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Abstract: The blood-brain barrier (BBB) is a critical physical and chemical barrier that maintains brain
homeostasis. Researchers in academia and industry are highly motivated to develop experimental
models that can accurately mimic the physiological characteristics of the BBB. Microfluidic
systems, which manipulate fluids at the micrometer scale, are ideal tools for simulating the BBB
microenvironment. In this review, we summarized the progress in the design and evaluation of
microfluidic in vitro BBB models, including advances in chip materials, porous membranes, the use
of endothelial cells, the importance of shear stress, the detection specific markers to monitor tight
junction formation and integrity, measurements of TEER and permeability. We also pointed out
several shortcomings of the current microfluidic models. The purpose of this paper is to let the
readers understand the characteristics of different types of model design, and select appropriate
design parameters according to the research needs, so as to obtain the best experimental results.
We believe that the microfluidics BBB models will play an important role in neuroscience and
pharmaceutical research.
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1. Introduction

The blood-brain barrier (BBB) is a highly selective barrier that regulates passive and active
transport between the brain parenchyma and peripheral blood [1,2]. The BBB plays a vital role in
maintaining the physical and chemical homeostasis of the central nervous system (CNS), and protects
the CNS from harmful molecules and pathogens in the blood [3,4]. The BBB is a complex dynamic
physiological structure network, the molecular basis that underlie BBB function depend on close
interactions between adjacent brain microvascular endothelial cells (BMECs). These cells form a layer
that is tightly sealed by a junctional complex composed of tight junctions and adherens junctions [5,6].
Tight junctions, which play an essential role in maintaining BBB integrity, are structures formed by at
least three different types of transmembrane proteins, such as occludin, claudin and junctional adhesive
molecule [7,8]. BMECs, along with neurons, pericytes, astrocytes, microglial cells, and extracellular
matrix, constitute a functional network known as the neurovascular unit [9,10], Figure 1 show the
cellular constituents and transport pathways of the BBB [11]. Due to the tight barrier, a number of
drugs are unable to penetrate the BBB and produce therapeutic effects in the CNS [12]. Disruption
or dysfunction of the BBB has been linked to a wide range of neurological disorders, including brain
tumors, epilepsy, ischemic stroke, Alzheimer’s disease, and multiple sclerosis [13-17].
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Figure 1. Cellular constituents of the blood-brain barrier (BBB). The BBB is formed by brain
microvascular endothelial cells (BMECs), which are connected by tight junctions. The endothelium,
together with the basal lamina, pericytes, and astrocytic end-feet forms the neurovascular unit.
Some substances diffuse freely into and out of the brain parenchyma, others such as nutrients need
specific transporters, while molecules such as insulin, leptin and transferrin are transported by
receptor- mediated transcytosis. (Reprinted from Reference [11] in accordance with the Creative
Commons Attribution).

In order to gain in-depth understanding of the BBB structural and functional properties, to access
the permeability of different drugs, chemicals and compounds through the BBB, studies of the BBB
have become a high priority for pharmaceutical companies and biological researchers. Due to the
complex structures, it is very important to establish suitable models in research [18,19]. In vivo animal
models, in vitro cell-based models, and computer models are used to explore the BBB structures and
functions. In vivo animal models can reflect the real state of the microenvironment, and are considered
as the golden standard in research, but animal experiments are time-consuming and costly. Transwell
chambers are the most widely used in vitro cell-based models, transwell models are easy to operate
and reproducible, but they are static culture models and cannot reflect fluid characteristics of the BBB.

As one of the most advanced technologies, microfluidic chips use microfabrication technology to
produce all kinds of micron-scale chips. In the microfluidic chips, microchannels networks are formed.
By regulating the flow of liquid in microchannel, biological, and chemical analysis are performed in
the chips [20,21]. In recent years, many researchers use microfluidic chip to construct the BBB models
and achieved good experimental results. In this review manuscript, we discussed the technical and
operational details in model design, fabrication, evaluation and application, so that we can choose
appropriate models and parameters according to the research purposes in future studies.

2. Current Experimental Blood-Brain Barrier (BBB) Models

There is great interest in developing experimental models that mimic the well-organized and
unique properties of the BBB. Ideal BBB models should have the same cell types and distribution
compared with in vivo structure, can well express enzymes, receptors and transporters, can well
simulate the material transport process and pathway, have high selective permeability to different
substances, and have high trans-epithelial electric resistance (TEER) values [22]. Here, we will introduce
various models in the BBB research.
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2.1. In Vivo Models

Researchers first used in vivo BBB models to perform experiments in living organisms in a normal
and intact state. In these models, function is studied using methods such as intravenous injection, brain
perfusion, positron emission tomography, and microdialysis sampling [23]. The main advantage of
in vivo models is that they provide an experimental environment that closely mimics the complexities
of human physiology. The entire experiment occurs under natural conditions and can generate
large amounts of reliable data [24]. However, no animal model can faithfully reproduce all of the
manifestations of human disease, and thus these models must be interpreted as an approximation of
human biology, limited to particular regions or other features. The most important disadvantage of
in vivo models is the difficulty in translating the results they generate to the human context. More
than 80% of results obtained from animal models do not correspond in a straightforward way to
human responses [25]. Animal-to-animal variability is another problem. In addition, in order to
observe the whole process of disease development, separate animals must be used at different stages;
making experiments expensive due to labor and animal costs. Finally, during in vivo experiments,
high doses of chemicals are often used. These doses are not suitable in high throughput screens for
drug discovery [26].

2.2. In Vitro Models

In vitro models include cell culture models, brain slice models, fiber-based dynamic in vitro BBB
(DIV-BBB) models, and microfluidic models.

In vitro cell culture models based on cultured cells have been used for decades to study various
mechanisms that support the BBB physiology. By using the cells such as BMECs, astrocytes, and
pericytes, experiments can be conducted under carefully controlled conditions. Cell culture technology
is simple, with good reproducibility, and suitable for high-throughput screening. As a result, cell
culture models have become important tools in the BBB research.

The most common in vitro models are the transwell models, in which one or more cell types
are cultured on semi-permeable microporous inserts [27]. According to the cell types used in the
experiment, it can be divided into single endothelial cell monolayer model and co-culture model. The
endothelial cells monolayer model is the simplest transwell model, but it lacks the interaction with
other cell types, which is crucial for the properties and functions of the BBB. In co-culture experimental
models, BMECs and other cells are cultured on different sides of the membrane. Usually endothelial
cells are cultured on the upper side to form luminal layer. Other cells, such as astrocytes and/or
pericytes, are cultured on the lower compartment to form abluminal layer [28].

From a practical point of view, transwell models are user friendly and cost-effective. They
make it possible to easily manipulate experimental conditions, such as temperature and compounds
concentration. The systems can reduce experimental animal numbers, increase test speeds, cut
down reagent and chemical consumption, thus facilitating moderate-throughput drug permeability
screening [29]. However, transwell models are usually unable to replicate key characteristics of the
BBB. First, the endothelial cells are not subjected to dynamic mechanical stimuli that can cause subtle
differences in cell morphology and barrier permeability when compared with in vivo models [30].
Second, transwell models are simplified co-culture systems that do not capture the complex architecture
of the BBB.

Brain slice models are also used in the BBB studies. In these models, organotypic hippocampal
slices are cultured on a membrane surface and used to study the BBB functions under different
physiological and pathological conditions [31,32]. All cell types and interactions are present in
brain slices, so these systems provide complete structures that are excellent tools for biological
and pharmacological research. However, neither fluorescent immunostaining of biomarkers, nor
measurement of TEER, is convenient in slice models.

Transwell models and slice models are static models because there is no fluid flow in these systems.
Fluid flow is thought to subject endothelial cells to shear forces, and these are critical for proper
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endothelial polarization and tight junction formation [33]. Without dynamic flows, the integrity of the
barrier is affected. In static models, the TEER is much lower than in vivo models. In vivo resistance
across the BBB is about 1500-8000 Q-cm?, while the TEER of static in vitro models typically reaches
only 150-200 Q-cm? [34]. These models also exhibit high permeability to marker molecules, and suffer
from low expression and impaired functionality of P-glycoprotein efflux pump transporters, which
dramatically limits their utility for drug screening.

Recently, DIV-BBB models have been developed to mimic dynamic flow. In these models,
endothelial cells and other cells are cultured on the inner and outer walls of hollow fibers. Culture
medium is pulsated through the tube, generating shear stress on the surface of the endothelial cells. Due
to the shear stress, tight junction protein expression is increased. In these models higher TEER values
and lower permeability are obtained, and the systems can better imitate the BBB environment [35].
In spite of these advantages, the DIV-BBB model has not yet been widely used in experiments due to
several shortcomings. First, nine to 12 days are required to reach the maximum TEER value. Second, it
is difficult to observe changes in the endothelial cells during the course of an experiment [36], and can
only be inferred by consumption of glucose or production of lactic acid. Third, the thickness of the
fiber wall (150 um) is much larger than that of the porous membrane (10 pm), reducing the contact
between endothelial cells and other cells [37].

In recent years, microfluidic chips have been used to construct the BBB structures, and have become
increasingly popular. We will discuss the progress of these highly promising in vitro models later.

2.3. Computer Models

With computer aided drug design and delivery as a starting point, computer models have also
been developed in the BBB research. Computer models typically build quantitative structure-activity
relationships for the BBB permeation, and predict drug permeability according to the physical and
chemical properties of compounds, such as van der Waals volume, topological polar surface area,
lipophilicity, hydrogen-bond donator and acceptor [38,39]. Computer models are generally applied to
small molecular compounds and are excellent for high throughput drug studies. However, they are
applicable only to permeability prediction based on drug structure, and cannot provide information
about the effectiveness of a drug or whether the drug itself affects permeability of the BBB. Nearly all
results obtained using computer simulation must be verified by in vivo experiments [40].

3. Microfluidic In Vitro Models

Recent advances in micro-electro-mechanical systems (MEMS) technology make it possible to
create microfluidic devices to mimic biological microenvironments in vitro [41-43]. Microfluidics is
considered both a science and a technology that focuses on the behavior and manipulation of fluids at
the micrometer scale [44]. Microfluidic chips require micro-scale engineering technologies to construct
channels, chambers, and valves on silicon, glass, quartz, or macromolecule polymer material to form
sub-micrometer sized mechanical channel structures [45]. We can perform precise and complicated
operations with sub-millimeter scale fluids as desired in these microstructures using micropumps
or microvalves. Various functional units can also be integrated to carry out purification, separation,
and detection, making it possible to perform a series of experiments and analyses on a single chip.
A microfluidic chip with these features is also called a micro-total-analytical system or a lab-on-a-chip
device [46]. Microfluidic chips have potential applications in chemistry, physics, biology, medicine,
and other disciplines.

The channels in microfluidic chips have similar width scales in comparison to biological systems,
such as cells, macromolecules, and small organisms. Through simple or sophisticated channel design,
it is possible to control the flow in microfluidic channels conveniently and accurately. Microfluidic
technologies have recently been used to create three-dimensional (3D) cell co-culture devices and
organ-on-a-chip systems, setting the stage for simulating the activities and responses of entire organs
and organ systems under physiological or pathological conditions [47]. In 3D cell culture microfluidic
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chips, perfusion-based media are used to supply nutrients to the cells and remove metabolic wastes. By
precisely controlling the physical and chemical microenvironment around the cells, the systems are well
suited for studying biological interactions down to the cell and molecular levels, and have great potential
for investigating cell-cell interactions. In recent years, with notable developments having been made in
areas of bio-printing, researchers have increasingly applied bio-printing technology to the processing
of microfluidic chips. As a digital manufacturing technology, bio-printing uses computer-aided design
(CAD) software to accurately construct complex objects, and adds materials to 3D model data layer by
layer to create microfluidic chips. Compared with conventional microfluidic chip fabrication methods,
bio-printing can create more complex, uniform and reproducible architectures [48]. Microfluidic
devices are evolving rapidly, and it is now possible to design microphysiologic organ-on-a chip models
for guts, lungs, kidney, and other organs [49,50].

Since the microfluidic platform offers precise control of fluid transport at microscale dimensions
and makes multifunctional integration possible, the microfluidic platform has been used to simulate
the BBB microenvironment in various experiments. Microfluidic models clearly provide a promising
platform for studying the mechanism of the BBB and evaluating CNS drugs.

3.1. Design of Microfluidic Models

Most microfluidic models use porous membrane segmentation to form sandwich structures in the
chip that are similar to those used in transwell systems. Endothelial cells and other cells are cultured
on two sides of a membrane that is placed at the interface of two microchannels to form a neural
chamber and a vascular chamber [51]. Other researchers also used micro-gaps, trapezoidal structures
or porous tubular structures to separate epithelial cells from other cells. Designs for microfluidic BBB
models vary greatly. Figure 2 illustrates typical design of the models, and Table 1 shows the main
characteristics for selected microfluidic models. These features will be discussed in detail below.

3.1.1. Chip Material

Since microfluidic chips can be manufactured by different materials, making appropriate choices
can not only reduce experimental costs, but also help improve the stability, sensitivity, and accuracy [46].
Silicon, the first-generation microfluidic device material, can be processed by MEMS technology to form
microfluidic structures. However, the microfabrication process is usually expensive, time-consuming,
and requires special microfabrication conditions [52].

Most microfluidic models now in use are polydimethylsiloxane (PDMS)-based systems because
they have low cost and are easily microfabricated. PDMS is a polymeric organosilicon compound that is
optically transparent, non-toxic, non-flammable, gas- and water-permeable [53]. Optical transparency
is convenient for observation and photography during an experiment, while gas and water permeability
are important for cell culturing in the microfluidic chip environment. Critically, PDMS chips can be
prepared using a mask by the replica molding process. The replication step allows mass-production of
chips from one mold. PDMS can tightly bind to glass, PDMS, and other materials after a simple plasma
treatment [54]. It is therefore straightforward to design and fabricate various PDMS microfluidic chips
to meet specific experimental requirements. Although PDMS devices are widely used in research, they
have some limitations in the BBB studies. Native PDMS is hydrophobic and incompatible with most
organic solvents, and hydrophobic molecules are easily adsorbed on the chip surface. Furthermore,
the untreated PDMS surface has poor affinity for living cells. To reduce hydrophobicity and enhance
cell adhesion during an experiment, it is important to modify the PDMS surface by plasma treatment
or protein coating before initiating cell culture [55]. It has also been reported that uncrosslinked free
PDMS monomers can leach out into the culture medium and affect cellular behavior [56,57].
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16 independent function
units, each unit consists
of four uniform BBB No electrode i VE-Cadherin, ZO-1, Sodi Examination of brain
regions, replicate the Primary rat . Rat tail type-I 0 electrode In Claunin-5, etc. 2 odium metastasis and the
Ref. [36] X Primary rat astrocytes No membrane chip, normal . 1298 O-cm fluorescein .
complex multicellular BMECs collagen . (immunofluorescence therapeutic response of
. . resistance meter . (376 Da) .
architecture, mechanical staining) brain tumors
properties, 3D
extracellular matrix
Three PDMS layers plus Primary Prhlmary pericytes, ) 70-1 Reported in Ascorbate transport
the PC membrane that Primary astrocytes PC membrane . 23 ga stainless . by FITC-dextran across the BBB as an
Ref. [40] .. human g Laminin . X (immunofluorescence  ()/cm*, need to T .
divides the two BMECs and pluripotent stem (0.2 um pores) steel, not in chip staining) be converted (10 and 70 kDa) indication of active
chambers. cell -derived neurons & transport
Multi-layered channel e
structure made from bEnd.3 cell PC membrane (10 pm Poly-lysine Two sets AgCl 20-1 I:éziiﬁgg}:‘l:: S: ‘::121
Ref. [58] patterned PDMS li ’ Astrocytes C6 cell line . H and & (immunofluorescence 223280 O)-cm? Not used &5 and
. ine thick, 0.4 um pores) . . electrodes. . TEER were quantified in
substrate with embedded fibronectin staining)
electrode layers. models.
3 um pores to allow Texas red Com(}:fatr;lrr\egep;ar;:f‘imhty
- diffusion of media and Astrocytes Martrigel and dextran (370 o
Ref. [59] tracer between the central HUVECs CTX-TNA? cell line 3 um pores fibronectin No electrode Not detected Not measured kDa) and permeability marlfers and
. one marker subject to
and outer compartments rhodamine 123 efflux
Two separate
microchannels supply A platform exhibits direct
their respective co-culture HUVEC contact between neural
tissues independently of N . . - ZO-1. and vascular tissues and
and human Primary rat astrocyte ~ No membrane, using Fibrin . FITC-dextran .
Ref. [60] one another, and can 1 oo No electrode (immunofluorescence Not measured a corresponding low
ung and neurons fibrin hydrogel hydrogel . (20 kDa, 70 kDa) o
serve as the fibroblasts staining) permeability
microenvironment of the characteristic of in vivo
outside and the inside of BBB
the BBB respectively.
. Human induced Custom-built . .
Two-chamber system Primary pluripotent stem PC membrane .. multifrequency . 20-1, claudin -5 Reported in 0, FITC-dextran Understand responses to
Ref. [61] . human . Laminin . (immunofluorescence need to be . i .
divided by PC membrane cell-derived neurons (0.2 pm pores) impedance . (10 kDa) inflammatory stimulation
BMECs and astrocytes analyzer staining) converted
Small model, two-layer .
. 4 Platinum Z0-1
Ref. [62] microchannel ?md hCME.C/D 3 No co-cultured cells rc 'membrane (10 pm Collagen I electrodes (immunofluorescence  36.9-120 ()-cm? Not used Observe shear stress 'and
membrane with cell line thick, 0.4 um pores) . . TNF-« on BBB function
(diameter 200 um) staining)

platinum electrodes.
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Ref. [63] cha(;;lbt:fs(;f Z;;:::lﬂ a RBII?I ecell (4%), astrocytes (95%), PC memlg:s;e (8 um and No electrode ZO-1 (western blot) Not measured Alex(asfl lt(l]gra-;:lextran triggered
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Ref. [64] by 3 um gaps formed by line No co-cultured cells long, 3 um wide, 3 um Fibronectin No electrode P-glycoprotein Not measured (3-5 kDa) medium on BBB function
microfabricated pillars. deep) in PDMS wall protein efflux
Two-compartment . .
microfluidic devices were ~ bEnd.3 cell ~ C8D1A astrocytes cell PTFE or PE Fibronectin or . Claudin-5 FITC-dextran Study the optically
y
Ref. [65] a membrane between two line line membrane (0.4 pm collagen I No electrode (immunofluorescence Not measured (70 kDa) transparent membrane
channels pores) & staining) used in models
Composed of an upper Detect effects of
and a lower part that are . Polyethylene VE cadherin, neuroinflammation upon
. . Mouse embryonic - . .
combined with an hCMEC/D3 . terephthalate B-catenin, ZO-1 FITC-dextran disruption of the
Ref. [66] o . stem cells derived Collagen A No electrode . Not measured R X
adhesive film, three cell line cortical spheroids membrane and PC (immunofluorescence (3 kDa) endothelial layer in
microchannel systems are P membrane staining) response to
integrated inflammatory signals.
. Sodium . .
Th{e porous membrane is hCMEC/D3 ) fluorescein D§51gn a new device,
situated between the . A pair of 25-nm monolayer: which can co-culture of
) , . : 2 , -
upper and the lower cell line PET membrane thick, transparent, 3-catenin, ZO-1 285+720-cm (376 Da), FITC 3 types of cells, observe
Ref. [67] h PP 1 de of PDMS primary rat primary astrocytes (23 um thick, 0.45 um Rat tail lcll 1 tp d ! G a ’ .Ci- § lture: dextran thyp lls b .
et channets made of ’ brain and brain pericytes. pores, pore density collagen god glectrodes Hmuno tuoreseence o-cutture: (4.4 kDa), Evans © cells by microscopy,
This core is sandwiched dothelial 2 x 106/cm2) was formed on staining) 114.2 + 35.7 blue-labeled monitor the TEER, and
by two glass slides with en Coell.: 1a om each glass slide Q-cm? zlebuam?ne measure the monolayer
gold electrodes. (67 kDa) permeability
Creating a cylindrical . Primary human brain . Study the secretion
collagen gel containing a Primary ericytes, primar Rat tail . VEcadherin, ZO-1 Alexa488- rofiles of G-CSF, IL-6
gen g g pericytes, p y P
Ref. [68] human . No membrane No electrode (immunofluorescence Not measured
central hollow lumen BMEC. human brain collagen I taining) dextran (3 kDa) and IL-8 when the BBB
inside a microchannel S astrocytes staming stimulated with TNF-oc
Two PDMS components Four platinum 70-1 De‘;zlgﬁle?nz ‘;;c(a)glfoand
Ref. are separated by PC hCME.C/D 3 No co-cultured cells PC membrane Fibronectin wire ele'ctrodes (immunofluorescence 22 + 1.3 Q-cm? Not used determine TEER in
[69,70] membrane and form cell line (0.4 pm pores) inserted into two . X
two-chamber system channels staining) organ-on-chip
4 applications.
Transparent polyester
porous membrane Claudin-5 Test the ability of a
sandwiched between a bEnd.3 cell Polyester membrane Platinum . u About FITC- bovine peptide to transport
Ref. [71] X No co-cultured cells Not used (immunofluorescence 2 X X
top and a bottom line (3 um pores) electrodes staining) 1000 O-cm serum albumin  nanoparticles across BBB

overlying channel made
of PMMA.

under flow conditions.
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Ref. [72] 4 ! Y separated by 9 vy No electrode (immunofluorescence Not measured (10 kDa), Texas on neural growth and
two side channels for hCMEC/D3 and astrocytes . and collagen I L .
hosting endothelial cells cell line trapezoidal structures staining) red dextran maturation
and media. (70kDa)
Human Study the role of shear
Four rectangular channels  BMECs from claudin-5, occludin stress in modulating the
with different heights to the BC1 Fibronectin and lZO-l ’ character of human brain
Ref. [73] allow simultaneous human No co-cultured cells No membrane and collagen No electrode G £l Not measured Not used microvascular endothelial
measurements at different induced v 1mmusr}[ZinLi1rc:re)scence cells derived from
shear stresses. pluripotent & induced pluripotent stem
stem cell line cells.
Consists of a cell insert BMECs from . Peaked above FITC-dextran
and three 3D printed human PC membrane Collagen IV Two 0.8 mm Z0-1, Claunin-5. 4000 O-cm? (70, 20 and
Ref. [74] . . induced Primary rat astrocytes and diameter Ag/AgCl  (immunofluorescence R ! 4 kDa), Caffeine, Model research
ry y g
plastic layers with two Luri (0.4 pm pores) fib . llet el 4 . sustained above imetidi d
electrodes pluripotent ibronectin pellet electrode staining) 2000 (2-cm?2 cimetidine, an
stem cells doxorubicin
A double layer Pulsed electric fields may
microfluidic device with fluorescent enhance drug delivery to
an embedded membrane, Polvester membrane sodium salt the brain by disrupting
Ref. [75]  the top layer contains a hCMEC No co-cultured cells (}6 4 um pores) Fibronectin No electrode Not detected Not measured (376 Da), FITC- the integrity of the BBB
single channel, the -% Hm p: dextran (%O KDa) and allowing otherwise
bottom channel contains impermeable drugs to
an array of 6 channels reach target areas.
Indicated that the
No electrode in Static condition: mechanical stress exerted
Two isolated Collagen], . ZO-1. about by blood flow is an
Ref. [76] compartments with the hCME.C/DS p5-p7 normal human No membrane matrigel, Chlp’ normal immunofluorescence 200 Q-cm? flow FITC-dextran important regulator of
P cell line astrocytes & impedance (4 kDa) P g
hydrogel reservoir 4 hyaluronan s egrosco staining) condition: about transport both across and
P Py 1000 O-cm? along the walls of cerebral
microvasculature.
A 4 X 4 intersecting Texas Red Developed multisite BBB
microchannel array forms Multielectrode dextran (3 kDa) chip is expected to be
16 BBB sites on a chip, Primary Pri PC b a0 Fib i arrays, a thin ZO-1. Reported in ), Alexa 546 ’ used for screening drug
Ref. [77] with a multielectrode mouse rimary mouse membrane Hm 1PTONECUN O 431 nium adhesion (immunofluorescence need to be exa by more accuratel
y y
array int ted BMEC astrocytes thick, 0.4 um pores) matrigel ) d 1d taini d dextran dicting thei
y integrated to s ayer and a go staining) convertes (10 kDa), FITC predicting their
measure the TEER from layer dext (7'0 kDa) permeability through BBB
all 16 different sites. extran a

as well as their toxicity.
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mass transport.
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chip, a perfused vessel of  line (isolated . No artificial J high-throughput
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Ref. [80] R L hAst cell line < Collagen-I No electrode PECAM-1 Not measured
against an extracellular brain tissue extracellular matrix . (20 kDa) used to assess passage of
. astrocytes from (immunofluorescence . ?
matrix gel, astrocytes and from a human primar gel staining) large biopharmaceuticals
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complete the BBB model.

by Lonza.
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Figure 2. Typical design of microfluidic blood-brain barrier (BBB) in vitro models. (a) The chip is
composed of 16 independent functional units. Each unit consists of four uniform BBB regions to mimic

(f)

the BBB. The two pictures on the right show enlarged view and side view of the barrier regions consisting
of brain microvascular endothelial cells (BMECs), astrocytes and 3D ECM under flow. (Reprinted
from Reference [36] in accordance with the Creative Commons Attribution). (b) Multi-layered channel
structure made from patterned PDMS substrate with dynamic flows, co-cultured cells and two sets
of electrodes (Reprinted from Reference [58] with permission). (c) The chip is consisted of four
channels, two central gel regions for co-culturing astrocytes and neurons, two side channel for
hosting endothelial cells and medium. There are 3 um pores to allow diffusion of media and tracer
between the central and outer compartments, astrocytes and HUVECs were cultured in the central
and outer compartment (Reprinted from Reference [59] in accordance with the Creative Commons
Attribution). (d) In this chip, neuron and astrocytes are co-cultured in a vascular network, a system of
two separate media microchannels is employed to independently emulate highly localized internal and
external vascular microenvironments (Reprinted from Reference [60] in accordance with the Creative
Commons Attribution). (e) This is a typical two-chamber system divided by a porous polycarbonate
membrane. (Reprinted from Reference [61] in accordance with the Creative Commons Attribution).
(f) A polycarbonate membrane is used to separate the top channel from the bottom channel, and Pt
wire gently slide in the top and bottom groove (Reprinted from Reference [62] with permission).
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To overcome the limitations of PDMS and make microfluidic chips more suitable for commercial
applications, thermoplastics, such as polystyrene, cyclic olefin copolymer, and poly(methyl
methacrylate) are used for microfluidic device fabrication. Thermoplastics have excellent light
transmission performance and are more chemical stable, more compatible with organic solvents, and
more acceptable to cell biologists. Using these materials, processed by lamination, embossing, and
injection molding, microfluidic chip mass production is possible [81,82]. However, it is difficult to
generate very complex microstructures in a thermoplastics-based microfluidic chip.

3.1.2. Porous Membranes

In microfluidic models, porous membranes are used to separate the luminal and abluminal
layers. The membranes provide the platform for co-culturing endothelial cells and other cells, and
make permeability testing possible for models. The materials used for porous membranes include
polycarbonate (PC), polyester (PE), polyethylene terephthalate, and polytetrafluoroethylene (PTFE).
The selection of membrane materials should prioritize optical transparency and their capacity for
cell adhesion under shear stress. Pore density, pore size, and membrane thickness may affect signal
transduction between cells on different sides of the membrane. Most membranes used in experiments
are about 10 pm thick and have 0.2 or 0.4 um pores, yielding pore densities of 103/mm?. PC membranes
are the most widely used in microfluidic models, but are optically translucent, compromising the
ability to visualize cells by light microscopy during an experiment. PE and PTFE membranes are
transparent and can be used to monitor the formation of monolayer with phase contrast microscopy.
However, since PE membranes have low adhesive strength, they tolerate shear stress for a limited
period of time [83]. Sellgren found that PTFE membranes were more suitable than PE membranes
for supporting cell attachment at realistic levels of shear stress [65]. Although endothelial cells and
other cells can be co-cultured through porous membranes, the thickness of these artificial membranes
restricts cell interaction and is relatively high compared with the thickness of the basement membrane
in vivo [29].

3.1.3. Endothelial Cells

Endothelial cells are the most important cells in the BBB. Initially, in vitro models used bovine,
porcine, and rat primary BMECs, but the isolation of these cells is methodologically difficult and
labor intensive. To decrease the time necessary to isolate primary cells, immortalized cell lines from
diverse origins have been developed, but only a few of them exhibit the required barrier properties and
functions. Lines that have been used in the BBB research include bEnd.3, a murine brain endothelial cell
line [40,84], RBE4, a rat brain endothelial cell line [63,64], MDCK-MDR], a line based on Mardin-Darby
canine kidney cells transfected with the multidrug resistance gene MDR1 [85], and hCMEC/D3, a
human adult cerebral microvascular endothelial cell line [72,76,78]. Compared with primary cells,
immortalized cell lines can decrease the workload and reduce the time required to reach confluence.
But some researchers report that immortalized cell lines cannot form complete tight junctions, resulting
in a leaky barrier [86].

Most endothelial cells used in studies are from animal sources, which have species differences
with human cells. Recently, human origin cells have been gradually used in model research. Adriani
used human umbilical vein endothelial cells (HUVECsS), co-cultured with rat astrocytes and neurons
to form the BBB structure in microfluidic chip, and showed an intact monolayer and intercellular
junctions [59]. In Yang’s research, HUVECs cell line ECV304 monoculture achieved higher TEER and
lower permeability than bEnd3, but ECV304 monolayers lack the sufficient tightness and the evident
of tight junction protein immunostaining, and when co-cultured with rat glioma C6 cells, barrier
integrity is compromised [87]. Wang et al. derived BMECs from human induced pluripotent stem
cells and co-cultured them with rat primary astrocytes. The TEER levels of this model peaked above
4000 O-cm? and were sustained above 2000 Q-cm? for 10 days, which are the highest values reported
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in microfluidic models [74]. This model is closer to human physiology, not limited by cell availability,
has the potential to be patient-specific, and holds great promise for drug permeability studies.

3.1.4. Shear Stress

Flow in a microfluidic chip generates shear stress, as is the case for flow in natural environments.
The shear stress in the microchannel has effect on cell growth, morphology, and cell function, and
regulates gene expression and functional phenotypes in endothelial cells [88], and epithelial cells of
different origins may exhibit different phenotypes under shear stress [73]. Exposure to fluid flow at
physiological levels in a microfluidic chip increases the expression of tight junction proteins, enhances
barrier integrity, and results in better barrier function. While low pathophysiological levels of fluid
shear stress can stimulate the disintegration of tight junction [89]. In the physiological state, shear stress
is 10-20 dynes-cm_2 in a 10 pm-diameter capillary [90]. In microfluidic chips, shear stress is mainly
associated with fluid viscosity, flow rates through microchannels, channel geometry, and the flow
profile. Due to the presence of cells and proteins, the viscosity of blood is greater than that of water.
Flow rates in microfluidic models vary from 0.01 pL/min to 120 pL/min [65,91]. Therefore, it can be
very important to analyze and predict shear stress in a microfluidic model using simulation software.

3.2. Assessment of Microfluidic Models

Using microfluidic models, it is possible to investigate cellular and molecular interactions.
However, when implementing a new model, it is critical to assess the model’s performance. Most
commonly, this involves testing for the presence of specific markers of tight junctions, measuring TEER,
and observing the permeability of specific substances.

3.2.1. Determining Specific Tight Junction Markers

In the BBB, cells have extensive tight junctions and adhesion molecules at interendothelial cell-cell
junctions to maintain the barrier integrity [92,93]. Immunofluorescence or western blots can be used to
observe the expression of specific markers, such as zona occludens-1 (ZO-1), claudin-5, and occludin.
The P-glycoprotein efflux pump is another type of membrane transporter, and plays a vital function by
preventing hydrophobic molecules from penetrating the BBB [94]. Expression of P-glycoprotein is also
used to evaluate BBB characteristics in microfluidic models [64].

3.2.2. Trans-Epithelial Electric Resistance (TEER) Measurement

TEER is a widely used parameter to monitor and evaluate barrier integrity and tightness. As
epithelial cells are packed more tightly, fewer gaps exist in the barrier, which reduce the motion of
ions and charged species and results in higher resistance. TEER is a quantitative measurement of the
resistance over cell layers and cultured cell membranes [69]. If a microfluidic chip contains Ag/AgCl
pellet electrodes, platinum electrodes, or some other device that can perform as an electrode, TEER
measurement can be performed in real time [94]. The TEER value of an in vitro model should be as
close as possible to the TEER in vivo, typically in the range of 1800 to 2000 Q-cm? [29], the in vitro
values of most reported models are well below this range [95,96], 150 to 200 QO-cm? is considered the
lowest acceptable TEER value in functional models [34].

TEER offers a fast, label-free, and real-time assessment of barrier tightness, but is not sufficient to
judge barrier selectivity. TEER measurements on a chip are subject to several confounding factors.
First, cell origin and the extent of cell confluence may affect resistance. Second, the distribution of
current across the membrane interface in a chip may not be uniform, leading to overestimates of TEER.
Third, TEER is sensitive to temperature and ionic composition of the culture medium. Therefore, these
parameters need to be kept constant during the measurement process [97].
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3.2.3. Permeability Assessment

The BBB is a highly selective barrier that permits the passage of very few molecules. Small
ions such as K* and CI™~ can cross the BBB through ion channels. Small lipophilic molecules such
as ethanol and nicotine can be transported passively across the barrier. Small polar molecules such
as glucose, lactate, and pyruvate can cross the BBB by carrier-mediated transport. Finally, large
molecules such as insulin, transferrin, leptin, albumin, and tumor necrosis factor alpha (TNF«x) are
passed through the BBB by receptor-mediated transport, adsorption-mediated transcytosis, and active
efflux transporters [90,98].

To assess barrier function in a BBB model, permeability must be evaluated. A high quality model
should have permeability characteristics similar to those found in vivo. When assessing permeability,
it is important to select a suitable molecule. A good marker should be inert and have no effect on the
physiology and function of the BBB. Fluorescein isothiocyanate (FITC) labeled dextrans, are widely
used to evaluate the permeability [60,74,80]. Commercially available FITC-dextrans can be obtained
with molecular weights of 4, 10, 40, and 70 kDa. *C-D-mannitol (182 Da) and *C-urea (60 Da) are
also used in permeability experiments [35]. In most permeability analyses, only one marker is used.
However, since different molecules traverse the barrier via different mechanisms, both hydrophilic and
lipophilic molecules should be tested for permeability.

3.3. Application of Microfluidic Models

Microfluidic chip models exhibit unique advantages in the BBB research. First, the chips are
easy to design and fabricate, and can be customized to meet specific experimental requirements.
Microchannel sizes are similar to microvascular structures in vivo, and it is easy to achieve precise fluid
control. Second, multi-dimensional network structures generate relatively independent and closed
environments in the chip, and thus resemble the microenvironment in vivo. In microfluidic models,
the cell behavior changes greatly from 2D to 3D, and can obtain more physiological information and
prediction data [79]. Third, in microfluidic chips it is straightforward to combine and integrate various
functional units. Consequently, the models can be used to observe cell morphology, image live cells for
permeability studies, and monitor TEER in real time for barrier tightness using an integrated electrode.

Several microfluidic models have been developed in order to answer specific research questions.
These models have been used to study the BBB function, screen drug candidates, and predict the
clearance of pharmaceuticals by the BBB.

First, microfluidic models provide a new reliable platform to observe the influence of one or
more molecules on the BBB characteristics. For example, Brown used the microfluidic model to
study how the BBB responds to inflammatory stimuli, such as lipopolysaccharide or a cytokine
cocktail. They found that inflammatory stimulation increases permeability, reduces the numbers of
tight junctions, and alters the metabolomics profile [61]. Stimulation by a cytokine mix comprising
TNE, interleukin-1b, interferon ¢, and LPS was reported to result in the loss of VE-cadherin and ZO-1
expression, indicating disruption of the endothelial barrier [66]. A model stimulated by 1 ng/mL TNF-«
exhibited a 10-fold decrease in TEER [62]. Exposure to histamine caused an instantaneous transient
drop in TEER, while permeability coefficients increased significantly at higher pH (>10) [37]. Perfusion
of an astrocyte-conditioned medium improved the BBB function, increased the expression of tight
junction molecules, and decreased permeability [64].

Microfluidic models can also be used to assess the permeability of different compounds, including
free forms, binding to nanomaterials, or functionalized [79]. Falanga used a microfluidic model to
evaluate a new nano drug delivery vector for the CNS, and found that nanoparticles pass more easily
through the BBB barrier when combined with the membranotropic peptide GH625 [71]. Wevers
evaluated the permeability of therapeutic antibodies by receptor-mediated endocytosis, antibody of
human transferrin receptor (MEM-189) is easier to pass through the BBB compared with the control
antibody [80]. Based on microfluidic models, Bonakdar also found sub-electroporation pulsed electric
field can disrupt the integrity of the BBB and increase permeability [75]. In Papademetriou’s research,
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he found that shear flow impacted the binding and internalization of angiopep-2 coupled liposomes
nanoparticles by brain endothelial cells in microfluidic models [89].

4. Conclusions and Perspective

As the interface between the blood and the CNS, the BBB is critical for maintaining a steady state
environment in the CNS. There is great interest in developing experimental models to understand the
structural, physiological, and biochemical functions of the BBB, and to explore the mechanisms that
change these properties under pathological conditions. Recently, microfluidic in vitro models have
been established and evaluated. Microfluidic models are easy to design and fabricate, can simulate
physiological fluid flow and shear stress, and can better mimic the BBB microenvironment compared
with other models, and show great potential to further BBB research.

Although great progress has been made, microfluidic models are still in the early stages
of development. It can be difficult to find a suitable model to meet all kinds of experimental
requirements. Before these models are widely applied to the BBB-related research, several challenges
must be overcome.

First, microfluidic models are not ready for commercial use. Microfluidic devices have the ability to
control cell microenvironments and can be designed to meet specific requirements. However, simulation
of the BBB microenvironment will require intricate systems, including complex microchannel networks
with multiple elements such as pumps, valves, mixers, and detectors. As complexity increases,
fabrication becomes more difficult. At the same time, minor changes and modifications to the models
can produce chips with drastically different properties. Currently, most academic research use
PDMS as the chip material, which is unfavorable for large-scale production for use in commercial
applications [80]. Thermoplastics may be superior for industrial purposes, but it is more difficult to
obtain complicated and meticulous microstructures using this material.

Second, even with advances in chip design and fabrication, there remains a large gap between the
characteristics of microfluidic models and the in vivo environment. For example, in most experiments
a porous membrane is used to separate epithelial cells and other cells, but the thickness of the
membrane is 10 pm, which is over 300 times thicker than the naturally occurring basement membrane
in endothelial cells. This large gap makes difficult for different types of cells to establish direct contact.
To enable direct contact between co-cultured cells, microchannels can be filled with hydrogels as an
extracellular matrix, but rigid extracellular matrix substrates have stiffness values orders of magnitude
higher than those observed in living brain microvessels. In addition, while capillaries have an average
diameter of 6-9 pm, modeled blood vessels are far larger due to the constraints imposed by processing
technology. The BBB is also a complex and integrated system, while current microfluidic models are
based mainly on only two or three kind of cells. In a co-culture system, it is difficult to distinguish
paracrine and cell-cell contact mediated effects [99]. Moreover, the performance of a co-culture model
is affected by many factors, such as cell type and origin, cell number and cell ratio, flow rates, and
shear stress. All of these factors will need to be optimized.

Third, cell manipulation on a microfluidic chip requires substantial labor on the part of a
researcher. There are six orders of magnitude differences between microfluidic chips and conventional
laboratory equipment [100]. Many small operation details can affect model properties and experimental
reproducibility, and unintended variations may result in widely different results. For example, it is
difficult to seed cells at a particular place in a sealed chamber because bubbles in the channel can
interfere with the process [101]. In order to improve experimental reproducibility, much more attention
will be required to standardize details such as those involved in chip fabrication, cell seeding, cell
localization, and other design factors. In order to compare the performance of different models, or
compare data between in vitro models and in vivo experiments, it will also be necessary to standardize
the measurement of parameters.

This review has presented recent progress in the design and evaluation of microfluidic in vitro
BBB models, including advances in chip materials, porous membranes, the use of endothelial cells,



Micromachines 2019, 10, 375 15 of 20

the importance of shear stress, the detection specific markers to monitor tight junction formation and
integrity, and measurements of TEER and permeability. However, like other models, microfluidic
models cannot yet reproduce all the features of the BBB, and have limitations that must be addressed.
By understanding and comparing the advantages and disadvantages of the design of different
microfluidic models, we can choose the most suitable microfluidic models and experimental methods
to adjust the data, so as to promote the BBB research. More distant goals are to optimize microfluidic
models as screening platforms for candidate drugs and to apply them to study the pathogenesis in
neurological diseases.
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