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Abstract

Introduction—The blood-brain barrier (BBB) is a dynamic biological interface which actively 

controls the passage of substances between the blood and the central nervous system (CNS). From 

a biological and functional standpoint, the BBB plays a crucial role in maintaining brain 

homeostasis inasmuch that deterioration of BBB functions are prodromal to many CNS disorders. 

Conversely, the BBB hinders the delivery of drugs targeting the brain to treat a variety of 

neurological diseases.

Area covered—This article reviews recent technological improvements and innovation in the 

field of BBB modeling including static and dynamic cell-based platforms, microfluidic systems 

and the use of stem cells and 3D printing technologies. Additionally, the authors laid out a 

roadmap for the integration of microfluidics and stem cell biology as a holistic approach for the 

development of novel in vitro BBB platforms.

Expert opinion—Development of effective CNS drugs has been hindered by the lack of reliable 

strategies to mimic the BBB and cerebrovascular impairments in vitro. Technological 

advancements in BBB modeling have fostered the development of highly integrative and quasi- 

physiological in vitro platforms to support the process of drug discovery. These advanced in vitro 
tools are likely to further current understanding of the cerebrovascular modulatory mechanisms.
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1. Introduction

1.1. Vascular differentiation: The Blood-Brain Barrier

The structural and functional integrity of the blood-brain barrier (BBB) is vital to maintain 

the homeostasis of the central nervous system (CNS). The BBB endothelial cell (EC) are 

highly polarized (evidenced by an asymmetrical distribution of transporters between the 

luminal and the basolateral membranes) and their cytoplasm is of uniform thickness with 

few pinocytotic vesicles, absence of fenestrations and a very high density of mitochondria 

(almost 5 times higher than other endothelial phenotypes) denoting high metabolic activity. 

Inter-endothelial tight junctions (TJ) consisting of three main integral protein types 

[claudins, occludins, and junctional adhesion molecules (JAM)] connect adjacent ECs and 

form a diffusion barrier, which selectively excludes polar molecules (including blood-borne 

and xenobiotics) from entering the brain [1, 2]. A number of cytoplasmic accessory proteins 

such as zonulae occludentes (ZO) and cingulin crosslink these transmembrane proteins to 

the cytoskeleton (see Figure 1). Electrolytes and polar molecules in general, cross the barrier 

with great difficulty whereas lipid-soluble substances such as alcohol, narcotics and 

anticonvulsants pass with relative ease. Specific transport systems are responsible for the 

passage of biologically important substances such as D-Glucose, Phenylamine, etc. The 

most important of them are summarized below in table 1.

The periendothelial accessory structures of the BBB include the basal membrane, pericytes 

and the astrocytes end-feet which envelop > 99% of the BBB endothelium. The basal lamina 

is produced by perivascular astrocytes; it is approximately 40–50 nm thick and composed of 

type IV collagen, heparin sulfate proteoglycan, laminin, fibronectin, and tenascin. It has 

several functions including mechanical support for cell adhesion and migration with a 

mechanism involving transmembrane receptors (integrins) bridging the cytoskeletal 

elements of a cell to the extracellular matrix [3]. This lamina also regulates the 

communication between cells and embodies an additional barrier to the passage of 

macromolecules between the vascular system and the brain [4]. The Astrocytes interaction 

with the BBB ECs modulates the differentiation of the cerebrovascular endothelium, 

regulates protein expression, and appears to be critical for the induction and maintenance of 

the tight junctions and BBB properties [5].

2. Modeling the BBB in vitro: general scope and limitations

The broad scope of in vitro modeling is to develop a highly controlled environment outside a 

living organism to assess the physiological and pathological responses to specific 

experimental stimuli otherwise difficult to reproduce, dissect out, modify and/or characterize 

in vivo. From a translational and pharmacological point of view BBB models should be 

considered as tools to facilitate CNS drug discovery (e.g., drug permeability screening) 

and/or the development of strategic solutions to bypass the intrinsic resistance of the BBB to 

the passage of CNS therapeutics. Further, from a practicality stand point, these platforms 

should be user friendly, scalable, cost effective and capable of high throughput [6].

Current technological barriers do not allow to fully reproduce the physiological functions 

and responses of the BBB in vivo in a single platform, however, recent advancements in the 
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biotechnology field, materials engineering and understanding of BBB biology have enabled 

the development of innovative and highly integrated “quasi-physiological” (e.g., capable of 

reproducing a number of environmental complexities and biological features of the BBB 

including vascular hemodynamics and physiological/pathological responses to stimuli) in 
vitro BBB models (see Figure 2) which are discussed herein.

3. Cell culture-based in vitro BBB models: Static systems

3.1. Mono, Co- and Triple culture platforms

The simplest and most feasible in vitro BBB model consists of a monolayes of brain 

capillary endothelial cells seeded on a permeable support under static culture conditions. In 

the Transwell apparatus cells are grown on microporous semipermeable inserts which allows 

the passage of solutes (including cell derived factors) from and to the growth medium or 

between the apical (luminal) and basolateral (abluminal) compartments which are separated 

by the insert itself (see Figure 3).

This BBB model allows performing cell migration and drug transport assays across the BBB 

endothelium. The cerebrovascular endothelial cells obtained from various origins (see Table 

2 & 3) such as mouse, rat, bovine, porcine, monkey or human have been utilized in these 

experimental setups. From a practical perspective this model is user friendly and cost 

effective. The drawback is that cells lack the barriergenic modulatory stimuli afforded by 

neighboring cell signaling (astrocytes and pericytes) and mechanical stimuli (e.g., shear 

stress). This limit the ability of these cells to maintain their BBB properties over a long term 

period [7, 8] and as a result more sophisticated models including co- and triple culture 

systems have been developed. Owing to the close spatial relationship, co-cultures of 

cerebrovascular endothelial cells with astrocytes are widely used since astrocytes play a 

crucial role in the development of the paracellular tightness of the BBB. Different 

experimental systems were developed to mimic the astrocytic influence on the BBB 

endothelium. One of the most commonly used configurations include endothelial cells 

seeded on the apical surface of a microporous membrane (Lumen) and juxtaposed astrocytes 

loaded on its basal surface (Ablumen). Although this arrangement allows for the direct 

contact between endothelial cells and astrocytes; the relative higher thickness of the artificial 

membrane compared to the basal lamina in vivo limits cell-cell interaction. An alternative 

approach is to culture astrocytes at the bottom of the wells and allow for the diffusible 

released factors to reach the BBB endothelium on the other side of the membrane (see 

Figure 3). Although pericytes are in close contact with ECs they are relatively less 

characterized. However, their role in modulating endothelial functions has been well 

established in recent years and is not surprising that their use in BBB modeling has also 

been exploited. Pericytes from different origins have been incorporated in a range of co and 

triple cultures BBB setups in Transwell platforms using various configurations (see Figure 

3). A common triple culture setup consists of ECs monolayers laid on the top of a 

microporous insert with juxtaposed pericytes on the basal side of the membrane and 

astrocytes seeded at the bottom of the well. Astrocyte and pericytes culture mixes at the 

bottom of the well have also been experimented with in few occasions [9, 10]. Triple cell 

culture models using BMECs, neurons and astrocytes/pericytes have also been reported. 
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Neuron based triple cultures recreate the basic structure, function and cell-cell interaction of 

the neurovascular unit (NVU) in vivo. Therefore, NVU models incorporating neurons can 

also be used to assess (to some extent) the effect of the drug treatment on the CNS. 

However, the complexity of the culture environment increases significantly, drastically 

reducing the manageability of these systems.

3.2. Primary cultures

Since mice are extensively used in preclinical brain cancer research [11] as well as many 

CNS neurodegenerative and neuroinflammatory disorders, mouse BBB models have been 

developed in parallel to improve data reproducibility when transitioning from in vitro to in 
vivo. BBB integrity and tightness in vitro is commonly assessed by measuring the electrical 

impedance posed by the barrier. A functional parameter defined as trans-endothelial 

electrical resistance (TEER) which is measured in Ohms (Ω) × cm2. TEER is used to 

determine the integrity and tightness of the BBB in vitro and to compare it to that in vivo 

(usually in the range of 1800 to 2000 Ω·cm2 [12]). BBB models have been developed from 

freshly prepared mouse BMEC monocultures or in combination with pericytes. The reported 

TEER values were in the range of ~50 and ~150 Ω·cm2 respectively [13] and rising up to 

~200 Ω·cm2 when astrocytes are incorporated into the culture system (see Table 2) [14, 15]. 

Although primary BMECs closely mimic the BBB phenotype in vivo, presence of non-

endothelial cell contaminants (e.g. pericytes and fibroblasts) is one of the major issues 

researchers have to deal with during the extraction process. These cells can disrupt the 

intactness and uniformity of the endothelial culture by forming holes or void spaces in the 

monolayer. This can impact the reliability and accuracy of permeability testing. Although, in 

some instances, (e.g., primary rat BMEC) it is possible to exploit the intrinsic biological 

features of the cells (e.g., high expression level P-glycoprotein) to purify the cell cultures 

with toxic levels of a specific compound (e.g., Puromycin; a P-glycoprotein substrate) to 

kills the contaminants without affecting ECs viability [16]. Primary rat BMECs exhibit 

higher TEER values (ranging from 300 to more than 600 Ω·cm2- see Table 2) then mouse 

derived ECs either in mono, co- or triple cultures with astrocytes, pericytes, or both [16, 17, 

18]. However, primary bovine and porcine BMECs exhibit even higher electrical impedance 

(TEER >1000 Ω·cm2 see Table 2) and expression levels of TJ proteins ZO-1 and Claudin-5 

[19, 20, 21].

3.3. Immortalized endothelial cell lines

To reduce cost and labor associated with the procurement of primary ECs, several 

immortalized endothelial cell lines from diverse origin have been developed. But only a few 

of them express the desired barrier properties and in vivo BBB functionality (e.g., TJ 

formation and expression of distinct endothelial markers and transporters) and are currently 

used in BBB research. Recently, Rahman et al., in a systematic narrative review, listed a total 

of 36 immortalized endothelial cell lines being used in BBB modeling. The authors ranked 

human brain microvascular endothelial cell line hCMEC/D3, rat endothelial cell line RBE4 

and mouse brain microvascular endothelial cell line bEnd.3 as the top three based on the 

frequency of their use [22]. The more frequent use of a human-derived brain microvascular 

cell line is rationalized by the fact that it represents a more realistic match of the human 

NVU. However, the use of endothelial cell lines from nonhuman origin such as mouse, rat or 
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porcine can prove to be a relevant and perhaps better surrogate if the in vitro results obtained 

are correlated with the same preclinical model.

Since the introduction of hCMEC/D3 cell line to academic and industrial research, more 

than a hundred articles have been published investigating diverse aspects of CNS pathology, 

drug discovery and development [23]. Although the hCMEC/D3 monolayer displays 

moderate TEER values (~50 Ω·cm2 see Table 3) [24], it seems to recapitulate quite 

effectively a considerable number of BBB EC characteristics and became the unique and 

commonly used model for “humanized” in vitro BBB studies. This cell line is able to 

preserve the in vivo endothelial phenotype till 35th passages including the expression and 

topographical distribution of a number of TJ proteins and BBB endothelial transporters and 

receptors (e.g., MDR1, BCRP, MRP4, transferrin receptor, insulin receptor, Glut-1, 

metabolizing enzymes) which made them feasible for routine use [23]. One of the common 

strategies used to improve the barrier tightness when using hCMEC/D3 cells is to co-culture 

them with pericytes or (more effectively) astrocytes [24] in juxtaposed configuration. The 

soluble factors released by the astrocytes are relatively less effective in vitro than astrocyte 

in direct contact (via astrocytic end-feet) with the endothelial cells [24].

bEnd.3 and bEnd.5 are commercially available and widely used mouse-derived immortalized 

cell lines although of the two bEnd.3 cells seems to develop a tighter barrier than bEnd.5 

(see Table 3) due to higher expression levels of TJ proteins- claudin-5, occludin and ZO-1 

[25]. bEnd.3 cells grow rapidly and retain the endothelial phenotype over several passages. 

Low paracellular permeability and in-vivo like endothelial phenotype made this cell line 

convenient for developing functional BBB model with suitable responsiveness to stimuli 

[26].

RBE4 is one of the best characterized and commonly used immortalized rat brain 

endothelial cell lines in BBB modeling despite the fact that it falls short of forming TJ 

complexes, thus resulting in high paracellular permeability, thus hindering its use in CNS 

drug distribution assays [27].

4. Shear stress and cell differentiation

Various types of hemodynamic forces regulate the blood vessel function and tone including 

the regional tissue-blood barrier homeostasis [28]. By virtue of their anatomical location 

vascular endothelial cells are directly exposed to blood-flow induced frictional forces (shear 

stress) which play a critical role in vascular homeostasis and remodeling [28] [29]. The 

pattern of shear stress is complex as it varies from 1 to 60 dynes/cm2 depending on vessel 

type and size. In brain microvascular capillaries ranging 10 μm in diameter and a flow rate 

typically from 6 to 12 nL min−1 the corresponding shear stress can range from 10 to 20 

dynes cm−2 [30]. Shear stress differentially regulates the structural and functional phenotype 

[28, 31, 32] of the endothelium. For example, normal and disturbed flow patterns (shear 

stress) induce differential molecular and functional responses in the local endothelium [28]. 

Importantly, pathological shear stress causes endothelial dysfunction and perturbs the 

delicate balance between pro- and anti-atherogenic, thrombogenic and inflammatory states 

resulting in various vascular pathologies including ischemic stroke [28, 33].
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Given the trophic signaling mechanisms between BBB endothelial cells and other cellular 

elements within the NVU, a functional neurovascular coupling dynamically tethers the 

regional blood flow to suit the local metabolic demands and thus, the BBB exposed to 

constant pulsatile flow regulates the CNS microenvironment [34]. Previously, it was shown 

that intraluminal flow is critical for development and maintenance of BBB phenotype in vivo 
and in vitro resulting in high barrier tightness [8, 35, 36]. Various in vitro dynamic models 

(DIV-BBB) were developed to understand the role of laminar or pulsatile shear stress on 

BBB endothelial function and dysfunction in various pathological conditions including 

inflammation and stroke [31, 37, 38, 39, 40]. For instance, exposure of immortalized 

hCMEC/D3 cell line to pulsatile flow strongly potentiates the barrier integrity, with 10-fold 

increase in TEER values compared to static cultures [41]. Cucullo, Desai and colleagues 

demonstrated flow-induced down-regulation of cell cycle related genes and cytoskeletal 

rearrangement including induction of antioxidant gene responses in BBB endothelium [8, 

35]. Shear stress was also shown to effectively induce TJ gene expression in primary 

BMECs of various species (including human), thus enhancing the BBB tightness [29, 42]. 

Notably, high to low shear stress fluctuations mimicking the pathology of cerebral ischemia 

was shown to affect the BBB ion transport prodromal to cerebral edema [43], and disturbed 

flow also results in inflammatory activation of BBB endothelium [44].

5. Microfluidic devices

Microfluidic tissue-on-a-chip approaches have emerged as promising techniques to establish 

in vitro barrier tissues as potential tools in discovery biology and to study BBB endothelial 

responses to shear stress [46, 47]. These systems combine microengineering techniques with 

living cell populations to recapitulate salient organizational features of the in vivo 
environment including spatially defined co-cultures and polarized cell architectures [48]. 

Favorable scaling effects (e.g. short diffusion distances, laminar flows, and surface tension 

effects) are leveraged to replicate in vivo biophysical/biochemical cues by enabling 

controlled dosing with test compounds, introduction of physiological flows and shear 

stresses, and exposure to well-defined soluble factor gradients [49, 50]. The incorporation of 

custom designed electrodes, precise sample handling, and imaging capabilities also facilitate 

real-time barrier integrity assessment using TEER and small molecule transport studies [51, 

52].

In a typical tissue-on-a-chip embodiment, microfluidic channels are fabricated using “soft 

lithography” techniques by molding an elastomeric material, polydimethylsiloxane (PDMS), 

against a photo-defined master mold (see review by Weibel et al [53]). A porous cell culture 

substrate (typically a polyester or polycarbonate membrane or thin perforated PDMS 

membrane) is then sandwiched and sealed between the channel networks [54]. These 

channels enable either side of the membrane to be independently accessed, and appropriate 

cell populations are sequentially introduced into the channels and allowed to attach. Cells 

are maintained under flow to support cell proliferation, impose shear stresses, induce 

junction formation, and establish polarized tissues. These techniques have been used to 

successfully establish several barrier models including the lung, gut, and vasculature over 

the past decade [55, 56]. Given the vital importance of the BBB in biomedical research, 

several microfluidic models incorporating closely apposed microvascular endothelium and 
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neuronal populations have also been established. [57, 58, 59, 60, 61]. To support the growing 

trend of 3D cultures, we focus our discussion here on emerging techniques published within 

the past year where 3D gels were directly incorporated into microfluidic architectures to 

create NVUs. These approaches support the overall hypothesis that replication of in vivo 

structure and function can provide more representative in vitro assays [47].

As shown in Figure 4 (left panel) Brown and colleagues [62] reported a NVU comprised of a 

bottom perfusion channel, a brain chamber, and a top perfusion channel. The bottom 

perfusion channel was separated from the brain chamber with a porous membrane onto 

which endothelial cells were cultured on one side and astrocytes and pericytes on the other. 

The brain compartment was then filled with 3D Collagen I gel embedded with human 

induced pluripotent stem cell (hiPSC) derived neurons. The top perfusion channels maintain 

cell viability in the brain compartment. TEER measurements were reported to increase over 

a 12-day culture period in the endothelial population. ZO-1 staining for endothelial tight 

junctions, actin alignment under shear flow, and reduced transport of FITC-conjugated 

dextrans were used to verify barrier function. As expected, permeability of the barrier 

increases upon exposure to glutamate due to disrupted tight junctions. The authors anticipate 

significant relevance in long-term studies exploring CNS neurotoxicity and drug delivery.

Herland and colleagues [63] adapt a technique called “viscous fingering” [64] to establish a 

cylindrical collagen gel within a microfluidic channel. In this method, channels were filled 

with liquid collagen and a controlled fluid flow used to remove a central region of the 

collagen bulk prior to self-polymerization. The NVU was developed by embedding human 

cortical astrocytes in the bulk gel and sequentially lining the lumen surface with human 

cortical pericytes and microvascular endothelial cells. With this approach, the desired 

physiological structure was achieved through integration of all three cell types (see Figure 4, 

right panel). Endothelial monolayer formation and presence of TJ was verified with VE-

Cadherin and ZO-1 staining. BBB permeability was assessed by flowing low molecular 

weight dextran through the cell-lined collagen gel and observing diffusion into the bulk. The 

authors also exposed the BBB to TNF-α and found that the secretion profiles for 

granulocyte colony-stimulating factor (G-CSF) and interleukin-6 (IL-6) were higher in the 

3D model than in Transwells, thus anticipating that their platform can be used to explore 

inflammation of the NVU.

6. Technology advancements in BBB modeling

6.1. 3D extracellular matrices (ECM) for BBB modeling

2D cell cultures using one of the extracellular matrix (ECM) components and a homogenous 

population of cells (such as microvascular brain endothelial cells, astrocytes, pericytes) has 

been extensively used to determine the individual cellular responses and cell signaling 

pathways. However, 2D BBB cultures limit cells to a planar environment, whereas in vivo 
these cells are embedded into a 3D environment containing multiple ECM components, co-

exist with other cell populations and are nurtured by a variety of NVU-secreted factors. Until 

recently, 3D cultures techniques were limited to 3D spheroids, 3D hydrogel cultures, 

extracellular matrices [69] and solid scaffolds [67, 70]. Chrobak et al in 2005 established a 

3D cell culture method to produce microvascular tubes for studying endothelial and 
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epithelial physiology apart from evaluating inflammatory responses. It consisted of 

cylindrical channels in collagen gels lined with confluent monolayers of human endothelial 

cells. Perivascular cells were added to the setup, either by directly embedding within the gels 

or by adding it after endothelial cells grew to confluence [71]. However, the model did not 

enable shear stress (as the media was manually recirculated as needed) and other external 

stimuli such as growth factors and other diffusible elements. Microvascular modeling in the 

form of microfluidic devices in recent years has addressed these concerns by enabling the 

formation of pro-angiogenic interstitial gradients of growth factors (VEGF, b-FGF and PMA 

supplemented media) [72] as well as continuous endothelial exposure to shear stress [72, 73, 

74]. In most of these in vitro models, collagen type I has been used as the ECM of choice 

[72, 74, 75]. Collagen is a naturally derived hydrogel isolated from various biological 

sources including bovine skin and rat tail tendon [76]. Collagen I can support 3D cell growth 

and differentiation besides interacting with integrin receptors to modulate gene expression 

[77]. It has been heavily used in studies involving cell proliferation, cell migration [72, 78], 

inflammation [71], drug toxicity [79] and tumor cell invasion [80]. Other models have also 

used poly-d-lysine [75] or matrigel [81] as ECM. Matrigel forms thick, loosely cross-linked 

gels which can promote 3D tissue organization. By contrast, collagens and laminins have an 

inherent capacity to polymerize and form a 3D gel spontaneously resulting in tighter packing 

and marked resistance to proteolysis [78]. The choice of the ECM especially among natural 

hydrogels depends upon the desired morphology, growth and functionality of cells as well as 

physical properties such as permeability and matrix stiffness required [68], thereby enabling 

the ability to reproduce the ordered biological makeup of brain microvessels and/or NVUs.

On the contrary, culturing endothelial cells in these 3D microenvironments is quite a 

complex and challenging process. First, oxygen, nutrient and soluble growth factors 

availability (which influences cellular differentiation) is not uniform across the culture layers 

and gradients arise as the medium diffuses through the gel. Second, imaging and western 

blot techniques to assess cell function and protein distribution become significantly more 

challenging due to: a) difficulties in accessing cells for immunostaining or protein and 

RNA/DNA extraction and b) light scattering, refraction, and attenuation caused by the 3D 

biological environment. Finally, the addition of a third dimension amplifies the 

heterogeneities of the cultures, thus affecting the study reproducibility and data comparison 

[67]. Natural hydrogels also present some shortcomings such as batch-to-batch variability in 

composition due to their isolation from animal-derived sources. Also, not all natural 

hydrogels can be used uniformly in all models and one has to be careful to choose a gel best 

suited to the purpose of the experiment. Alternatively, synthetic hydrogels are comprised of 

purely non-natural molecules that are biologically inert and are capable of creating defined 

3D microenvironment. Such inert gels are simple to manufacture, adapts to the mechanical 

forces conveniently and are highly reproducible. An example of a synthetic hydrogel is 

Corning PuraMatrix™ peptide hydrogel which is composed of 99% water and 1% w/v 

standard amino acids [46, 67]. However, in future there will be a need for ECM with 

combined properties of natural and synthetic hydrogels as it seems likely that different 3D 

matrices will induce different cellular responses which will in turn foster the development of 

more sophisticated 3D models.
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6.2. 3D printing technology for BBB modeling

3D printing (bioprinting) involves printing of stereolithography files (STL files) created 

from tomographic reconstruction (layer by layer) of 2D images captured by computed 

tomography and/or magnetic resonance imaging [82]. 3D printing has been used to 

reproduce several human organs such skin, bone, ears, liver [82] and has also been used to 

create perfused functional vascular channels [83]. However, its application in 

cerebrovascular research is limited due to the inherent complexities of the NVU and inability 

of current technology to create such multifaceted environments.

7. The Near Future: Stem cell based BBB models

While there has been a wide spread use of animal derived (rodent, bovine, and porcine) in 
vitro BBB models, inevitable species differences hinder their translatability to clinical 

neuroscience and drug development [84, 85, 86, 87, 88]. On the other hand, the limited 

scalability, phenotypic drift, and high costs of isolated primary human brain endothelial cells 

(BMEC) hamper the development of widely usable human BBB in vitro models [89, 90, 91]. 

As an alternative to primary cultures, immortalized human BBB endothelial cell lines such 

as hCMEC/D3 [92, 93, 94, 95, 96] exhibit suboptimal monolayer integrity and lower 

expression of tight junction proteins [97, 98, 99]. Therefore, development of robust and 

physiologically representative in vitro human BBB model of high fidelity remains a critical 

objective in the field of neurovascular research.

Recent scientific advances in stem cell research have opened new avenues for studying 

various human diseases and promote drug development in a dish [100, 101, 102, 103, 104]. 

Both, pluripotent and adult stem cells exhibit significant self-renewal capacity and can 

acquire any specialized cell genotype/phenotype under cue-directed differentiation for high 

throughput in vitro disease modeling and toxicity testing [105, 106, 107, 108, 109]. The 

inherent potential of human induced (iPSC) or embryonic (ESC) pluripotent and progenitor 

stem cells have been exploited to develop highly functional and physiologically relevant in 
vitro human BBB models [84, 110, 111]. Here, we provide details on the design and 

applications of current stem cell BBB modeling (see Table 4) including model-specific 

limitations. Considerable evidence indicates the utility of cord blood hematopoietic 

progenitor cells (CD34+ CD45+ CD31+ KDR− vWF− CD14− cells) to develop a 

reproducible human BBB model in vitro [112, 113] for studying the mechanisms underlying 

the transmigration of breast cancer cells across the BBB endothelium in brain metastasis 

[114, 115]. For example, Ponio and colleagues reported that directed differentiation of 

endothelial progenitor cell colonies derived from cord blood stem cells in the presence of 

astrocytes induced BBB-like properties with increased monolayer integrity similar to 

hCMEC/D3 cell line [112]. Similarly, hematopoietic stem cell-derived ECs when co-

cultured with pericytes display a mature and functionally responsive BBB EC phenotype 

with sustained barrier tightness for many days and the ability to predict human brain drug 

distribution [113]. However, it should be noted that despite relatively low barrier 

permeability compared to direct differentiation with astrocytes [113] or hCMEC/D3 cell line 

under static conditions [96], TEER values obtained with hematopoietic stem cell based BBB 

models are still below 200Ω × cm2 [113, 114] (see Table 4). Thus, the model stability in 
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vitro is outweighed by its relatively poor barrier tightness, compared to other in vitro BBB 

platforms [112, 116, 117].

Additionally, given the tedious procedures and difficulties to isolate pure primary neurons or 

astrocytes, embryonic or adult brain neuronal progenitor cells (NPC) have served as 

potential alternative for robust BBB modeling in vitro [10, 84, 118, 119]. Mainly, NPCs are 

shown to proliferate extensively and differentiate into neuronal and astrocyte lineages that 

are critically involved in BBB development and maturation in vivo [119]. Differentiating 

(but not proliferating) rat or human embryonic NPCs significantly elevated the TEER (> 

40%) in rat BMEC monolayers possibly by promoting TJ expression and continuity at cell-

cell junctions [120]. Although, TEER values in this model reached peak values within 24h, 

these values remain relatively low (~100Ω × cm2; Table 4) and gradually decreased with the 

progression of time (24–120h), compared to a sustained increase in BMEC-astrocyte co-

culture model [120]. The differentiation protocol was subsequently optimized to improve the 

model quality and robustness, as tested by previously established BBB-specific gene panel 

[10]. For instance, embryonic NPCs differentiated in 5% and 10% serum for 12 days elicit 

both maximal and sustained TEER response in BMEC monolayers (~250Ω.cm2), while low 

serum concentration did not outperform the tightness exhibited by BMEC monoculture 

alone [10]. Importantly, this model could have the potential for translatability to a fully 

humanized and functional BBB model but requires standardization to improve the barrier 

tightness thus mimicking the in vivo conditions.

Recently, human PSCs have shown a promising potential for robust and scalable BBB 

modeling in vitro [84, 111]. Human PSC-based BBB modeling also offers the ability to 

understand the specific signaling mechanisms involved in human BBB development [111, 

121, 122]. To this end, Shusta’s laboratory has made significant strides in the development 

and optimization of a robust humanized BBB model using various hiPSC cell lines [111, 

122]. Typically, this process involves the co-differentiation of immature NPCs and EPCs 

from adherent cultures of hiPSCs followed by EC specification and purification on selective 

matrix [111, 122]. Extensive characterization of the purified BMECs show abundant 

expression of TJ proteins enriched along the cell-cell contours and polarized expression of 

diverse array of functionally active BBB nutrient and efflux transporters [122]. The basic 

differentiation protocol was extensively optimized in subsequent studies to further enhance 

the differentiation efficiency of hiPSC cell line and BMEC functional responses to achieve 

high barrier tightness. For example, co-culture with astrocytes significantly increased the 

barrier integrity of BMEC monolayers derived from differentiation of IMR90-c4 hiPSC 

cultures (TEER=1450Ω.cm2; Table 4) when compared to BMEC monocultures [122].

Importantly, conditioning the IMR90-c4 derived BMEC monolayers with human pericytes 

post retinoic acid treatment and subsequent co-culture with differentiating human NPCs 

(astrocytes and neuron mixture) resulted in significant enrichment of BBB phenotype with a 

steep increase in TEER values reaching over 5000Ω × cm2 [121]. These TEER values are 

unprecedented in vitro and uncertainty prevails regarding the stability of the model in 

prolonged culture for long-term assessments. Nevertheless, the biochemical phenotype of 

BMECs differentiated from other cell lines under similar conditions also exhibited a 

potential improvement of barrier integrity [121]. Interestingly, it was also demonstrated that 
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hiPSC derived BMECs co-cultured with astrocytes in microfluidic platforms can achieve 

significantly high and sustained TEER values without the necessity for shear stress [123].

In addition to retinoic acid supplementation, the source of matrigel used for early 

maintenance of stem cells [124] and initial hPSC seeding density before differentiation [122] 

could significantly affect BMEC yield and BBB tightness. For example, hiPSC 

differentiation efficiency can be optimized by selecting a moderate seeding density 

(30,000cells/cm2) that resulted in an improved TEER response [124]. However, this 

response to initial seeding density appears to be cell line dependent and variations in hPSC 

seeding density did not affect the biochemical phenotype of BMECs differentiated from 

IMR90-c4 hiPSC cell line [124]. Importantly, the singularized-cell seeding approach 

described by the latter study could enhance the scalability and reproducibility of hPSC-

derived BBB models. Additionally, BMECs differentiated from reprogrammed iPSCs of a 

patient can reveal key information of BBB functional disparities in health and disease. 

Importantly, the TEER responses in stem cell based models are substantially higher as 

compared to primary human BMEC or hCMEC/D3 cultures [96]. Given a large dynamic 

range of permeability values (diazepam to sucrose), hPSC derived BBB models could have 

potential applications as reliable drug screening tools [123, 125], although more functional 

assays with a diverse array of compounds are required to test the predictive strength of the 

model [122]. Importantly, stem cells can be integrated with microfluidic approaches towards 

development of robust BBB-on-chip platforms for high throughput studies [123].

Despite high reproducibility of cord blood stem cell-derived BBB models, their relatively 

low barrier tightness could be a potential limitation [112, 113, 114]. By contrast, hPSC 

derived BMEC monolayers suffers from reproducibility and stability deficits. Nevertheless, 

stem cell based BBB modeling is receiving significant interest as a potential alternative to 

current in vitro platforms.

8. Conclusion

The BBB phenotype displays unique characteristics anatomically and functionally. Lack of 

fenestration in the BBB restricts influx of xenobiotics, thus protecting the CNS. The cross-

talk between the cells of the NVU is crucial for the formation and maintenance of a 

functional BBB. Novel biotechnological advancements and better understanding of the 

processes governing the barriergenesis and barrier functions under normal and pathological 

conditions have driven the development of more sophisticated and realistic BBB models for 

studying the pathophysiology of CNS diseases, more effective CNS drugs and helped reduce 

the needs for inherently complicated and highly variable in vivo studies. The ability to 

modulate stem cells differentiation into BBB phenotypic cells will further boost the 

development of clinically relevant NVU models for basic and translational studies and drug 

development.

9. Expert Opinion

Most of the studies currently available revolve around the use of very cost-effective and user 

friendly ECs monocultures, which however, offer a scant image of the BBB in vivo and fail 
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to reproduce the cellular and environmental milieu of the NVU. Several alternative 

approaches such as co- or triple static culture systems and/or incorporation of shear stress 

[41] into the model have been explored to overcome this limitation. In some instances, 

improved BBB tightness and selectivity have been observed but the data are not consistent 

and of limited reproducibility across platforms. Effort should be directed in the 

standardization of the measurable parameters used to assess the viability of the BBB 

independently from the platform/system used. Despite these issues, the use of in vitro 
models as companion tools to further basic and translational research hold great promise in 

us much the ability to selectively control and manipulate the biological environment 

(although in its simplest version) allow for testing and experiment conditions that are not 

easily reproducible in vivo. Use of primary cell cultures (when available) is still 

advantageous at least from a data reproducibility point of view but not very cost effective. 

Stem cell technology (although still not fully mature) could indeed provide a breakthrough 

in BBB modeling (and beyond) allowing for the development of the desired primary cultures 

within the platform itself, thus reducing the setup cost of the platform and the 

dedifferentiation issues that originate from having to passage the primary cells multiple 

times [123]. Further, the ability to strictly control the biological environment inside these 

platforms could indirect benefit stem cell technology by allowing to study and dissect out 

the optimal conditions necessary to differentiate and stabilize the cells into their final mature 

form. Among the various approaches to reproduce the BBB in vitro, microfluidic models 

have significant advantages over static and previous flow-based platforms including 

improved experimental flexibility, biomaterial integration, cost effectiveness and possibly 

high throughput. There is a growing trend in the microfluidics community to develop 

techniques that can be readily translated from engineering-centric labs to life science 

laboratories. This is achieved by limiting instrumentation requirements including external 

pumps [126], developing modular approaches [127], and simplifying experimental 

workflows [128]. Better accessibility to microfluidic tools for life science studies could help 

significantly advance BBB research. However, these platforms are still confined to a limited 

number of laboratories as working prototypes and access to these systems outside the lab of 

origin remains limited. The high level of technical proficiency required to use these models 

is also a restrictive factor. From a manufacturing stand point, lots of progresses have been 

made through the use of bioprinting technology. This process allows to generate spatially-

controlled cell patterns where cell function and viability are preserved within the printed 

construct. At current stage however, the technology is not yet mature for the generation of 

multipart biological environments where several elements including materials, cell types, 

growth and differentiation factors pose technical challenges related to the sensitivities of 

living cells and the construction of more complex tissue structures such as the NVU. Further, 

lack of high-throughput 3D-bioprinted tissue models for research makes this technology not 

(yet) suitable for drug discovery and toxicology studies. To achieve these goals, the 

integration of multiple fields of research including engineering, biomaterials science, cell 

biology, physics and medicine will be necessary. Concerning the use of stem cells in BBB 

modeling, although noteworthy progresses have been made toward the differentiation of 

these cells into viable NVU components there are a number of issues that remain 

unresolved. Starting with the short term stability of the differentiated cells which at the 

current technological stage cannot be maintained for more than few days before 
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dedifferentiation occurs. Also there are huge variations in TEER and permeability values 

reported across the various stem cells-based BBB models developed so far. Differences in 

the types/source of stem cell model (multipotent vs. pluripotent) used in these studies and 

the BBB development cues influencing the terminal differentiation process could plausibly 

explain these remarkable dissimilarities. For example, retinoic acid addition to the 

differentiated endothelial cell co-cultured with pericytes or differentiating NPC population 

could elevate the TEER by many-fold. This is attributed to the increased expression of TJ 

proteins, nutrient and drug transporters. Thus, it should be noted that development of BBB 

phenotype is stem cell source dependent. While iPSC models could have the potential to 

generate highly robust BBB with TEERs >3000Ω.cm2, that is several-fold superior to 

currently used human models, iPSCs may have different properties and differentiation 

capacities depending on their initial source [84]. Another limitation of the stem cell based 

models is the lack of comparative quantification studies for the expression of BBB-specific 

proteins with existing models (including stability). Further, the lack of correlative data 

between in vivo/human and in vitro permeability studies should be address along with a 

detailed evaluation of the expression (using QTAP for example) and functionality of major 

BBB transporters vs in vivo/human.
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Article highlights box

• Blood-brain barrier models are to be considered companion tools designed to 

facilitate basic and translational studies in the field of CNS drug discovery 

and cerebrovascular diseases

• Complex co-culture systems may prove effective in the development of quasi-

physiological system at the expenses of increased complexity and higher cost.

• Microfluidic tissue-on-a-chip approaches have emerged as promising tools to 

establish in vitro BBB models but the technology is not yet available 

mainstream.

• 3D bioprinting technologies are also emerging as tools to develop 

cerebrovascular models

• Cord blood stem cell or hPSC-derived BMEC are valuable alternative sources 

to generate the BBB cells necessary in the making of in vitro BBB models.

• The use of multiple in vitro systems featuring complementary characteristics 

could help reducing the shortcomings of each platform as standalone systems.
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Figure 1. Schematic illustration of BBB anatomy
A cross-section of brain microcapillary representing luminal compartment composed of 

basal lamina, endothelial cells and pericytes tightly ensheathed by the astrocytic end-feet. 

Tight junctions (TJs), present between the cerebral endothelial cells selectively excludes 

paracellular trafficking of substances from entering into brain.
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Figure 2. Schematic diagram of currently available in vitro BBB models simulating in vivo NVU 
milieu based on two distinct principles- static vs dynamic culture
Static models include transwell and 3D ECM platform while dynamic models utilize hollow 

fiber based apparatus or micro fluidic devices.
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Figure 3. In vitro BBB models on transwell platform using co (left panel) or triple (right panel) 
culture
BMECs are cultured on top of semipermeable microporous inserts while astrocytes or 

pericytes are seeded at the bottom (a & b) of the insert or bottom of the wells (c & d) in co-

culture conditions. Triple cultures using three different cells pericytes, astrocytes, and/or 

neurons in different arrangements (e,f,g,h) have also been investigated. Key: a-[129, 130]; b-

[129]; c-[14]; d-[13]; e-[21]; f-[9]; g- [131]; h- [10]
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Figure 4. 
Left panel A) Schematic representation of three compartments NVU. B) Microfluidic 

design layouts with details of each layer C) assembled device with top (blue) and bottom 

(red) channels. D) Experimental setup with microengineered NVU within environmental 

chamber for long term imaging. Reproduced from [62] with permission of AIP publishing. 

Right panel- Confocal imaging of various cell population within the cylindrical collagen 

lumen. Endothelial cells alone (A–C), with pre-added pericytes (D–F), or astrocytes in the 

bulk gel (G–I). Magenta is VE-Cadherin, green is F-actin, blue are nuclei. Arrows indicate 

contact points between cell populations. Reproduced from [63] with permission of PLOS.
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Figure 5. 
Schematic representation of a 3D ECM BBB model. This platform allows the cells to co-

exist with other cell populations embedded in environment that contains multiple ECM 

components, and nurtured by a variety of cell-secreted factors necessary for vasculogenesis/

angiogenesis and/or cell migration. Thus microcapillary like structures forms within the 3D 

matrix.
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Table 1

Transport systems at the BBB

Transport systems Substrates

1. Amine Choline

2. Nucleoside Adenosine

3. Hexose D-Glucose

4. Mono carboxylic acid Lactate

5. Neutral amino acids Phenylamine

6. Basic amino acids Arginine

7. Purine Adenine
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Table 3

BBB Models based immortalized endothelial cell lines

Origin Cell Model Type Approx TEER (ohm.cm2) Ref

Mouse bEnd.3 Monocuture 60–70 [132]

bEnd.5 Monoculture 40–50 [133]

Immortalized mouse cerebral endothelial cells 
(cEND)

Monoculture 400 [134]

Rat RBE4 Monoculture >100 [135]

Coculture with rat glial cells - [136]

Human Immortalized human brain endothelial cells 
(hCMEC/D3)

Monoculture 40–50 [24] [137]

Coculture with astrocytes or 
pericytes

50–60 [24]

Triculture with astrocytes & 
pericytes

>40 [24]
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