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ABSTRACT The blood-brain barrier (BBB) maintains the brain
homeostasis and dynamically responds to events associated with
systemic and/or rheological impairments (e.g., inflammation, is-
chemia) including the exposure to harmful xenobiotics. Thus,
understanding the BBB physiology is crucial for the resolution of
major central nervous system CNS) disorders challenging both
health care providers and the pharmaceutical industry. These
challenges include drug delivery to the brain, neurological disor-
ders, toxicological studies, and biodefense. Studies aimed at ad-
vancing our understanding of CNS diseases and promoting the
development of more effective therapeutics are primarily per-
formed in laboratory animals. However, there are major hinder-
ing factors inherent to in vivo studies such as cost, limited through-
put and translational significance to humans. These factors pro-
moted the development of alternative in vitro strategies for study-
ing the physiology and pathophysiology of the BBB in relation to
brain disorders as well as screening tools to aid in the develop-
ment of novel CNS drugs. Herein, we provide a detailed review
including pros and cons of current and prospective technologies
for modelling the BBB in vitro including ex situ, cell based and
computational (in silico) models. A special section is dedicated to
microfluidic systems including micro-BBB, BBB-on-a-chip,
Neurovascular Unit-on-a-Chip and Synthetic Microvasculature
Blood-brain Barrier.
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INTRODUCTION

Blood-brain Barrier (BBB): Structure and Functions

At the brain microvessels level, the BBB acts as a highly
dynamic and functional interface between the systemic circu-
lation and the CNS. While maintaining a stable brain envi-
ronment and protecting the CNS from potentially harmful
chemicals or systemic fluctuations, the BBB strictly and accu-
rately regulates transport of essential molecules and nutrients
necessary for optimal neuronal function. The current notion
of the BBB as evolved from past decades embracing the
concept of a multifunctional [1] and dynamic vascular inter-
face that responds to a large array of physiological and path-
ological cues such as acute brain injury [2], rheological dis-
turbances [3], pro-inflammatory stimuli [4]), diabetes and
hypercholesterolemia [5] etc. From a functional and structural
point of view, the BBB consists of highly specialized vascular
endothelial cells (EC) lining the brain micromicrovessels.
Closely associated astrocytic end-feet processes [6] and
pericytes [7] modulate endothelial cell differentiation and
maintain BBB properties such as tight junction (TJ)—expres-
sion/regulation and vesicular trafficking [8]. The intrinsically
unique and utmost complex functional interaction between
the BBB endothelium and the cellular milieu of the brain
environment (including extracellular matrix components, as-
trocytes and neurons) led to the conceptualization of the term
“neurovascular unit (NVU)” to define the close structural and
functional relationships between brain and vascular cells [6,9].
More recently the “NVU concept” has evolved towards ‘ex-
tended NVU’ which encompasses other cell types, (such as
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microglia, myocytes and pericytes) as well as specialized cellu-
lar compartments (e.g., endothelial glycocalyx) [10,11].

Unlike their peripheral counterparts, the BBB endothelial
cells are characterized by limited pinocytosis, relative absence
of fenestrations, and asymmetrical expression (lumen versus
albumen) of trans-membrane transport and efflux systems
regulating the traffic of substances between the blood and
the brain parenchyma [12]. Transmembrane inter-
endothelial TJ proteins (e.g., occludin, claudins etc.) form
homophilic binding with corresponding proteins on adjacent
endothelial cells (although claudins can also form heterophilic
trans-interactions with different claudins such as Cld3/Cld1,
Cld5/Cld1 or Cld3/Cld5 to a lesser extent. [13]) and restrict
the paracellular flux of ions and hydrophilic solutes between
the endothelial cells [14]. TJ appear at sites of contact between
outer leaflets of plasma membrane of endothelial cells. These
TJs form a genuine physical barrier to the paracellular diffu-
sion of blood-borne substances and xenobiotics into the CNS.
The impediment to ion movement results in high electrical
resistance of the BBB in vivo, with readings ≥1,800Ω cm2 [12].
TJs also work as a “fence” that limits the free movement of
lipids and proteins within the plasma membrane between the
apical and the basal surface. Thus, water soluble nutrients and
other biologically vital substances (such as, Amino acids, D-
glucose, and mono-carboxylic acids [12]) are carried into the
brain by specialized carrier-mediated transport systems [12]
(see Fig. 1).

Importantly, a range of ATP-binding cassette (ABC)
family-related efflux transporters including P-glycoprotein
(P-gp/ABCB1) [15], breast cancer resistance protein
(BCRP/ABCG2) [16] and multidrug resistance related pro-
tein 4 (MRP4) [17] are highly expressed at the BBB endothe-
lium. Coupled with significant metabolic capabilities granted
by specific cytochrome P450 (e.g., CYP3A4, NADPH-CYP
P450 reductase) [18] and Phase II enzymes (e.g., UGT1A4)
[19] which are also expressed at the BBB endothelial level, this
complex machinery of drug efflux transporters and P450
enzymes ultimately protect the CNS from either water or lipid
soluble harmful substances [15]. However on the negative
side, the same machinery plays a significant role in the onset
of pharmaco-resistance. This is one of the key challenges
hindering drug delivery to the brain for the treatment of major
neurological disorders including epilepsy and brain tumors
[20].

BBB INVOLVEMENT IN NEUROLOGICAL
DISORDERS

Numerous studies have shown that BBB impairment can be
prodromal to the pathogenesis and/or progression of major
neurological disorders such as epilepsy, multiple sclerosis

(MS), Parkinson’s, and Alzheimer’s [21]. Observed changes
include alterations in BBB permeability [22,23], caused by
disruption and/or structural alteration of TJ proteins [24],
which can be accompanied by degradation of the basement
membrane through increased expression/activity of matrix
metalloproteinases (MMPs) such as MMP-9 [25], extravasa-
tion of plasma proteins [26] and altered expression of drug
transporters and ion channels on endothelial cells and glial
cells [27]. A heightened inflammatory response via secretion
of pro-inflammatory cytokines such as interleukin-6 (IL-6) and
tumor necrosis factor alpha (TNF-α), up-regulation of perme-
ability promoter vascular adhesion molecules (E-selectin and
VCAM-1) [28, 29], increased secretion of vascular endothelial
growth factor/VEGF [30] and oxidative stress in the vascula-
ture [31,32] are all crucial factors associated with the loss of
BBB function in this setting. Neurodegenerative disorders
such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD) typically manifest with aging in correlation with compro-
mised BBB functions [33]. Classical amyloid beta (Aβ) accu-
mulation is observed in brain tissue from Alzheimer’s disease
patients which further leads to neuronal damage and demen-
tia. In recent reports, the endothelial expression of a receptor
for advanced glycation end products (RAGE) and its interac-
tion with circulating Aβ were shown to mediate Aβ influx,
promoting BBB permeability through disruption of TJs
[34,35]. Existing evidence indicates a decreased efflux of brain
Aβ via BBB, thus leading to accumulation and increased half-
life of this toxic peptide. Whether or not Aβ entry is the main
cause or the secondary manifestation of BBB disruption in AD
remains to be determined, however. The underlying etiology
is not clear in PD, but PD is associated with P-gp damage and
infiltration of neurotoxins [36].

Stroke is another major neurological disease, which directly
involves BBB impairment. Using the middle cerebral artery
occlusion (MCAO) animal model of stroke, studies have
shown that BBB permeability during a stroke attack was
observed to increase bimodally (rapid opening followed by a
lag period and second phase of prolonged opening) [37]. A
striking disruption and/or redistribution of TJ proteins such as
claudin-5, ZO-1, and occludin [38] is observed along with
increased expression MMP-9 and inflammation [39]. On the
same line traumatic brain injuries (TBI) cause both immediate
and delayed dysfunction of the BBB leading to inflammation
[40] and the rapid activation of the coagulation cascade [41].
This ultimately causes post-traumatic intravascular coagula-
tion and a significant reduction in blood flow in the
pericontusional brain tissue closely resembling a post ischemic
injury.

On the other hand, MS is characterized by an inflamma-
tory autoimmune response to the myelin sheath of the CNS,
which leads to impairment of motor and sensory functions of
MS patients. BBB dysfunction is clearly established as a key
early event in MS progression (at least the relapsing-remitting
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inflammatory form) whereas BBB breakdown and enhanced
permeability precedes and leads to infiltration of encephalito-
genic T cells, monocytes and likely B cells into the brain. The
role of the BBB is evident when therapeutic options to im-
prove the BBB have proven to ameliorate MS disease pro-
gression [42,43]. Similarly in epilepsy, seizures show a typical
pattern of BBB impairment [44,45] where conditions involv-
ing BBB damage such as stroke increase the propensity to
develop seizures [46]. These collective findings indicate that
the BBB is intricately involved in several neurological and/or
neurovascular complications.

IDEAL CHARACTERISTICS OF AN IN VITRO BBB
MODEL: WHAT SHOULD WE AIM FOR?

Advancement in the BBB modeling field as observed in the
last two decades was primarily dictated by three factors: 1) the
necessity to dissect out and understand the multifaceted mo-
lecular mechanisms that regulate and maintain the brain
homeostasis; 2) the need to support and facilitate the develop-
ment of novel and more effective CNS drugs; 3) the require-
ment to consolidate in vivo studies to reduce cost and increase
the translational relevance of experimental results. As a gen-
eral scope, in vitromodels aim at providing a highly controlled

environment outside a living organism to assess the physiolog-
ical and pathological responses to specific experimental stimuli
which otherwise are difficult to reproduce, dissect out and/or
characterize in vivo. However, mimicking the functional prop-
erties and physiological responses of the BBB is an extremely
challenging task. An ideal in vitro BBBmodel should be able to
accurately reproduce the complex vascular microenviron-
ment found at the brain level taking into consideration all
possible physiological conditions. From a functional and phys-
iological standpoint, this ideal model should: 1) promote en-
dothelial cell differentiation into a mature BBB phenotype
demonstrating asymmetric distribution and expression (cell
polarization) of relevant transporters (e.g., P-gp, MRP-2,
etc.) [47], functional efflux mechanisms (e.g., P-gp [48]), and
drug metabolizing enzymes [49]; 2) promote the development
of a highly stringent and selective barrier by enabling the
expression of tight and adherent junctions between adjacent
endothelial cells including the associated signaling pathways;
3) enable realistic cell to cell interactions with glia and
pericytes as well as the exposure to circulating immune and
inflammatory cells necessary for studying disease models; 4)
enable endothelial exposure to “biologically and mechanically
active factors” including shear stress [3], numerous growth
factors and cytokines, which play a role in the modulation of
BBB functions [12]; 5) permit the reproduction of

Fig. 1 Schematic illustration of
typical brain micromicrovessels.
The passage of substances across
the BBB endothelium is controlled
by a multimodal barrier system; 1)
gating barrier (tight junctions) which
prevent paracellular diffusion of
polar molecules; 2) transport barrier
which includes a number of active
efflux systems (P-gp, MRPs, etc.)
with affinity for lipophilic substances;
3) metabolic/enzymatic barrier
(cytochrome P450 enzymes, MAO,
etc.) which catalyze the oxidation/
metabolism of organic substrates
including xenobiotic substances
such as drugs and other potentially
toxic chemicals.
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pathophysiological stimuli/insults including but not limited to,
hypoperfusion, hypoxia, altered glycaemia, and exposure to
xenobiotics) which can be prodromal to major CNS disorders
[21] such as AD [50], MS [51], and epilepsy [52]). Finally the
system should be easy to establish, allow for scale-up to high-
throughput screening (HTS) capabilities, enable realistically
complex multi-cultures, offer a tightly regulated microenvi-
ronment and provide reproducible data at high turnover with
contained costs [53].

Unfortunately, due to incomplete understanding of the
molecular mechanisms regulating differentiation, maturation
and maintenance of BBB properties as well as technological
limitations to recreate a proper physiological environment
in vitro, current models fall short of these expectations. Repli-
cating the characteristics and physiological responses of the
BBB in vitro continues to pose a major challenge to the field.
Although still far from an ideal situation, recent advancement
in the field of biotechnology and further understanding of
BBB biology have enabled the development of various in vitro
approaches designed to meet several of the requirements listed
above to varying degrees. In this review we will provide a
detailed coverage of these systems including an analysis of the
pros and cons of each model.

PREDICTIVE NON-CELL BASED MODELS

In silico Models: Advantages and Limitations

Computer-assisted, structure-based drug design known as in
silicomodeling enables the biotech and pharmaceutical indus-
try to predict the pharmacokinetic and pharmacodynamics
properties of a drug in early phase drug discovery and devel-
opment program. Without the investment of biological-based
in vitro and in vivo models, data on specific biological phenom-
ena are first analyzed. To begin, a computer model based
around biological algorithms containing a number of well
define molecular descriptors is generated to allow the re-
searcher to perform in silico experiments to validate the accu-
racy of the model versus the original biological system, refine
the model if necessary, and use the model to predict the
behavior of the biological system under specific experimental
conditions. Once an in silico model of a biological system has
been validated, it now provides a cost effective and high
throughput screening of the efficacy, bioavailability and po-
tential toxicity for drugs targeting that specific biological sys-
tem. In CNS drug discovery this translates into an invaluable
tool that supports and facilitates the development of novel
CNS therapeutics [54] while assessing potential brain toxicity
of non-CNS drugs [55]. An important BBB permeability
parameter is logBB (defined as logarithm of a compound’s
brain to blood ratio under steady state conditions [56]). In the
past, logBB was quantitatively related to a number of

molecular descriptors like octanol/water partition coefficient
(logP), molecular weight, molecular volume, dipolarity/polar-
izability, refraction index, hydrogen bond acceptor and donor
number including the polar surface area [57]. These molecu-
lar descriptors, in combination with different statistical
methods, are used to build computational models which
screen libraries of compounds [58]; a technique which recent-
ly led to the discovery of promising new anticancer drugs
[59,60] In addition to the considerable advantages and ben-
efits of in silico predictive models there are also limitations that
need to be taken into consideration. Most of the current in
silico models within CNS drug development programs lack
molecular descriptors of important biological functions of the
BBB such as active drug transport, drug metabolism, endo-
thelial enzymatic activity, and drug-drug interactions which
hinder their translational significance. However, advances in
this rapidly evolving field including the use of multiple linear
regression (MLR) models incorporating additional molecular
descriptors (such as plasma protein binding ratio -PPBR and
high affinity P-glycoprotein substrate probability - HAPSP)
[57], in vitro/in silico-in vivo data extrapolation (IVIVE) [61] and
the use of bayesian statistic models [62] are closing the gap
[63]. At this stage, in silico models cannot be considered as
standalone tools since in vivo and in vitro studies are required to
validate the results and/or refine the working hypotheses the
original computational algorithm(s) were built upon [64] (see
also Fig. 2).

Solid Phase Biological Membrane Mimetics

Immobilized artificial membrane (IAM) chromatography and
parallel artificial membrane permeation assay (PAMPA) are
physicochemical methods developed to enhance the through-
put of permeability studies andmembrane interaction of CNS
drugs [65]. IAM chromatography was developed at Purdue
University by Charles Pidgeon to mimic the cell membranes’
environment utilizing an inert chromatographic stationary
phase [66]. In this system amphiphilic cell membrane phos-
pholipid analogs (e.g., phosphatidylcholine - PC,
phosphatidylglycerol - PG, phosphatidic acid - PA, phospha-
tidylethanolamine - PE, and phosphatidylserine - PS) are
immobilized on a rigid silica surface by covalent bonding
[67]. The resulting phospholipid layer reproduces the lipid
outer sheet of a biological cell membrane. Biopartitioning
potential of IAM chromatography has proved remarkably
effective for rapid purification of functional membrane pro-
teins [68] and predicts the phospholipophilicity and potential
membrane permeability of small drugs [67]. As an alternative
approach to measure lipophilicity parameters, IAM retention
can replace liposomes by facilitating membrane simulation for
rapid permeability measurements and minimizing the diffi-
culties associated with liposome-water partitioning [69]. How-
ever, several drawbacks limit the translational reliability and
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accuracy of this method to assess drug permeability including
the inability to mimic reproducible lateral membrane diffu-
sion that occurs at cellular level in vivo, difficult and erratic
extrapolation of solute diffusion across double layered biolog-
ical membrane using single layered IAM and the lack of
biological phenomena such as metabolism and active efflux
of drugs normally observed at the BBB level [70].

Parallel Artificial Membrane Permeability Assays
(PAMPA) have been successfully introduced into the pharma-
ceutical industry as in vitro tools to predict passive oral absorp-
tion in vivo. This in vitro model is designed as a sandwich-like
configuration where a solid support (e.g. polycarbonate) im-
bued with lipid is placed between a donor and an acceptor
compartment. The drug is administered in the donor com-
partment and allowed to pass through the membrane into the
acceptor compartment where it is quantified by spectroscopic
and chromatographic methods such as ultraviolet-visible
spectroscy (UV VIS) or liquid chromatography-mass spec-
trometry (LC/MS).. Passive diffusion though a physiological
membrane is one of the vital entry routes of drug absorption
into the body and PAMPA. This passive permeability screen is
considered a low-cost alternative to cellular models for the
earliest ADME primary screening of novel drugs. PAM-
PA is unique in its versatility, automation and repro-
ducibility which successfully mimics varied biological
membranes of interest [71].

PAMPA models can effectively reproduce most of skin’s
features providing a quick, reliable, and cost-effective perme-
ability model for predicting transdermal penetration of drugs
[72]. Furthermore, PAMPA systems have found successful use
as predictive models for passive gastrointestinal absorption
[73], BBB permeability (including efflux ratios) [74] and tem-
perature dependence of permeability [75].

Recently PAMPA models with pH gradients have been
developed to measure one way transport of drug compounds
across membrane exposed to an acidic or neutral environ-
ment. For example, models have been developed to model
specific physiological environments such as the gastric and
intestinal cavities which exhibit pH ranges of 1.0–2.5 and
6.6–7.0 respectively [76]. In addition, solubilizing or binding
agents (affecting the compound ability to diffuse across the
lipid membrane) can be added to the either compartment
thus, allowing for a more accurate in vivo-like reproduction
of the biological environment. Incorporating these two fea-
tures double sink or DS-PAMPA has been developed, where a
pH gradient is maintained between donor (pH 3–10) and
acceptor (pH 7.4) compartments. A lipophilic scavenger is
added to receiver compartment to mimic nonstatic equilibri-
um established in biological system by plasma protein and
blood flow [71]. Although this platform is best suited for
studies on intestinal absorption DS-PAMPA systems with
specialized membrane (20% w/v lecithin in n-dodecane)
and surfactant in the acceptor compartment have been used
by the researchers in several occasions for measuring the
permeability properties of molecules across the BBB although
with a modest ability to discriminate between BBB permeable
versus impermeable compounds [77,78]. Better results were
obtained with modified PAMPA systems using either a black
lipid membrane (PAMPA BLM) or a porcine polar brain lipid
membrane (PAMPA BBB) which provided a better level of
accuracy in terms of BBB permeability with promising result
for their use in early stage of CNS drug discovery process [77].
In summary, PAMPA assays are considered suitable low cost,
HTS alternatives for early stage absorption screening of drugs.
As with IAM platforms, PAMPA systems cannot reproduce
metabolic transformation and/or phenomena of active extru-
sion to which a drug could be subjected during transcellular
routing across physiologically active interfaces (such as the
BBB). This is a major limiting factor of this model and may
result in incorrect estimates of drug bioavailability in the
targeted site. Combination of PAMPA study with efflux assay
could further improve data reliability on BBB permeability of
novel drug compounds.

Plasma Membrane Vesicles

The polar distribution of membrane transport proteins pro-
motes a unidirectional movement of specific solutes across the
BBB. Isolation of vesicles from these luminal and abluminal

Fig. 2 Stepwise development of a computational model from in vitro and
in vivo data. A model is first built up from data collected from in vitro and in vivo
experiments. The model is then used to predict the behavior/response of a
certain biological phenomenon and results are compared and validated against
in vitro and in vivo results. The process can further cycle to refine the model
(biological descriptors) and the underlying hypothesis.
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plasma membranes of brain capillary endothelial cells are
used to characterize drug/substrate transport processes across
BBB. These studies on drugs/substrates fulfill a number of
purposes such as measuring their transport, determining ini-
tial rate of transport, distinguishing binding and transport,
measuring kinetic constants and determining the distribution
of transport activities [79–81]. This method has the advantage
of measuring the actual disposition of the substrate across the
BBB membrane. However, it is difficult to perform direct
transport measurements for certain compounds (medium-to-
high passive permeability) which are not retained inside the
vesicles [82]. Further, it involves lot of cost as a number of
large brains (usually bovine brains) are required to provide
enough tissue for membrane isolation for a typical series of
transport experiments besides concerns of change in mem-
brane protein characteristics and regulation during isolation
process [79].

ISOLATED BRAIN MICROVESSELS

Functionally intact and purified cerebral microvessels can be
isolated from animal as well as human brain tissue (generally
from autopsy and tissue resections). These purified brain
microvessels consist of vascular endothelium ensheathed by a
basement membrane containing pericytes and offcuts of as-
trocytic endfeet. The purification procedure consists of a
combination of mechanical homogenization, enzymatic disso-
ciation, filtration, and density gradient centrifugation followed
by column filtration [83]. Visual inspection by light/
fluorescence microscopy as well as scanning electron micros-
copy and transmission electron microscopy [83] for positive
expression of typical BBB biomarkers (such us glucose
transporter-1 (glut-1); transferrin receptor (OX-26); ZO-1,
claudin-5 and 12, [84]) are concomitantly used to assess the
purity of the preparation. Lack of typical smooth muscle cell
biomarkers such as desmin and calponin [85,86] in isolates is
generally indicative of a preparation free of post-capillary
fragment contaminants. Freshly isolated brain microvessels
are metabolically active although a measurable amount of
the original activity is lost during sample preparation, thus
viability and integrity of the BBB is not guaranteed.

Isolated brain microvessels have been used to dissect out
and characterize a variety of molecular signals and biochem-
ical mechanisms regulating BBB functions under normal
[87–89] or pathological conditions such as brain tumors
[90]. These include: a) mechanisms of transport across the
BBB such as receptor mediated transcytosis (e.g., insulin,
transferrin, leptin); bi) absorptive mediated transcytosis (e.g.,
albumin) and active transport systems for glucose and other
essential nutrients (aminoacids); c) transport activity of P-gp in
response to Vitamin D [91]; d) modulatory mechanisms of

blood-brain barrier P-gp transport activity [92]; and e)
transendothelial transport of fluorescent drugs by confocal
microscopy [93]. In addition, these brain microvessels once
purified are a viable source of brain microvascular endothelial
cells which can be isolated from these microvessel fragments
allowing the preparation of a relatively pure BBB endothelial
primary culture [94]. Structural and functional characteristics
of the BBB in vivo are maintained in isolated brain microvessels
thus representing one of the major advantages inherent to this
model. Brain microvessels can be isolated from patients af-
fected by various CNS disorders post-mortem or from tissue
resections following brain surgery providing unique specimens
to study the pathophysiological cues and BBB involvement in
relation to a specific brain disorder. The expression of multi-
drug resistance protein in drug refractory epileptic patients by
the quantitative proteomic analysis of transporters has been
characterized this way [95]. These disease-specific isolated
microvessels are an invaluable resource to study the patho-
genic role of the BBB to the onset/progression of the disease
and characterize the corresponding pharmacokinetic param-
eters for CNS drug delivery. The availability of a large num-
ber of detailed protocols to obtain purified brain microvessels
(methods described elsewhere; [96,97]) is also an advantage.

On the other hand, there are a number of disadvantages
that may limit the use of isolated brain microvessels such as: 1)
Difficulties associated with the process of isolating and purify-
ing brain microvessels. This is a labor intensive procedure and
the risk of contaminants in the preparation is high; 2) Meta-
bolic deficiencies occurring throughout the isolation and prep-
aration processes are significant side effects which can serious-
ly hamper the viability and usability of the capillary endothe-
lium; 3) The luminal surface of the microvessels is not so easily
accessible, although confocal IF analysis of ABC-transporter
activity has been recently reported [98].

The use of pial microvessels has also been considered.
However, these vessels lack the proper phenotypic differenti-
ation characteristics of the BBB such as vascular polarization
of transport mechanisms, selective permeability to xenobiotics
and endogenous substances, drug metabolism [18] etc., which
significantly decrease their reliability and usability as BBB
models.

IN VITRO CELL-BASED BBB MODELS

Cell-based in vitro BBB models emerged in the early 1990s as
alternative and/or complementary research tools to aid and
facilitate in vivo and human studies. In vitro cell based BBB
models can be established from cell cultures originating from
practically any viable source (human, animal or continuous
cell lines). A major advantage of these platforms lie in their
capacity to provide a highly controllable environment where
cell cultures can be exposed to large sets of well-defined
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experimental paradigms under strict controlled conditions
that are often difficult to reproduce in vivo while simplifying
the work at hand by eliminating a large number of physiolog-
ical variable present in vivo. Bearing a number of desirable
advantages both for basic/translational studies and pharma-
ceutical industry (such as versatility, HTS capability, relative
simplicity and flexibility), in vitro BBBmodels have consistently
and rapidly progressed during the last decade evolving from
“omni tools” to research devices with precise sets of charac-
teristics, adapted to fill specific research niches and require-
ments [99]. These sub-specialties can range from investigating
basic physiologic and/or pathologic aspects of the BBB relat-
ed to CNS disorders to testing or quantifying permeation
mechanisms of therapeutics [100] as well as toxicity of xeno-
biotics [101]. One remaining dilemma is whether cell lines or
primary cultures are better suited for the scope of establishing
these models.

Endothelial cells (ECs) can be isolated from fresh tissue to
generate primary cultures [102]. Tissue sources include fetal
human brain specimens, autopsy or tissue resections from
brain surgeries. This latter provide disease-specific endothelial
cells which can be helpful to dissect out basic BBB pathogenic
mechanisms and/or relevant pathological traits. Animals such
as bovine, porcine [103] or rodents (usually rats) are also a
major source of primary BBB ECs. When using primary
cultures, cell isolation and purification play key roles in the
establishment of BBB models and the formation of a highly
stringent barrier (frequently characterized by a relatively high
TEER comparable to in vivo values [104]. TY08 [105],
HMEC-1 [106–108], and HCMEC/D3 [109,110] are
among the limited number of immortalized human brain
endothelial cell lines that have been established and seemingly
used as BBB models in vitro. HCMEC/D3 is currently the
most widely used brain microvascular endothelial cell line
[108,111–114]. It is important to note that from a practical
stand point and cost effectiveness, the use of cell line is best
suited for the development of BBB model geared toward the
development of HTS platforms while primary endothelial
cells may be more indicated for basic and translational studies
since may maintain some phenotypic (like TJ integrity) and
pathological properties (e.g., drug resistance [115,116]) more
efficiently than cell lines.

As an alternative to primary brain endothelial cells, non-
brain vascular endothelium (such as umbilical vein; e.g.,
HUVEC), endothelial (either human or animal derived) and
to a limited extent non-endothelial cell lines (e.g., Madin-
Darby canine kidney/MDCK) [117] and human intestinal
Caco-2 [118]) have been used. Although epithelial cells such
Caco-2 and MDCK express TJs and represent good models
for studies of passive diffusion across the BBB, they do not
recapitulate the central role of transporters in the regulation of
BBB selective permeability. Glial cells used in co-culture
models can also be primary or cell lines such as C6 cells

[119]. Co-culture combinations can be syngeneic, where both
endothelial glial cells originate from the same source [120] or
can have different species origin [121].

Considerable effort has been spent to establish humanized
BBB models; however one of the main limiting factors hin-
dering the widespread use of humanized in vitro BBB systems is
the difficulty to access human brain tissue. Until recently,
renewable sources of human BBB endothelial cells have been
derived from human pluripotent stem cells (hPSCs). These
cells can be influenced to acquire endothelial BBB properties
with the use of proper physiological cues including exposure to
neuronal cells [122].

Static BBB Models: from Mono to Multi Cultures
Approaches on Transwell Platforms

Currently considered the gold standard in the field of BBB
modeling, Transwell® platforms were initially built upon a
limited understanding of the processes involved in the devel-
opment and maintenance of BBB properties in vivo. However,
the intrinsic simplicity and affordability of the system coupled
with a much desired potential for HTS capability in terms of
drug permeability testing and binding affinity measurements
[123] make it the most common and widely used in vitro BBB
model today.

The Transwell® apparatus is a vertical side by side diffu-
sion system through a microporous (semi-permeable) mem-
brane separating two adjacent chambers (see Fig. 3). Tradi-
tionally the upper chamber generally functions as the luminal
(vascular) side whiles the bottom one acts as the abluminal
(parenchymal side) recipient. Fixed volume of each compart-
ment allows for the simplified study of Michaelis-Menten
kinetics of transport [123]. The system allows for either top
to bottom or ‘bottom to top’ (most usually referred to as B-to-
A, with B for basal, A for apical) diffusion of drugs.

Endothelial cells (ECs) either from brain or peripheral
vascular districts from various sources (human, bovine, ro-
dent, porcine, non-human primate and cell lines) have been
used to establish BBB models on Transwell® support with
various degrees of success. ECs are grown to confluence on the
vascular side (top surface) of the microporous support im-
mersed in their respective growth media. Depending on the
culture setup, glial cells, pericytes or other cells can be accom-
modated on the abluminal surface side in juxtaposition to the
endothelial layer. The membrane interface, available in poly-
propylene, polycarbonate and polyethylene terephthalate/
polyester—PET, polytetrafluoroethylene (PTFE) (some also
available with collagen pre-coating) allows for the exchange of
nutrients as well as promoting and/or differentiating factors
between the two compartments. Based on the median pore
size of the membrane, which range from 0.4 to 8 μm Ø, cell
movement across the luminal/abluminal interface can be
restricted or partially restricted using the 0.4 μm and 3.0 μm
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sizes respectively allowing to study leukocytes migration across
the BBB [124]. Conveniently, each TW compartment is easily
accessible for sampling or delivery of experimental agents, and
some recent platform improvements include automatic sam-
pling as well as compatible trans-endothelial electrical resis-
tance (TEER) measurement systems. The latter measures the
electrical impedance across the artificial BBB interface (mi-
croporous membrane plus cell layer/s) providing a rapid
assessment of its integrity and relative barrier stringency.
TEER measurement can then be correlated to the relative
permeability of key paracellular markers (e.g., sucrose, dex-
trans, mannitol, lucifer yellow, fluorescin, etc.) quite accurate-
ly [121].

Initial BBB models on Transwell® support were devel-
oped based on a very simplistic reconstruction of the BBB
using only ECs monocultures. Such models lacked the
ability to reproduce a number of critical physiological

factors (close interaction between ECs and perivascular
glial [125] and/or pericytes [126,127] as wells as
intraluminal shear stress) necessary for the development
and maintenance of true BBB properties in vitro [3]. As
a result, the endothelial cells were impaired by accelerated
dedifferentiation, irregular patterns of cell adhesion and
inability to form proper intercellular TJ. Ultimately, the
net loss of BBB properties caused by non-physiological
culture conditions paired with the so called “edge effect”,
a response where endothelial cells alongside the edge of
the membrane support cannot form a seal with the inner
wall of the luminal chamber, can lead to artefactual
paracellular diffusion.

In vivo and in vitro studies have now clearly shown that
astrocyte interaction with the cerebral endothelium en-
hances BBB function. This includes expression and phys-
iological distribution of TJ resulting in the formation of a

Fig. 3 Schematic illustration of a
Transwell apparatus. The Transwell
apparatus is a vertical top to bottom
diffusion platform through a
semipermeable microporous
membrane. Depending on the
pore size and requirements for free
passage of nutrients and diffusible
factors the membrane can be
permissive to immune cell trafficking
across the compartments. Note the
cellular layout in monoculture
(endothelial cells only) and co-
culture (luminal endothelial cells
which juxtapose perivascular/
abluminal astrocytes) and typical
three-culture configurations (a) to
(c).
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tighten barrier [128], endothelial polarization [129,130]
and expression of specialized carrier systems including
facilitative glucose transporter type 1 (GLUT-1), A-system
amino acid carriers, γ-glutamyltransferase (γ-GTP), efflux
transporters (Pg-p, MRPs, BCRP, etc.) and many others
[128]. Although the TEER value recorded in ECs-glia co-
culture systems is typically higher than ECs monocultures
(indicating the formation of a more stringent barrier) there
are exceptions to this rule. A recently developed in vitro
BBB model based solely on primary porcine brain endo-
thelial cells (PBECs) [103] displayed many typical BBB
features (including stable high TEER values ranging from
800 to 1,300 Ω cm2 and remarkable expression of TJ and
major efflux transport systems) in the absence of abluminal
glia.

Despite very few exceptions in order for endothelial cells to
exhibit more complex features (e.g., receptor-mediated
transcytosis – RMT [131]) and maintain a sufficiently differ-
entiated phenotype, co-culture with glial cells is highly recom-
mended [132].

Triculture BBB models where endothelial cells, glia
and pericytes are cultured in unison have been recently
developed [133]. Although these systems may show
some additional BBB properties over standard
endothelial-glia co-cultures, questions remain whether
the reduced practicality in favor of added complexity
proves necessary for mechanistic studies and permeabil-
ity assays [99]. Furthermore, in terms of physiological
stimuli, all static systems, despite the complexity of the
culture milieu, still exclude the equally important phys-
iological and biomechanical cues provided by the phys-
iological shear stress (SS) [3,134] to which BBB endo-
thelial cells are exposed in vivo. In recent years, this has
led to the development of sophisticated, although poten-
tially less practical, dynamic (flow-based) BBB models
[115,135,136] which are also described herein.

Ussing Chambers

Differently from Transwell apparati, Ussing chambers
consists of two halves of the chamber clamped together
having an epithelia sheet (mucosa or monolayer of ep-
ithelial cells grown on permeable supports) as the “bar-
rier [137,138]. The epithelia are polar in nature, thus it
is possible to isolate the apical side from the basolateral
side. Each half chamber is filled with Ringer solution to
remove any unwanted driving forces (chemical, electrical
or mechanical). While Ussing chambers are widely used
for studying intestinal permeability [137,138] whereas
movements of ions/drugs across the epithelium are
measured using electrophysiological or radioactive
methods; the platform has been rarely used to model
BBB functions.

ROLE OF SHEAR STRESS IN BBB ENDOTHELIAL
PHYSIOLOGY

It is now well accepted that exposure to “permissive” or
“promoting” factors released by the surrounding microenvi-
ronment, cell-cell interaction with glial and possibly pericytes
[12] [7] and exposure to physiological shear stress (SS) [3] are
required for the brain vascular endothelium to properly dif-
ferentiate and maintain a BBB phenotype. In this respect, SS
not only modulates endothelial morphology, (cells appears
larger in volume, and flat with abundance of microfilaments,
clathrin coated pits, and endocytic vesicles, when compared to
cultures grown under static conditions) [139], but also their
function and physiological responses.

Vascular endothelial cells are supported with a wide range
of mechanosensors such as ion channels, integrins, G proteins,
and caveolae [140], which transduce physical stimuli gener-
ated by flow into biochemical signals leading to the activation
of pleiotropic modulators of the cell physiology such as
extracellular-signal-regulated kinases 1/2 - ERK1/2 [141].
Cell differentiation, apoptosis, regulation of cell division and
cell migration are some of the major end points of these
biochemical pathways [3] (see also Fig. 4) which affect multi-
ple endothelial functions. These include the production of
vasoactive substances [142–144], improved cell adhesion
[145], improved barrier tightness through expression of tight
junctions [146, 147], cell survival, energy metabolism [3], and
cell polarization [148].

While cellular interaction issues can be addressed to vari-
ous degrees under static culture conditions, exposing endothe-
lial cells to SS required the development of a complete new set
of platforms; the so called “Dynamic Models”.

DYNAMIC IN VITRO BBB MODELS

The cone-plate apparatus (plate viscometer) described by
Dewey and Bussolari was the first attempt to enable endothe-
lial exposure to flow in vitro [149,150]. Within the system, SS is
generated by a rotating cone which causes the media in the
chamber to start spinning in the same direction, thus gener-
ating shear forces on the underlying endothelial monolayer
seeded at the bottom of the chamber. The level of SS to which
the cells are exposed depends on the angular velocity and the
angle of the rotating cone.

Albeit a step forward in comparison to static monoculture
this platform cannot reproduce the hemodynamic or the
microenvironmental characteristics, such as cellular milieu
and cross signaling, of the brain micromicrovessels. The im-
portance of SS as a prodromal differentiating factor for the
BBB endothelium has been well established and characterized
[3,148]. Thus the need for vascular models enabling endothe-
lial exposure to a larger and comprehensive array of
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physiological factors, both biological and mechanical such as
SS, paved the way toward the development of more sophisti-
cated in vitro culture systems.

Several in vitro BBB platforms enabling endothelial expo-
sure to SS are currently available: 1) Parallel-Plate Flow
Chambers; 2) the “Dynamic in vitro BBB model”/DIV-
BBB; 3) Microfluidic systems; which is the newest and one of
the most promising technologies introduced in the field thus
far.

Parallel-Plate Flow Chamber

Use of parallel plate flow chambers (PPFC) have consistently
increased in the past two decades as the platform of choice
when studying the physiological and morphological response
to a number cell types, like endothelial cells, stem cells, leuko-
cytes etc., under quasi-physiological levels of fluid shear stress.
Pertinent to the vascular research field, PPFC have recently
been used to study the adhesion of metastatic tumor cells to
the brain vascular endothelium and subsequent trans-
endothelial migration [151], leukocytes-endothelial interac-
tions [152], cellular chemotaxis [153] and more generically,

SS modulation of endothelial morphology (cell alignment)
[154] as well as endothelial function related to drug absorp-
tion [155],

A typical PPFC consists of a clear polycarbonate distributor
forming the upper portion of the platform, a silicon gasket of
which the thickness determines the height of the flow path,
and a glass cover slip, which can be coated with various
adhesion factors (collagen, fibronectin, ECM, etc. – see
Fig. 5). The distributor includes the inlet and outlet ports
and a vacuum slot. The glass cover slip provides the culture
support for the cells of interest and forms the lower side of the
PPFC platform. Vacuum generated between the distributor
and the cover slip positioned on the opposite side of the silicon
gasket hold the parts together. The height of the channel is
determined by the thickness of the gasket, which is uniform
throughout the length of the PPFC platform. The culture
medium flows unidirectional entering the chamber from one
side and leaving from the opposite one. The resulting PPFC
platform is transparent allowing for a variety of either
transmitted or reflective light microscopy-based studies
of cells including commonly- used immunocytochemistry
techniques..

Fig. 4 Role of shear stress in
modulating BBB endothelial
physiology. Shear stress is a major
pleiotropic modulator of endothelial
cell physiology regulating cell
division, differentiation, migration,
and apoptosis.
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The wall shear stress (τwall) is derived from Navier-Stokes
equations describing the motion of fluid and the continuity
equation for rectangular geometry:

τwall ¼ 6Qμ= wh2� �

Where Q is the volumetric flow rate, μ is the dynamic
viscosity, and w and h are the width and height of the cham-
ber, respectively. The shear stress exerted on the cells is
assumed≈to the chamber wall shear stress.

In addition, the ratio of inertial viscous forces, known as the
Reynolds Number (RN) can be calculated to determine
whether flow within the PPFC chamber is either laminar
(most desirable) or turbulent. Generally laminar flow is de-
fined by RN<250 in biological in vitro systems mimicking the
blood flow of the brain microvasculature [156]. Flow proper-
ties can also be assessed by injecting a fluorescent dye up-
stream from the PPFC chamber making the flow streamlines
visible. More recently a technique utilizing high-resolution,

high-speed planar Micro-Particle Image Velocimetry (μ-PIV)
has been developed [157]. In this case fluorescent particles are
injected upstream from the chamber and the emitted wave-
length generated by exposure to a laser beam is then read and
analyzed to determine the property of flow.

The major points of strength of the PPFC are: 1) the ability
to reproduce physiological distinct wall shear-stress in the
range from 0.01 up to 30 dyne/cm2; 2) inherent simplicity
in the design and user operation; 3) contained dimensions
which result in a relatively small number of cells required to
setup the platform; 4) imaging-compatible design enabling the
use of video microscopy for longitudinal studies in real time.
Modified versions of the original design can accommodate an
abluminal chamber separated by the one exposed to flow
through a semi-porous membrane, similar to that of a
Transwell® [135]. This PPFC enables studying chemotaxis
and leukocyte transmigration across an endothelial monolayer
under flow conditions. However, one of the major limitations
of this platform is its inability to accommodate perivascular
glial or pericytes in juxtaposition to the vascular endothelium

Fig. 5 Schematic illustration of a
typical parallel plate chamber
platform. Note the flow chamber
assembly. Once setup is complete
the system longitudinal study of cells
cultured under flow (changes in cell
morphology, adhesion etc.) can be
performed by phase-contrast video
microscopy.

In vitro BBB modeling in the 21st Century 3239



(contact based co-cultures). This limits the ability of the system
to reproduce the structural and functional properties of the
BBB in vivo.

Capillary-like 3D in vitro BBB Models

Artificial hollow fiber constructs made of thermoplastic poly-
mers such as polysulfone, polypropylene, etc., which were
initially used for the construction of bioreactors, provided
the technology to enable modelling hollow organ-like struc-
tures including brain microvessels and other CNS vascular
beds [158,159]. In this system, referred to as a “dynamic
in vitro BBB model/DIV-BBB”, endothelial cells are seeded
on the luminal surface of the artificial microvessels (lumen or
vascular side) while glial cells are distributed on the outer
surface of the same hollow fibers in juxtaposition to endothe-
lial cells (ablumen or parenchymal side). The advantage of
using hollow fibers is that the EC-glia co-culture can now be
arranged on a 3D environment with a spatial and topograph-
ical distribution that resembles the anatomy of brain
microvessels in vivo [160] (see Fig. 6) allowing solely the endo-
thelium to be exposed to quasi-physiological intraluminal

flow. The platform is supported with a servo-controlled
(variable-speed) pumping mechanism that generates a pulsa-
tile flow through the hollow fibers via pre and post gas per-
meable silicon tube connectors. Through these connectors the
microporous pronectin-coated polypropylene microvessels
are in continuity with a media reservoir. SS level is modulated
by adjusting the flow rate across the capillary system and
depends upon the viscosity of the medium and the inner
diameter of the hollow fibers. SS levels comprised between 5
and 23 dynes/cm2 are considered comparable to those ob-
served in vivo in the CNS vasculature [161].

In this platform, rheological parameters can be set to
mimic different vascular districts including distal post-
capillary venules when combined in modular sequence
[162]. Under these controlled hemodynamic conditions com-
bined with exposure to glial cells, ECs acquire more stringent
BBB properties than static platform. Such properties include
low permeability to paracellular markers and high TEER
[110], negligible extravasation of proteins, physiological/
polarized distribution and expression of specialized trans-
porters [163] and efflux systems [115]. Further, cell viability
and maintenance of BBB properties is retain for an extended

Fig. 6 Schematic illustration of the
DIV-BBB model. In this system BBB
endothelial cells are cultured in the
lumen of fibronectin-coated
polypropylene microporous hollow
fibers. Astrocytes are then seeded
on the abluminal surface of the
same fibers in juxtaposition to ECs.
The bundle of hollow fibers is
suspended inside a sealed chamber
and in continuity with gas-
permeable silicon tubing circulating
media throughout the system.
Access to the luminal (vascular) and
abluminal (parenchymal)
compartments is granted through
inlet and outlet ports positioned on
the opposite sides of the module
and two additional ports positioned
directly on top of the DIV-BBB.
TEER is measured in real time
through a set of electrodes
embedded in the module’s scaffold
and in contact with either the
luminal or the abluminal chambers.
Note that this platform allows for
recirculation of plasma cells, thus
closely reproducing the vascular
milieu observed in vivo. Note also
the pressure waveforms changes
across the system mimicking the
rheological characteristics of pre-
and post-microvessels segments.
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period of time up to several months under optimal culture
conditions. This enable longer term studies otherwise unfea-
sible in other BBB platforms. In addition, the DIV-BBB allows
for circulation of blood cells thus facilitating the study of CNS
disorders related to altered rheological conditions like stroke,
ischemia/reperfusion injuries and inflammation [164].

To counterbalance the appealing advantages the
DIV-BBB provides over conventional static systems
there are several drawbacks to consider prior using this
platform. Since the model relies on capillary-like tubes
surrounded by a larger enclosure, no practical way
exists to visualize the cells cultured on or within the
artificial microvessels. Therefore, experiments need to
be terminated and the microvessels forcefully removed
(permanently damaging the BBB module) to carry out
various types of visual/morphological examination. In
addition to that the relative large diameter of the cap-
illaries compared to brain microvessel is more represen-
tative of larger vascular bed like distal per and post
capillary segments. Use of lipophilic material such as
polypropylene in the manufacturing of the artificial ves-
sel could hinder drug transport studies of lipophilic
drugs. Furthermore, the scale of the device requires a
large volume of reagents and high quantities of cells (on
the magnitude of >106) for culture initiation. The DIV-
BBB does not have HTS capabilities in its current
format and the initial setup of the system requires a
large amount of technical skills, time and resources
which is more than conventional platforms like the
Transwell need. From an experimental and user de-
mand point of view, limited choice of hollow fiber
typologies (e.g., materials and pore Ø) further reduce
the flexibility and/or usability of this model.

CNSDRUGSCREENINGANDTHENEED FORMORE
ADVANCED IN VITRO CEREBROVASCULAR
MODELS

Current in vitro cerebrovascular models typically fall short of
providing translational results at the required turnover rate
and cost due to their lack of HTS capabilities, realistically
complex multi-cultures and a proper microenvironment.
Microfluidic systems have been developed to reproduce phys-
iological cues necessary to generate an optimal culture micro-
environment within an in vitro platform containing the ideal
balance of high throughput screening capabilities with more
physiologically relevant scale, dynamics and complexity. If
these platforms are widely adopted, they could potentially
address many of the current needs of the pharmaceutical
industry, thus facilitating the streamlined production of novel
and more effective CNS drugs at a contained cost.

Microfluidic Platforms may Improve Translational
Relevance, Accuracy and Cost Effectiveness of in vitro
Modeling

Microfluidic systems critically address some concerns of static
and bulky systems to accurately mimic the spatial, mechanical,
and physiological conditions found in vivo. Microfluidic-based
platforms also enable low-cost screening advantages due to
low volumes and higher throughput, provide high-resolution
imaging, and open up opportunities to integrate measurement
systems to dynamically monitor cerebrovascular interface in-
tegrity. The possibility of dynamically monitoring TEER or
electric impedance, an important indicator of intercellular
tight junction functionality in cerebrovascular models, pro-
vides further benefits of a platform designed around
microfluidics [165]. Microfluidics offer an improved alterna-
tive to the current Transwell® and dynamic cerebrovascular
models that lack the apparent functionality, complexity and
reproducibility required for a suitable, HTS-capable CNS
drug screening model.

CURRENT MICROFLUIDIC MODELS

Over the past several years, a variety of unique microfluidic-
based cerebrovascular models have been developed to accom-
plish a shared goal; a more physiologically relevant model on a
miniaturized scale. Though most platforms described are
designed around a poly(dimethylsiloxide/glass interface incor-
porating a porous membrane at the intersection of two
microfluidic channels, the models vary in complexity, func-
tionality and targeted applications (Table I). Follows are sum-
maries of some of the pros and cons of each of the prevalent
microfluidic models recently proposed.

Microfluidic Blood-brain Barrier (μBBB)

Designed to mimic in vivo BBB traits such dynamic culture
while improving HTS capabilities, ths μBBB is made up of a
total of four PDMS layers encompassing two embedded elec-
trode layers. The platform provides flow capability for both
the luminal and abluminal channels as well as built in elec-
trodes for ease-of-use and real-time TEER measurements
(Fig. 7a) [166]. When co-culturing mouse-derived endothelial
and astrocyte cell lines (b.End3 and C8D1A respectively)
under flow, TEER values often exceeded 250 Ω cm2, com-
pared to 25 Ω cm2 in parallel static co-cultures, and perme-
ability coefficients correlated well with examined compounds’
Stokes Radii. Furthermore, the co-culture in the μBBB chip
demonstrated a functional barrier by responding to and re-
covering from exposure to a 150 μM solution of histamine
which is a known barrier disruptor [167]. The μBBB provides
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an inexpensive and reproducible microfluidic platform capa-
ble of establishing a physiologically relevant cerebrovascular
model using immortalized endothelium and astrocytes. The
use of PDMS enables clear imaging and built in electrodes
allow for real-time measurements of TEER. However, due to
shear stress forces used for the initial μBBB tests (2.3×10−2

dyne/cm2) being significantly lower than that measured in

brain microcapillaries in vivo (~5–20 dyne/cm2), the platform’s
maximum flow capabilities have yet to be reported [161,168].
Additionally, published work only characterizes the platform
using cells from mouse-derived cell lines; further work is
needed to confirm the feasibility of culturing human-derived
cells within the μBBB. In order to improve the relevance of
such a model, these questions would need to be addressed.

Table I Summary of microfluidic cerebrovascular models

Model name Cell types used Max TEER
achieved (Ω cm2)

Markers examined Functional barrier Flow: shear stress
(dyne/cm2)

Microfluidic BBB (uBBB) b.End3; C8D1A 250 ZO-1, GFAP Recovery from
histamine exposure

Y:2.3×10−2

BBB-on-a-chip hCMEC/D3 120 ZO-1 TNF-a response 5.8

Neurovascular Unit-on-a-Chip
(NVU-Chip)

RBE4+Primary rat astrocytes,
microglia and neurons

N/A ZO-1, VWF, GFAP,
MAP-2, OX-42

TNF-a response N/A

Synthetic Microvasculature
BBB (Sym-BBB)

RBE4 N/A ZO-1 Claudin-1 P-gp P-gp efflux 4.4×10−2

Fig. 7 Schematic illustrations of various microfluidic platforms (a) μBBB design and device. It consists of two perpendicular microfluidic channels with a 10 mm2

culturing area and built-in electrodes for TEER measurements. Reproduced from [166] with permission of The Royal Society of Chemistry (RSC). (b) BBB-chip
design and device. It consists of two cperpendicular microfluidic channels with a 0.25 mm2 culturing area and electrode insertion channels. Reproduced from
[168] with permission from Springer US. (c) NVU-chip design, device and culture diagram. Modular chip made up of neural and vascular components including
several cell types. (d) SyM-BBB design. Apical and basolateral chambers each with flow capabilities. 3 μmmicro-gaps built into PDMS layer to act as pores allowing
fluid interchange between chambers. Reproduced from [170] with permission from The Royal Society of Chemistry (RSC). (e) Proposed concept of advanced
NVUmodel. Dynamic system consisting of central nervous system and cerebral spinal fluid compartments with associated fluid barriers. Reproduced from [169]
with permission from BMC Central.
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Blood-brain Barrier-on-a-Chip (BBB-chip)

The smallest BBB-based microfluidic platform to date, the
BBB-chip is also made up of two PDMS layers each contain-
ing grooves to hold Pt electrodes which are separated by a
10 μm thick polycarbonate membrane containing 0.4 μm
pores [168]. When assembled, two channels (1 cm long×
500 μm wide×100 μm high) each with flow capabilities are
formed and run perpendicular to each other with a cross
sectional area of 0.25 mm2 (Fig. 7b). The simplified design
of a BBB-chip is an easy and straightforward platform for BBB
modeling, providing optical clarity, flow-culture capabilities
and accessible TEER measurements. Shear stress values ex-
amined were at magnitudes considered physiologically rele-
vant (5.8 dynes/cm2), proving the device can be a solid foun-
dation for future flow-based studies. However, only limited
characterization data has been presented to provide a proof-
of-concept for the BBB-chip; more complex studies such as
examining barrier functionality/permeability and long-term
(co)-culture response to shear stress will need to be conducted
to truly validate the platform., Lastly, current data solely
provides insight into the monoculture of a human-derived cell
line, which is only the first step towards a more complete BBB
model.

Neurovascular Unit-on-a-Chip (NVU-chip)

A more complex microfluidic platform, the Neurovascular
Unit-on-a-Chip (NVU-chip), differs from the previously
discussed platforms by its unique modular-based design
allowing for complex multi-cultures [136]. The chip is com-
prised of ‘neural’ (neurons, astrocytes and microglia) and
‘vascular’(endothelial cells) sides which are both initially seed-
ed separately at different times and are then combined to form
one NVU-chip (Fig. 7c). This platform permits the study of
CNS neuron interactions with the cerebral spinal fluid (CSF).
Further, the model incorporates a blood-surrogate supply,
including a venous return system, circulating immune cells
and the choroid plexus [169]. To assess barrier tightness and
function, permeability and biochemical modulation assays
involving the exposure of the barrier to TNF-α were conduct-
ed. An approximate 2-fold Increase of fluorescently-labeled
dextran permeability in the presence of TNF-α was observed
confirming an active and responsive barrier. Additionally,
TNF-α introduced to the vascular side stimulated microglia
and astrocyte activation on the neural side shown by changes
in microglia morphology and significant increase in glial fi-
brillary acidic protein (GFAP) expression respectively thus,
providing evidence for neurovascular communication; a cru-
cial factor in CNS drug screening. However, shear stress was
not incorporated into initial experiments due to problems
associated with leaky device bonds at high (physiological)
pressures. The absence of shear stress cannot be ignored due

to its reported and significant role in influencing BBB prop-
erties in vivo. Furthermore, the initial design of the NVU-chip
limits culture times due to a lack of access to the neural side
once the device is assembled and does not allow for TEER
measurements to be taken. Though limiting, a majority of
these negative caveats can be addressed through vast changes
in device design. Despite these drawbacks, the NVU-chip
provides a solid foundation on which future complex, multi-
culture cerebrovascular models can be built upon.

Synthetic Microvasculature Blood-brain Barrier
(SyM-BBB)

The synthetic microvasculature blood-brain barrier model
(SyM-BBB), consisting of adjacent “apical” and “basolateral”
channels in the same horizontal plane, deviates slightly from
the aforementioned microfluidic platforms in its design and
concept [170]. To create the channels connecting the flow-
capable apical and basolateral sides of the device, 3 μm×
3 μm×50 μm channels were casted into the PDMS frame.
PDMS is a widely utilized elastomeric material that offers a
great versatility for manufacturing culture substrates (either
planar surfaces or micro-channels). However, at the micron
scale, channel deformation effect can become important and
must be quantified for predictable assay performance since it
may lead to channel deformation [171]. However, Depending
upon the crosslinking level of the PDMS (curing conditions)
the rigidity of the material can be increased to values>4MPa
thus, decreasing the amount of channel deformation under a
given flow rate and consequently reducing unwanted alter-
ation of the shear stress [171]. Depending on the needs it is
also possible to generate variable rigidity surfaces for
mechanobiology measurements [172]. These channels mimic
the 3 μm pores commonly found on Transwell® membranes
and allow for fluid interchange between channels (Fig. 7d).
Results indicated that endothelium exposed to astrocyte-
conditioned medium (ACM) formed tighter barriers by ex-
cluding greater levels of dextran from permeating into the
basolateral channel compared to control samples [134]. Cells
seeded in the SyM-BBB also expressed significantly higher
levels of ZO-1 and P-glycoprotein when compared to static
Transwell® cultures. Furthermore, P-gp efflux activity was
confirmed by observing uninhibited function versus a signifi-
cant drop in efflux function in the presence of verapamil, a
known P-gp inhibitor [173]. By design, such a platform en-
ables continuous perfusion of media to and in between both
apical and basolateral chambers as well as complete optical
clarity. On the other hand, TEER measurements cannot be
taken whenworking with the SyM-BBB due to design, and the
channels connecting both chambers of the device are 50 μm in
length which is far larger than the barriers between cells
observed in vivo or when using Transwell®-based membranes.
As with the other platforms, the SyM-BBB provides sufficient
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and novel BBB-modeling capabilities, but requires further
characterization and inclusion of primary and mixed cell
types.

PROSPECTIVE DEVELOPMENT IN BBB MODELING

3D ECM Matrices for BBB Modeling

Three-dimensional extra cellular matrices-based scaffolds (3D
ECM) allow for in vitro recapitulation of many physiological
and structural aspects of the native or in situ cellular microen-
vironment. 3D ECM platforms have been widely used in drug
discovery and solute transport studies [174], stem cell differ-
entiation studies [175,176], and studies of the patterns of
migration and invasion of cancerous cells into surrounding
tissues [177].

Use of 3D ECM in neurobiology and cerebrovascular
research however, is still limited. One of the major benefits
of using 3D ECM culture is the ability to reproduce the
hierarchical biological makeup of brain micromicrovessels
and/or more complex neurovascular units [178] which

cannot be effectively reproduced in 2D culture environments.
3D ECM platforms are permissive for the formation of bio-
chemical gradient of trophic factors and other biologically
active molecules necessary for cell-cell communication and
cross signaling. In vivo-like cell-cell and cell-matrix interactions
[179] that closely resemble the physiological interactions ob-
served in situ are also enabled (see also Fig. 8). 3D ECM
models incorporating microfluidic systems have found direct
application in cancer research to study the migration and
penetration of metastatic tumor cells [180,181] and dissect
out the complex mechanisms of angiogenesis. Cellular dy-
namic changes in the 3D ECM microenvironments can be
monitored in real time using high-resolution 3D imaging
techniques based on confocal or multiphoton microscopy as
well as optical coherence tomography. Recently a technique
based on magnetic resonance imaging has been developed to
assess cell movement and ECM interactions [182].

On the negative side, developing an in vivo-like matrix
architecture is quite a complex process not yet fully addressed.
Cell-derived matrices can reproduce the physiological gaps
found in the native ECM to accommodate the cells [183] and
allow for cell migration. These reconstitute biological matrices
may lack important ECM factors that can impair the

Fig. 8 Schematic illustration of a
3D ECM BBB model.
Microcapillary like structures forms
within the 3D matrix. This platform
allows the reproduction of
physiological-like interactions
between cells as well as natural
gradients of promoting factors for
vasculogenesis/angiogenesis and/or
cell migration.
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architectural assembly and the associated matrix properties.
Reconstituted ECM matrix from animal derived sources is
subject to a significant variability between lots, decreasing
reproducibility and introducing possible contaminants. Alter-
natively, synthetic materials (e.g., hydrogels) are available to
create defined 3D microenvironment. Hydrogels such as
Puramatrix™ are a peptide material composed of 99% water
and 1% w/v standard amino acids which then self-assemble
into a 3D hydrogel with nanometer-scale fibrous structures
under physiological conditions. This material is biocompatible
and devoid of animal-derived contaminants. However, iden-
tifying the biophysical and biochemical cues that need to be
incorporated in the ECM scaffolds, including trophic factors,
nutrients and other bioactive molecules, is of critical impor-
tance to achieve the desired cell growth and differentiation
level. This task requires many steps of optimization and can
negatively impact data reproducibility across different labora-
tories. Furthermore, nanofibrous scaffolds may not be strong
enough to withstand the mechanical stimuli (such as shear
stress) needed to activate downstream biological stimuli [184].

CONCLUSION AND FINAL REMARKS

The recently developed microfluidic platforms provide the
early foundation necessary to develop a cerebrovascular mod-
el that emulates in vivo conditions while maintaining an accu-
rate microenvironment and high-throughput capabilities.
Though only a proposed concept at this time, currently in
development is a novel neurovascular unit-on-a-chip that
incorporates cerebral spinal fluid and blood-brain barrier
compartments alongside a CNS compartment to further re-
produce the dynamic biological interfaces encompassing the
BBB and CNS interfaces. (Fig. 7e) [185]. The chip is being
designed to enable flow throughout each compartment
allowing for shear stress and immune cell circulation as well
as massive parallelization for increased screening capabilities.
Such a complex chip may allow for more accurate in vitro
investigation of key physiological phenomena including in-
flammatory response mechanisms and drug pharmacokinet-
ics. Further progress is still required, however. Though cost
and material-saving benefits are linked with them, the small
volumes associated with microfluidic-based devices often are
insufficient for applicable downstream drug analysis. Further-
more, PDMS, a common material used in all reported
microfluidic BBB models, has been shown to allow significant
diffusion of hydrophobic and fluorescent molecules leading to
complications revolving around solute concentration-
dependent studies [186]. Unfortunately, even a near-perfect
cerebrovascular in vitromodel will not provide absolute insight
into the true effects seen in vivo of a given drug because the

BBB is only a single interface at which the drug interacts with
the recipient.

In a human body, drugs interact with a number of organs
and systems while simultaneously undergoing sophisticated
processes involving absorption, distribution, metabolism and
elimination [187]. Largely due to the advances in microfluidic
technologies, recent progress in ‘organ-on-a-chip’ technology
has been made towards the development of improved in vitro
models capable of reproducing key human physiological re-
sponses, including multi organ interaction, with a significantly
higher level of complexity than current platforms [188]. The
‘human-on-a-chip’ system was conceptualized revolving
around linking a variety of individual organ models together
in a precise manner and using it as a platform to observe a
drug’s physiological effects on the body as a whole in vitro or to
reproduce and monitor physiological interactions [187,189].
Such a predictive apparatus could revolutionize drug devel-
opment and screening by more accurately clarifying the ther-
apeutic and pathological side effects of a drug before costly
in vivo or clinical trials are done, ultimately increasing drug
development efficiency and quality while reducing costs. Ad-
vancement of an improved cerebrovasculature model with
affordable HTS capabilities that incorporates key cell-cell
interactions, 3D tissue structure, and an accurate microenvi-
ronment is an important step towards improving the current
and future of drug permeability, toxicity and efficiency screen-
ing efforts.
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