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Abstract

Disorders of the brain are the most debilitating situation affected globally with increased 

mortality rates every year, while brain physiology and cumbersome drug development processes 

exacerbate this. Although the blood-brain barrier (BBB) and its components are important for 

brain protection, their complexity creates major obstacles for brain drug delivery and the BBB is 

the primary cause of treatment failure leading to disease progression. Therefore, developing an 

ideal platform that can predict the behavior of a drug delivery system in the brain at the early 

development phase is extremely crucial. In this direction, in the last two decades, numerous in 

vitro BBB models have been developed and investigated by researchers to understand the barrier 

properties and how closely the in vitro models mimic in vivo BBB. In vitro BBB models are 

mainly the culture of endothelial cells or their co-culture with other perivascular cells either in 

two or three-dimensional platforms. In this article, we have briefly summarized the fundamentals 

of BBB and outlined different types of in vitro BBB models with their pros and cons. Based on 

the available reports, no model seems to be robust that can truly mimic the entire properties of 

the in vivo BBB microvasculature. However, human stem cells, co-culture, and three-dimensional 

models were found to mimic the complexity of the barrier integrity not completely but more 

precisely than other in vitro models. More studies aiming towards combining them would be 

needed to develop an ideal in vitro model that can overcome the existing limitations and unravel 

the mysterious BBB.
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INTRODUCTION

Treatments of the central nervous system (CNS) disorders are facing numerous challenges 

such as limited therapeutics, complex physiology of the brain, and inadequate drug delivery 

to the brain, altogether leading to the increased mortality rate. The blood-brain barrier 

(BBB), a safeguard to the brain, is a complex interface between the blood circulation and 

the CNS, which strictly restricts the entry of potentially toxic substances and pathogens. 

However, it does allow the exchange of vital nutrients like glucose, iron, and blood gases, 

which are essential for brain functions. Overall, BBB possesses dual functions viz., barrier, 

and carrier [1]. On the one side, the barrier function of the BBB is of utmost importance 

for brain protection, but, on the other side, it is disadvantageous for CNS therapeutics as 

systemic delivery of more than 98% small molecules and nearly 100% large molecules 

cannot cross the BBB, leading to ineffective CNS treatments [2]. Therefore, there is an 

ample need to investigate and develop an ideal model which can characterize the permeation 

and/or penetration behavior of neurotherapeutics in the early developmental phase to 

develop a clinically effective CNS therapy.

Novel CNS entities and delivery techniques require detailed evaluation of in silico models, 

in vitro models, animal testing, and at last human trials. It has been stated that only 50% 

of the results obtained by testing in animal models are translated into human responses due 

to lack of consistent response, inter-species diversities, and differences in the expression of 

tight junction (TJ) proteins and transporters [3]. For example, Jamieson et al. stated that 

when compared to mice, humans have 1.85-fold higher and 2.33-fold lower expression of 

the breast cancer resistance protein (BCRP) and P-glycoprotein (P-gp), respectively, in the 

BBB [3]. Further details on the species difference concerning the BBB structure, protein 

expression levels, and impact on the permeability are covered in other review articles [4, 5]. 

Such differences across humans and rodents can significantly affect drug development, thus 

leading to unpredictable clinical translation. Taking aforesaid aspects into consideration, 

over the past several years, various in vitro BBB models have been developed and evaluated 
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by numerous groups to predict the permeation mechanism and penetration measurement of 

CNS therapeutics across the BBB in vivo [6]. In addition to serving as very strong tools 

in drug development, in vitro BBB models are important to elucidate further physiological 

and pathophysiological molecular mechanisms [7]. To mimic the BBB, in vitro BBB models 

including mono- and multiple culture models, stem cell-based models, dynamic models, and 

microfluidic models have been developed.

In this review, initially, we outlined briefs on the fundamentals and structure of the BBB. 

The rest of the review covers a summary of various in vitro BBB models with the pros and 

cons of each model, the challenges associated and future directions towards optimal in vitro 

BBB models that would imitate the BBB in vivo.

STRUCTURE AND FUNDAMENTALS OF THE BBB

The BBB, a part of the neurovascular unit, is composed of endothelial cells (ECs), 

astrocytes (ACs), pericytes (PCs), neurons, and microglia. These ECs or brain microvascular 

endothelial cells (BMECs) are interconnected strongly through TJs and are responsible 

for the restriction and regulation of the transport of various molecules. As shown in Fig. 

1a, neighboring ACs, PCs, and basement membranes surround the BMECs, providing 

structural support, membrane stability, and they all together form the impermeable BBB 

[3, 6]. As a result, only small molecules (< 400 Da) with high lipophilicity can cross 

the BBB, while the penetration of water-soluble substances is strictly restricted through 

TJs. In short, TJs are the obstructive structures of the BBB located at the apical side 

of the ECs, which primarily regulate paracellular permeability. TJs and the thick basal 

membrane result in the transendothelial electrical resistance (TEER, an indicator of the 

tightness of the junctions) of brain capillaries being ~2000 Ω cm2, in comparison to 2–

20 Ω cm2 in peripheral capillaries [8, 9]. The molecular composition of TJs includes 

interactions between transmembrane and cytoplasmic proteins. Transmembrane proteins 

such as occludin, claudin, and junctional adhesion molecules bind to the cytoplasmic protein 

zonula occludens (ZO-I) linked to the actin cytoskeleton [1, 10]. In addition to TJs, adherens 

junctions composed of cadherins (transmembrane protein), catenins (cytoplasmic protein), 

and gap junctions also furnish barrier function and adhesion of ECs and restrict paracellular 

permeability (Fig. 1b). Molecules facing challenges in crossing the BBB through the 

paracellular pathways (between adjacent cells) utilize the transcellular pathways (through 

the cells) [11]. Besides these anatomical obstructions, many efflux transporters such as 

P-gp, BCRP, and multidrug resistance-associated protein-1 (MRP-1) are highly expressed 

in the BBB and concomitantly restrict the entry and accumulation of many drugs [12]. 

Expression profiles of these transporters largely determine the permeability properties 

and their functionality is an important requirement for the quality of the in vitro BBB 

models [1]. However, aforesaid physiological limitations are not the only rate-limiting step 

in determining drug transport and/or permeability across the BBB. The physicochemical 

properties of the drugs/formulations also influence drug transport.
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IN VITRO BBB MODELS

The complexity of the BBB presents a plethora of options for constructing a BBB model 

to various degrees of physiological accuracy. In vitro BBB models, aimed at reliable 

and cost-effective models that would bypass and/or minimize the in vivo BBB testing 

conditions, have been established to investigate the physiological challenges of the BBB 

while designing the novel CNS therapy. These models range in complexity from a simple 

monoculture of cells to three-dimensional co-cultures using ECs, ACs, and PCs [13, 14]. 

In general, an ideal BBB model should meet the following conditions: (i) ease of culture, 

(ii) biologically realistic composition to maximize paracellular restriction, (iii) functional 

expression of TJ and transporters, and (iv) reproducibility of solute permeability [4].

The simplest in vitro BBB model used to test new molecules for brain diseases is the 

Caco-2 model that uses transwell chambers cultured with Caco-2 cells to mimic the BBB 

in terms of TEER and permeability. The correlation between the Caco-2 model and in 

vivo models was promising for small molecules that are transported by a passive diffusion 

mechanism [15]. Complex models or multicellular models more closely mimic the in 

vivo BBB to achieve better performance in terms of reduced monolayer permeability and 

physiological disease conditions. In addition to that, multicellular models maintain both a 

microvascular and cerebral environment, which is one of the crucial aspects of matching in 

vivo barrier functions, because cellular constituents like ACs, PCs, and to some extent, glial 

cells often connect with primary ECs to maintain the specific brain endothelial phenotype 

[4]. However, a consistent and reproducible source of these cells is a major limitation 

in the development of these models. To overcome this, human-induced pluripotent stem 

cell (HiPSCs)-based models have been developed to mimic the human BBB in vivo [3]. 

The aforementioned monolayer and co-culture models are part of static models or two-

dimensional (2-D) models whereby in vivo shear stress caused due to regular blood flow 

is not imitated. Recently developed complex three-dimensional (3-D) models or so-called 

dynamic BBB models closely mimic the complexity of the in vivo BBB through imitating 

the shear stress and regulating the expression of TJ and transporters [6, 16]. Dynamic in 

vitro models, microfluidic models, and chip-based BBB models fall under this category. 

However, the complexity of such systems makes them more inconvenient, especially for 

screening applications. Thus, the underlying challenge of in vitro BBB model design is the 

striking balance between simplicity and performance [13]. Various in vitro BBB models are 

illustrated in Table (1) and their descriptions are summarized in the following sections.

2-Dimentional Models

Despite the limitations, 2-D models hold their potential for evaluating the chief barrier 

integrity functions viz., TEER, and permeability. Reliability, reproducibility, simplicity, and 

affordability are important aspects of 2-D models, while the incomplete imitation of the in 

vivo BBB is the major setback. However, during the initial screening and developmental 

phase whereby shear stress and blood flow mimicking are not truly essential, 2-D models are 

very swift and popular among researchers. Considering different cell types, 2-D models can 

be developed as a monolayer or co-culture-based systems as discussed below.
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Monolayer Models

In early dates, studies on the BBB barrier functions were performed on monocultures in perti 

dishes. This method was cost-effective and allowed for large quantities of monocultures. 

However, limitations such as the absence of two compartments (blood and brain side), 

poor paracellular restrictions, and poor imitation of in vivo BBB made them unsuitable 

for studying drug transport across the BBB [17], which led to the introduction of a 

growing monolayer of ECs in a transwell chamber. This chamber comprises a microporous 

semipermeable membrane that separates the luminal side and the abluminal side, thereby 

allowing the exchange of solutes while restricting the movement of cells across the 

compartments [4, 18]. Transwell models offer several attributes such as scalability, low 

cost, selectivity of different membranes, and pore sizes [17]. Transwell models allow the use 

of ECs from different sources, but to mimic the BBB features truly, primary BMECs from 

humans are recommendable to increase the barrier functions. However, access to primary 

BMECs from the human brain is very challenging, time-consuming, costly, and restricted to 

biopsy or autopsy materials from patients with diseases such as epilepsy or brain tumors. 

Thus, primary ECs from pig, beef, mouse, and rat are considered as they are characterized 

by functionality, tight barrier integrity (TEER > 400 Ω cm2), and low permeability. However, 

in addition to the variation of isolation and yield, there are other issues associated with 

the models using primary ECs from animals. For example, our ongoing studies have faced 

difficulties in an in vitro model using primary ECs from fresh porcine brains. The source for 

the fresh porcine brain is very limited. For the fresh porcine brain, as we ordered, we cannot 

require storing the fresh brain in ethanol during transportation because of the regulation. 

Although several protocols for isolating porcine brain ECs are available in the literature, 

they all are based on different levels of centrifugation that are nonspecific for the isolation 

of primary ECs. Without further characterization, we are difficult to ensure that the collected 

fraction is the ECs. The isolated ECs grow very slowly, and we have taken 4 weeks to 

harvest enough cells for transwell culture. Moreover, potential contamination in cell culture 

is a big concern because the isolation process cannot be conducted in a sterile condition. 

To avoid the isolation of the primary cells, Myers et al. adapted commercially available 

bovine BMECs and normal human ACs to establish a co-cultured BBB model [13]. Besides 

the simplicity and moderate cost of the monoculture models, the absence of other cellular 

components, and inadequate properties such as relatively low TEER, high paracellular 

permeability, and poor expression of transporters makes this model a poor replicate of 

barrier functions. It has been reported that monolayer models are not ideal for studying 

BBB integrity parameters, as only a single type of cells are present and hence in vivo 

multicellular environment are paid more attention [18]. Hartmann et al. studied the impact of 

endogenously isolated ECs with ACs and PCs and reported improved barrier functions with 

an increase in the tightness of the co-cultured model compared to the monoculture model 

[19]. The authors also stated that in vitro co-culture of primary ECs with other cellular 

constituents of the extracellular matrix is very essential to ensure cellular interactions and 

to maintain the functional properties of the in vivo BBB [19]. Taking these aspects into 

account, complex co-culture models have been developed to mimic the in vivo anatomy of 

the BBB.
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Co-Culture Models

Even though cerebral ECs are the primary constituents of the BBB, the regulatory and 

functional roles of the neighboring cells (ACs, PCs, and microglia) in the maintenance 

of the barrier properties of the BBB must not be ignored. The co-culture of ECs with 

these cells increases cellular interactions, expression of efflux transporters, and the potential 

applications of in vitro models beyond drug permeability screening [17]. These models 

include double (ECs+ACs and ECs+PCs) and triple (ECs+ACs+PCs) cultures in the 

transwell system [6, 16, 20]. In general, ECs are grown on the luminal side of the 

transwell membrane, while perivascular cells are grown at the abluminal side of the 

membrane (contact) or at the bottom of the chamber (noncontact) [10]. Both contact and 

non-contact methods are important and provide different aspects of cellular interactions or 

communications. Unlike monolayer models, co-culture models offer higher TEER values 

and lower permeability but still do not have complete in vitro phenotypes because of the lack 

of shear stress.

Co-culture of ECs with ACs: Even though not in direct contact with ECs, ACs as part of 

the neurovascular unit, largely determine the TEER transporter expression and permeability 

functions. Therefore, the co-culture of ACs with ECs could partially establish the features 

of the BBB [4, 21]. ACs play a vital role in regulating the complexity of TJ. A comparison 

of noncontact and contact co-cultured models (bovine brain capillary ECs with rat ACs) 

with a monoculture model showed an improvement in the TEER values ranging from 

about 92.0 Ω cm2 (monoculture model) to 134.0 Ω cm2 (non-contact model) and then to 

more than four-fold i.e. 386.0 Ω cm2 (contact model) [22]. Interestingly, the authors also 

evaluated the paracellular permeability of a low molecular weight transport marker (376 

Da) and a high molecular weight transport marker (4 kDa). The paracellular permeability 

for the monoculture model and the contact co-cultured model for low molecular weight 

was 11.0×10−6 cm/s and 6.0×10−6 cm/s, respectively, and for high molecular weight was 

2.7×10−6 cm/s and 1.5×10−6 cm/s, respectively. Paracellular permeability of the co-culture 

model was almost two-fold lower than that of the monoculture model. In another study, 

Jeliazkova-Mecheva and Bobilya used porcine brain capillary ECs co-cultured with porcine 

ACs. They reported an increase in TEER values up to nine-fold in the contact co-culture 

model (108.0 – 139.0 Ω cm2) compared to the monoculture model (12.0 – 39.0 Ω cm2), 

while it was stated that ACs alone did not have barrier functions [23]. They also confirmed 

that the rate of inulin transport (0.5% per hour) in the co-culture model was identical with 

the reported value for tight in vitro BBB (TEER> 600.0 Ω cm2) under optimal conditions. 

The aforementioned studies demonstrated the influence of ACs on maintaining barrier 

functions. Moreover, pronounced results were observed when ACs were in contact with ECs, 

i.e., at the bottom of the membrane filter rather than being at the bottom of the transwell 

insert.

Co-culture of ECs with PCs: PCs are localized in the basal membrane and cover 

between 22–32% of the endothelium. They are very crucial components of the neurovascular 

unit and are responsible for the regulation of endothelial proliferation and BBB permeability 

[1, 4]. PCs are the closest cells to the ECs. Few reports have even stated that PCs are more 

important and influential than ACs concerning the dynamic regulation of the BBB properties 
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[10, 24]. Nakagawa et al. developed co-culture models (contact and non-contact) containing 

rat brain capillary ECs and rat cerebral PCs and reported a 3.6-fold increase in the tightness 

of the endothelial monolayers for the contact co-culture model (TEER ≈ 220.0 Ω cm2) over 

the monoculture model (TEER ≈ 60.0 Ω cm2), while the tightness of the noncontact model 

(TEER ≈ 205 Ω cm2) was close to that of the contact model [24]. Paracellular permeability 

of sodium fluorescein was in the order of monoculture model > noncontact co-culture model 

> contact co-culture model, i.e., (9.0 > 5.2 > 3.0 × 10−6 cm/s), indicting the leaky nature of 

the monoculture model. The low permeability of the co-culture models was attributed to the 

cellular interaction between ECs and PCs, resulting in PC-derived angiopoietin-1-enhanced 

occludin gene expression in the cerebral ECs [24]. Dohgu et al. established an in vitro co-

culture model using immortalized mouse brain capillary ECs with rat brain PCs and reported 

a significant decrease in the permeability coefficient of the transport marker with the contact 

model (34.8% decrease) and the noncontact model (16.0% decrease) when compared to the 

monoculture model [25]. The accumulation of rhodamine 123 was reduced by 17.8% in the 

contact model and 7.8% in the noncontact model, compared to the monoculture of ECs, 

suggesting a positive role and active participation of PCs in the restriction of endothelial 

TJ. Transforming growth factor type I (TGF-β1) inhibition in the contact co-culture model 

showed PC-induced improvement of BBB functions when treated with TGF-β1 antibody, 

while the same treatment had no significant effect on the monolayer model. Based on these 

results, the authors concluded that PCs had a vast influence on the upregulation of BBB 

functions through interaction with ECs and continuous production of TGF-β1 [25].

Triple co-culture model: The understanding of the co-culture models, whereby the 

presence of additional cell types (ACs or PCs) with the primary ECs can help in achieving 

more resemblance between in vitro and in vivo BBB, led to the development of in vitro 

triple co-culture models which hypothesize that crosstalk of ACs and PCs together with ECs 

would, even more, improve the quality of the co-culture and thereby truly mimic the in vivo 

BBB functions. However, the contact patterns of ECs with ACs and PCs, i.e. EC-AC-PC 

or EC-PC-AC, in triple culture models have shown an impact on the maintenance and 

regulation of in vitro BBB functions. In this direction, the impact of different cellular 

arrangements on detailed barrier characteristics in double and triple co-culture models has 

been compared by Nakagawa and the group [26]. Rat brain capillary ECs, cerebral ACs, 

and PCs were utilized to construct seven different models. Among all tested models, the 

monoculture model of ECs (E00) had the TEER value of <100 Ω cm2. In contrast, the 

TEER value of the triple co-culture model of EC-PC-AC (EPA) was the highest (350 

Ω cm2) among all tested models. Surprisingly, there was no significant difference in the 

TEER (262 Ω cm2 vs 274 Ω cm2) and permeability (4.1 × 10−6 cm/s vs 4.2 × 10−6 cm/s) 

for the double contact co-culture model of ECs and PCs (EP0) and the triple co-culture 

model of EC-AC-PC (EAP), respectively. These results suggested that PCs had a dynamic 

role in regulating the tightness of the ECs; hence, the direct contact of PCs with ECs 

in double (EP0) and triple co-culture (EPA) models enhanced resistance over non-contact 

models E0P and EAP, respectively. Besides TEER, there was no significant difference in the 

permeability of the transport marker (sodium fluorescein) among models EPA, EAP, EP0, 

and EA0, suggesting that the presence of ACs or PCs in either double or triple co-culture 

systems significantly decreased the flux of the marker. The authors also confirmed the 
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highest expressions of occludin, claudin, and ZO-I in the triple co-culture model of EPA 

against all other models through Western blot, suggesting the influence of ACs and PCs on 

the endothelial TJ proteins. Additionally, the expression of influx transporter (i.e., glucose 

transporter-1 (GLUT-1)) and efflux transporters (i.e., P-gp and MRP-1) in the EPA model 

were also confirmed by Western blot and immunohistochemistry. Permeability study with 

rhodamine 123 in the EPA model showed a strong efflux effect as the transport of rhodamine 

123 from blood to the brain was almost 2.5 times lower than that from the brain to blood. 

Based on these results, the authors summarized that a triple co-culture model of EPA 

provided superior barrier integrity and resembled the maximum anatomical conditions of the 

BBB [26].

Stem Cell Models

Although the aforementioned models, especially co-culture models, showed satisfactory 

barrier functions, the cell type used in developing these models is still a question due to the 

limitations such as source reliability and reproducibility. HiPSCs as an alternative to primary 

and immortalized BMECs could overcome these limitations and enable the development 

of in vitro BBB model [3, 10, 16]. Because BMECs generated from HiPSCs express TJ 

proteins, adherens junction, and transporters, the BBB model constructed by HiPSC-derived 

BMECs exhibits biological resistance, which will be further increased when ACs and PCs 

are also collected from the same source of HiPSCs, altogether resulting in an ideal in vitro 

BBB model that imitates the in vivo BBB [3, 27, 28]. In a recent publication, HiPSCs 

were differentiated into a polarized monolayer that expressed BBB-specific proteins and had 

TEER values greater than 2500 Ω cm2. HiPSCs differentiation generated BMECs to produce 

an excellent barrier phenotype without the need for co-culture to improve barrier properties. 

The minimum TEER threshold to study the brain transport has been established as 500 Ω 
cm2 for sodium fluorescein and 900 Ω cm2 for IgG, though in vivo human permeability 

data are not publicly available [29]. The TEER threshold for one molecule is not statistically 

enough to represent other molecules considering the complication of molecule structure, the 

interaction of molecules with the BBB, and various disease conditions. The study raised the 

question again - how high TEER should be in the in vitro models to study drug transport 

through BBB? Although the answer is unknown, it is clear that disease conditions should be 

considered to study the TEER threshold.

BBB dysfunction is closely related to different pathological conditions of diseases such as 

cerebral ischemia, Alzheimer’s (AD), and Parkinson’s disease (PD). Ideally, an in vitro BBB 

model should be able to mimic the BBB under different disease conditions. HiPSCs have 

a great potential to promote physiological and medical studies. Using the HiPSC-derived 

BMECs, Kokubu et al. established an in vitro BBB disease model that mimicked the BBB 

in cerebral ischemia [30]. They examined the effect of oxygen-glucose deprivation (OGD) 

and OGD/reoxygenation on the BBB permeability. The results showed that OGD disrupted 

the barrier function, and the dysfunction was rapidly restored by resupply of oxygen and 

glucose. Interestingly, the authors proposed further studies to incorporate chronic disease 

conditions such as AD and PD into the model. Authors also stated that the present in vitro 

model was developed through monolayer culture only and therefore the impact of other 

perivascular cells (ACs, PCs, and glia) with HiPSC-derived BMECs must be determined 
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to understand the neurological pathology precisely [30]. If this goal is achieved, the in 

vitro BBB model will be able to not only evaluate the permeability but also mimic real 

disease, leading to a more clinically relevant in vitro model to reflect the BBB in real disease 

than any preexisting in vitro models. HiPSC-derived cells can be resources instead of cells 

that are difficult to be constantly obtained from the body. Yamamizu et al. generated an 

in vitro BBB model by differentiating HiPSCs into human ECs, PCs, neurons, and ACs 

[28]. They demonstrated the existence of TJ and transporters in the BBB model. Moreover, 

the resulting model was validated with ten clinical drugs based on the permeability tests. 

However, the TEER of the model was rather low about 100 Ω cm2 and 120–180 days of co-

culturing cells were needed to achieve this TEER. It is noteworthy that in vitro BBB models 

established with stem cells have the potential to mimic the brain conditions in diseases. 

If this model is established from stem cells that are specifically induced from patients 

with CNS disease, it should provide insights on how vascular dysfunction contributes to 

CNS diseases. The authors used multicellular cultures in a 2-D model that separated the 

luminal and abluminal sides. They anticipated that constructing in vitro 3-D multicellular 

models would have even more resemblance to in vivo BBB compared to the current 2-D 

models [28]. Recent applications and advances in the stem cell-based human BBB models 

with tabulated differences among transporters and TJ protein expression between human 

and non-human species were precisely summarized by Aday and group which will help in 

generating novel stem-cell based models [5].

3-Dimentional Models

While the existing 2-D models may recapitulate some of the important aspects of 

neurovascular function, they compromise physiological shear stress and fail to address the 

3-D cellular organization, which is crucial to many cellular processes in vivo [31]. To 

overcome these challenges and as a step forward in mimicking BBB functions, complex 

3-D models were introduced. In in vivo conditions, shear stress generated by the blood flow 

increases the expression of TJ proteins and reduces permeability, which leads to evaluate 

3-D models with shear stress [18]. Additionally, using brain ECs and cerebral perivascular 

cells to establish a double or triple co-culture system is often time-consuming and 

technically challenging. Crisan et al. demonstrated strong similarities between mesenchymal 

stem cells (MSCs, a commercially available stem cell line) and PCs [32]. MSCs and PCs 

express many of the same cell surface markers, and CNS microvascular cells have been 

found to exhibit multipotential stem cell activities similar to that seen in MSCs. To simplify 

the model preparation and establish a 3-D model, Tian et al. substituted PCs by MSCs in 

an in vitro BBB model using brain capillary ECs (mouse bEND.3 cells) co-cultured with 

commercially available MSCs (Fig. 2). In this sandwich-like structure of bEND.3-MSC 

co-culture in a 3-D view (Fig. 2e), the authors also confirmed the higher expression of TJ 

protein ZO-I compared to monoculture bEND.3 (Fig. 2b). MSCs contributed similarly to 

PCs in a co-cultured 3-D model by increasing TEER and decreasing permeability against 

macromolecules [33]. However, the TEER in this BBB model established by MSCs was up 

to 200 Ω cm2.
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Dynamic In Vitro Models

Dynamic in vitro (DIV) models are considered the first 3-D in vitro models containing 

artificial capillaries such as the structure of microporous polypropylene hollow fibers. 

Primary cells are cultured inside (luminal) of the capillaries, while perivascular cells are 

seeded on the outer side (abluminal) of the capillaries. Culture media is circulated in the 

capillaries through a pulsatile pump to create shear stress mimicking in vivo blood flow 

[1, 4, 16, 17]. In addition, the exchange of gases (oxygen and carbon dioxide) through 

a gas permeable tubing system helps in maintaining the stable microenvironment [18]. A 

flow-based DIV model of human cerebral ECs (hECs) was developed by Cucullo and the 

group [34]. In the presence of pulsatile flow, they cultured hECs in the lumen of a hollow 

microporous capillary with or without abluminal ACs. For comparison, the authors also 

developed a transwell co-culture model of hECs-ACs (contact 2-D model) and reported that 

the co-culture model had15- to 18-fold lower TEER than the DIV model (1000–1200 Ω 
cm2). Interestingly, there was no significant difference in the TEER values for DIV models 

with or without ACs. Thus, the results confirmed the importance of artificial shear stress in 

maintaining the in vitro BBB functions. Additionally, the authors reported transient (20–30 

min) and completely reversible BBB opening in the DIV model [34]. Furthermore, to allow 

transendothelial migration of immune cells, they modified the DIV model by generating 

transmural microholes (<4 μm) in the hollow fibers and reported that their presence does 

not affect the tightness of the BBB as the TEER and the permeability of the modified 

DIV model were similar to that of original DIV model [35]. This result demonstrated 

that the differentiation of the vascular endothelium grown under stable shear stress and 

microenvironment is the major factor for the formation of a functional BBB in vitro and that 

this is not significantly affected by the properties of the supporting structure. Siddharthan 

et al. studied the flow-based in vitro model of hBMECs with human fetal ACs to examine 

the role of supporting factors, and the effect of astrocyte-conditioned medium (ACM) in 

place of ACs was also evaluated on the BBB properties. In the presence of shear stress, the 

TEER value for hBMECs with ACs or ACM was found comparable, but the permeability for 

dextran in the presence of ACM was 50% lower than ACs. The hBMECs with ACM showed 

two-fold higher expression of TJ protein ZO-I against ACs. Overall, the authors reported 

pronounced effects on BBB function in the presence of ACM in regulating the barrier 

properties of hBMECs through secreting AC factors into the medium [36]. Although DIV 

models showed realistic in vivo properties, precise technical skills, high cell load, long time 

for initial setup, presence of thick artificial basal membrane, long time required to achieve 

steady-state TEER, and visual obstruction of the endothelium compartment are some of the 

limitations that have been reported which prevent their scale-up and limit their applications 

[4, 6, 16, 17].

Microfluidic Models

To overcome the shortcomings of the DIV model, a microfluidic method was introduced 

as it can be processed with low cell load and allows improved cellular communication due 

to the presence of a thin membrane. This model encompasses semi-porous polycarbonate 

membranes sandwiched and sealed between two vertical/horizontal polydimethylsiloxane 

(PDS) channel networks. One channel acts as a vascular side to grow ECs while the 

second channel behaves as a parenchymal part to allow culturing perivascular cells. When 
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a culture medium flows through the membrane, shear stress is generated and built-in 

electrodes measure the TEER [4, 16]. While designing this model, the thickness of the 

PDS membrane must be kept below 50 μm to make it more compatible with the native 

brain microvasculature. Moreover, parallel design of PDS channel allows enhanced cellular 

cross-talk [37, 38]. Adriani et al. developed a novel 3-D neurovascular microfluidic model 

consisting of primary rat ACs and neurons together with ECs [31]. The TEER was 

not measured in this model. EC functionality was confirmed by permeability testing of 

fluorescent dextran that demonstrated the selectivity of the endothelial monolayer, while 

neural functionality was demonstrated by calcium imaging. Besides the low fabrication 

cost, the 3-D neurovascular microfluidic model provides a basic form for developing 

a sophisticated and complex 3-D in vitro neurovascular model. However, the 3-D 

microfluidic models also have weaknesses. Yeon et al. studied permeability measurements 

for multiple drugs using microhole-based modified microfluidic devices and highlighted 

model deficiencies such as poor cellular communication and low expression of efflux 

transporters. Permeability results with the present 3-D models were not so promising over 

2-D transwell models [39]. To better mimic the brain microvasculature, premix containing 

extracellular matrix hydrogel with ACs and neurons was injected into respective channels 

aligned parallelly. Authors reported that the hydrogel-based model not only supported the 

cells but also served as a physical barrier and better resembled the brain microvasculature in 

terms of thickness, stiffness, and composition [40]. Recently, it was stated that PDS being 

hydrophobic showed a poor affinity for cell adhesion. Plasma treatment or protein coating 

can improve cell adhesion by reducing the hydrophobicity of the PDS [41]. Furthermore, 

treated membranes also reduced the risk of leaching native monomer into culture medium 

that was known to affect cellular behavior [41, 42]. In this direction, Kim et al. developed an 

engineered brain microvascular structure with mouse brain ECs cultured on the luminal 

surface of the collagen channel coated with fibronectin [43]. The authors stated that 

adhesion and growth were improved on coated channels and thus showed enhanced barrier 

integrity and regulation of overall cell behaviors over non-coated collagen channels [43].

Chip-Based BBB Models

Another modified version of the microfluidic model is a “BBB on-chip” model which 

combines the features of microfluidic and synthetic microvasculature (SyM) models. 

This model is being developed to mimic even the physiological dimensions of the 

microvasculature. The SyM model mimics a typical in vivo microcirculation milieu with 

fluid flow and shear stress, while the complicated channel structure and lengthy design 

of the model do not allow measuring the TEER [16]. These models have the potential to 

be used as human-relevant disease models and, additionally, provide detailed insight into 

drug effects [44]. Moreover, they have been characterized by the dynamic permeability of 

drugs/markers, which make them more like in vivo permeability studies compared to the 

transwell system. The BBB maintains a unique homeostatic environment within the CNS 

and plays a critical role in mass transfer between the circulatory system and brain tissue 

[45]. Therefore, permeability measurements in BBB on-chip models and data comparison 

with corresponding in vivo studies are usually performed as a means of understanding 

whether the model can be a surrogate for the in vivo study and whether an appropriate in 

vitro to in vivo correlation can be established [45, 46]. A microfluidic chip model contains 
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two PDS channels representing brain and blood sides that were separated by a microporous 

polycarbonate membrane. The upper channel contains a hollow fiber capillary lined by ECs 

while the bottom channel contains neighboring cells and the grooved area; both channels 

contain platinum electrodes for TEER measurement. To generate shear stress, a medium 

flows through the channels, and thereafter the barrier functions are evaluated. Complete 

fabrication setup with physical dimensions is described by Griep et al.. [44], and readers are 

encouraged to refer to the protocol for detailed understanding. Additionally, Oddo et al. have 

summarized a very interesting review on the chip-based microfluidic models covering model 

applications, possible design strategies of the chambers (sandwich, parallel, cylindrical 

structure, and vasculogenesis design), and current trends [40]. To maintain high TEER 

and enhanced expression of efflux pumps for a long duration, Park et al. developed an in 

vitro BBB on-chip microfluidic model incorporating HiPSC-derived BMECs interfaced with 

cerebral ACs and PCs [47]. Confocal images confirmed the direct contact of ACs with brain 

endothelium in a tight barrier expressing ZO-I, claudin, influx, and efflux transporters on 

the apical side. Interestingly, the authors reported that co-cultured HiPSC-derived BMECs 

under a hypoxic condition showed BBB impedance of ~25,000 Ω, which was close to 

the model developed under normoxic conditions (~24,000 Ω) but nearly 50-fold higher 

than a chip model lined by the primary human BMECs. Besides this, the hypoxic model-

maintained BBB impedance value close to ~20,000 Ω up to one week, while the impedance 

value for the normoxic model was declined to ~10,000 Ω on day 3 and was ~6000 Ω on 

day 5, indicating that hypoxia triggered the in vitro barrier formation. The authors stated 

that such models were able to recapitulate in vivo human BBB functions in terms of an 

anatomical and physiological microenvironment and could facilitate vast applications in 

CNS drug discovery and delivery [47]. In a recently published study of a 3D self-organized 

microvascular model of the human BBB on-chip with ECs, PCs, and ACs, the permeability 

of 40 kDa fluorescent-dextran under mono-, co-, and tri-culture conditions was 6.6, 2.5, and 

0.89 × 10−7 cm/s, respectively. These results showed that the presence of co- and tri-culture 

reduced the permeability of analyte [48]. Moreover, the permeability study of different 

molecular weight fluorescent-labeled dextran tracers in a recent study of iPSC-BMECs in a 

3D microfluidic chip with the presence of primary ACs and PCs showed the permeability 

values inversely correlated with the size of the tracer (average Papp = 8.9, 1.1, and 0.24 × 

10−8 cm/s for 3, 10, and 70 kDa dextrans, respectively) [47].

CONCLUSION AND FUTURE ASPECTS

This review has presented brief information on the BBB structure and categories of in 

vitro BBB models and discussed research reports published in the past few years based on 

monoculture, double co-culture, and triple co-culture with transwell and 3-D approaches. 

In vitro BBB models are the utmost significant tools used for target identification, lead 

optimization, and high-throughput screening at the initial stages of CNS drug development 

while used for concept testing in later stages. Understanding the anatomical arrangement 

of the BBB helps to design an ideal in vitro model that closely mimics the in vivo 

BBB microvasculature. However, there is no ideal model. Each type of model discussed 

herein has its pros and cons (Table 1). During this review, taking TEER and permeability 

coefficients into consideration, we were in a dilemma about the model superiority due 
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to high controversy among monoculture models and double and triple co-culture models, 

wherein we found that cell source or species play a wide role in these parameters. As moved 

forward and with the increased demand of mimicking the BBB functions, 3-D models, 

particularly microfluidic and BBB on-chip, overtook 2-D models due to their additional 

configuration of multiple compartments, shear stress, and realistic microenvironment over 

simple TEER and permeability measurements. However, cost, complex design time, and 

poor scalability are the serious setbacks of 3-D models which limit their translation from 

lab to industry. Depending on the expected study output and model application, some of 

the model parameters may not be required to be considered. For example, to screen P-gp 

substrates and permeability assessments, 2-D transwell models are very precise, simple, 

economic, and swift. In contrast, 3-D models provide improved barrier integrity and 

dynamic changes in cell visualization. Considering interspecies differences, the influence 

of pathological conditions and to best mimic the BBB phenotype, hiPSCs have shown 

ample potential in generating promising in vitro models. Taking the high demand of in vivo 

correlation into account, BBB on-chip and microfluidic models can be futuristic models 

that will replace the current 2-D models. Compared with the previous in vitro models, the 

amalgamation of stem cells and microfluidic technology will boost the development of the 

next generation of in vitro models and give new insights associated with BBB dysfunction.
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ABBREVIATIONS

ACs astrocytes

ACM AC-conditioned medium

AD Alzheimer’s disease

BBB blood-brain barrier

BCRP breast cancer resistance protein

BMECs brain microvascular endothelial cells

CNS the central nervous system

DIV dynamic in vitro

ECs endothelial cells

E00 monoculture model of ECs

EAP triple co-culture model of EC-AC-PC

EPA triple co-culture models of EC-PC-AC

EP0 double contact co-culture model of ECs and PCs

hECs human cerebral ECs
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hiPSCs human induced pluripotent stem cells

GLUT-1 glucose transporter 1

MRP-1 multidrug resistance-associated protein-1

MSCs mesenchymal stem cells

OGD oxygen-glucose deprivation

PCs pericytes

PD Parkinson’s disease

PDS polydimethylsiloxane

P-gp P-glycoprotein

SyM synthetic microvasculature model

TEER transendothelial electrical resistance

3-D three-dimensional

2-D two-dimensional

TGF-β1 transforming growth factor type 1

TJ tight junction

ZO-I zonula occludens
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Fig. 1. 
(a) Structure of the capillaries of neurovascular unit. The brain capillaries are lined with 

endothelial cells, which are connected by tight junctional complexes. The endothelium is 

partly covered with pericytes on the abluminal (brain facing) side. Endothelial cells and 

pericytes are covered almost completely by astrocytic end feet and together regulate brain 

endothelial cell function and phenotype. Adapted from [62]. (b) Schematic representation 

of interendothelial junctions composed of tight junctions, adherens junctions, and gap 

junctions. Tight junctions are mediated by adhesion proteins such as claudins, occludin, and 

junctional adhesion molecules (JAMs), whereas the zona occludin proteins (ZO-1, ZO-2, 

and ZO-3) connect adhesion molecules to the actin cytoskeleton. Adapted from [63].
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Fig. 2. 
(a) bEND.3 monoculture 3-deminsional (3D) blood-brain barrier model with top and bottom 

view, (b) 3D reconstruction view, (c) Z-side view, (d) bEND.3/MSCs co-culture 3D model 

with top and bottom view, (e) 3D reconstruction view and (f) Z-side view. scale bars 20 μm. 

Adapted from Tian et al. [33].
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