-
oids were added in a hBBB-on-chip model to study
BBB-associated chemosensitivity and drug delivery in
GBM [86]. These examples of recent works allow us
to envisage the future perspectives in modelling the
hBBB on a chip, which will be increasingly oriented
towards the study of pathological conditions by the
implementation of other cell types (e.g. neurons with
specific mutations, cancer-derived cells, microglia),
or towards the development of personalized models
by using patient-derived cells.
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