
Introduction 

The blood-brain barrier (BBB) is a functional unit in the blood ves-
sels of the brain that regulates the transport of molecules between 
the circulating blood and brain tissue [1]. The BBB selectively 
transports molecules based on needs for brain homeostasis [2]. 
For example, water, gases, and lipid-soluble molecules are trans-
ported via passive diffusion, while glucose and amino acids that are 
required for metabolism enter the brain tissue via selective trans-
port [3,4]. In contrast, neurotoxins and drugs are generally not 
allowed to pass the BBB and are pumped out from the perivascular 
region via active transport [5]. Consequently, the brain maintains 
homeostasis irrespective of the daily diet [6]. 

The BBB is mainly composed of 3 cell types—brain endothelial 
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ulating the in vivo characteristics of the BBB are described. Furthermore, approaches to recapit-
ulate the BBB physiology using engineering methods are summarized. The applications of BBB 
models in the study of neuropathology, such as inflammation and neurodegenerative diseases, 
are also presented. 
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cells, pericytes, and astrocytes—and these cell types all contribute 
to BBB function. Endothelial cells form a tubular blood vessel 
structure with tight junctions [7]. Pericytes wrap around the brain 
microvasculature and promote BBB maturation and stability via 
both direct contact-mediated and paracrine-mediated mechanisms 
[8,9]. Astrocytes extend their endfeet and make contact with the 
pericyte-covered brain microvasculature, promoting tight junction 
formation [10–12]. The orchestrated interaction among these cells 
promotes BBB function. Additionally, pericytes and astrocytes 
provide homeostatic resilience to brain-insulting stimuli, such as 
stroke and neuroinflammation [13]. 

Damage to the BBB is known to be closely associated with neu-
ropathology (Fig. 1) [14]. In Alzheimer’s disease (AD), BBB dam-
age is observed with deposited amyloid-beta (Aβ) plaques around 
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the brain microvasculature [15]. Although whether BBB damage 
precedes neuronal cell death in AD pathology remains controver-
sial, some evidence suggests the possibility of BBB breakdown 
before neurodegeneration in the hippocampus [16–18]. Further-
more, metabolic syndrome is known to induce dementia. Among 
the dementia subtypes, vascular dementia plays a significant role 
in diabetes mellitus-associated dementia [19], suggesting that the 
BBB is disrupted by dysregulated metabolism. Furthermore, upon 
exposure to particulate matter due to air pollution, BBB damage 
has been observed [20–22]. Considering these clinical signatures, 
changes in the BBB in pathological conditions must be monitored 
and investigated to understand the underlying mechanism. 

Over the last few decades, animal and Transwell models have 
been extensively utilized as alternative human BBB models [23,24]. 
Animal models allow the investigation of in vivo cell behaviors as 
a result of inter-organ interactions, whole-body circulation, and 
tissue-immune interactions, and are therefore considered to be 
suitable models for human substitutes [25]. Despite this capability, 
animal models have inherent limitations, such as genetic differenc-
es with humans, and thus cannot reflect human-specific responses 

in some cases [26–28]. Furthermore, end-point assays are gen-
erally used in animal models owing to the inability of real-time 
observations. In Transwell models, brain endothelial cells and 
pericytes or astrocytes can be attached on either side of a porous 
membrane, and thus, cells can be physically separated [29]. Due 
to their physical separation, individual cell types can be analyzed 
after cultivation. However, the Transwell system does not allow the 
replication of physiological conditions, such as tissue stiffness, a 
three-dimensional (3D) environment, and fluid flow. Engineered 
BBB models have arisen to resolve the unmet issues of animal and 
Transwell models [30]. 

Here, we present an overview of recent advances in engineered 
3D BBB models. To this end, the key factors for the reconstitution 
of the BBB are discussed. The fabrication methods for 3D BBB 
structures are then presented. The application of 3D BBB mod-
els in the investigation of neuropathology is summarized, with a 
particular focus on the mimetics of pathological features. Finally, 
we provide perspectives for future research, arguing that 3D BBB 
models must be pursued as human-relevant alternative testing 
models. 

Normal blood-brain barrier

•  Controlled molecular transport across 
the BBB

•  Expression of tight junctions at the 
junction of endothelial cells

• Maintained homeostasis of brain tissue

•  Leakage of molecules through the disrupted 
BBB

• Loss of tight junction expression
•  Associated with various neuropathologies 

such as neurogenerative diseases and 
neuroinflammation

Disrupted blood-brain barrier
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Fig. 1. Graphical summary of a normal and disrupted blood-brain barrier (BBB). The BBB is composed of 3 types of cells, and the ab-
normal degeneration, activation, or genetic mutations of BBB-composing cells lead to disruption of the BBB. The disrupted BBB induces 
leakage of molecules through the permeable vascular wall due to the loss of tight junctions. Functional damage of the BBB is associated 
with various brain pathologies, such as neurodegenerative diseases and neuroinflammation.
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Factors to consider for the reconstitution 
of in vivo BBB physiology 

The following issues must be overcome to resolve the limitations 
of animal models and two-dimensional (2D) Transwell models 
and faithfully mimic the in vivo human BBB physiology and pa-
thology (Fig. 2). 

First, the utilization of human-originated cells can resolve the 
issue of genetic heterogeneity (Fig. 2A). As discussed in many 
reports, clinical trials of drug candidates that show promising 
therapeutic effects in animal models are frequently discontinued 
to the lack of or limited efficacy in humans [31]. In some cases, 
human-gene knock-in mouse models did not fully recapitulate 
human disease pathologies [32]. Furthermore, some drugs (eg, 
thalidomide) showed no side effects in animal models, but had 
significant side effects when administered in humans [33]. These 
results show that animal models have limitations in modeling 
human physiology and pathology. The utilization of animal-orig-
inated cells in the fabrication of 3D in vitro models is problematic. 
Recently, Jang et al. [34] demonstrated that a 3D kidney model 
composed of animal cells showed different drug responses and 
fibrosis signatures from those obtained from human cell-based 3D 
kidney models. These results support the necessity of human-orig-

inated cells in modeling the human BBB. 
Second, genetic information is needed to recapitulate genetic 

diseases (Fig. 2B). Some BBB-associated neurological diseases, 
such as cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL) or familial AD, 
originate from genetic mutations or defects [35,36]. To mimic 
genetic mutation-associated neuropathologies in a 3D BBB mod-
el, various patient-derived cells or induced pluripotent stem cells 
(iPSCs) with genetic mutations can be used. Transfection with 
disease-associated genes is a widely used technique. ReN cells 
are one of the successfully commercialized genetically modified 
neuronal progenitor cell lines that can differentiate into neurons 
and glial cells [37]. ReN cells have mutations in amyloid precursor 
protein (APP) and presenilin-1 (PSEN1), and these mutations 
induce AD phenotypes, such as deposition of amyloid plaques and 
tau tangles [38]. iPSCs constitute an excellent cellular model that 
reflects patients’ genetic information [39]. Since genetic informa-
tion is maintained during the induction of iPSCs and subsequent 
differentiation processes, iPSC-derived cells can be used to model 
patient-specific disease phenotypes. 

Third, the establishment of a physiologically relevant cell culture 
environment is important (Fig. 2C). Previous studies have indicat-
ed that cells cultured in a 2D environment showed different behav-
iors compared to those cultured in a 3D environment or residing 
in the in vivo tissue, in terms of migration, morphology, and drug 
response [40,41]. Recent studies have indicated that cells cultured 
in a Transwell system show different drug responses compared 
to 3D-cultured cells [42]. Considering that the Transwell system 

Human-originated cells

Human-specific
genetic information

Disrupted 
tight junction

Deposition of neurotoxic
protein aggregates Molecular leakage

Genetic mutation Mechanical properties and
composition of hydrogels

Fluidic condition

Molecular transport

Cell-cell interaction

Genetic mutation information Microenvironmental factorsAA BB CC

Fig. 2. Key factors to consider for recapitulation of the human blood-brain barrier (BBB) physiology and pathology. (A) Utilization of hu-
man-originated cells for reconstructing in vitro BBB models. (B) Reflection of genetic mutation information in BBB-composing cells. (C) 
Consideration of microenvironmental factors, such as mechanical properties and the composition of hydrogels, fluidic conditions, molec-
ular transport, and cell-cell interactions.
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has a different microenvironment from in vivo tissue, it is desirable 
to mimic the 3D in vivo tissue environment in an engineered plat-
form. Environmental factors include 3D hydrogel-based architec-
ture, tissue-compatible stiffness, viscoelastic properties, interstitial 
flow, and tight cell-cell interactions [43–45]. The environment, in-
cluding those factors, can be reconstructed using various methods 
such as organoids and organ-on-a-chip technologies [46]. 

Methods of recapitulating BBB structure 
and function 

The fabrication methods of 3D BBB models can be largely clas-
sified into 2 categories: bottom-up and top-down methods. Bot-
tom-up methods refer to BBB structures generated via self-orga-
nization, such as vascularized organoids or vasculogenesis of brain 
vascular structures within a 3D hydrogel matrix. Top-down meth-
ods control the cell position by attaching cells to geometry-defined 
membranes or attaching endothelial cells to pre-formed hydrogel 
surfaces. 

Bottom-up methods generate brain vasculature by promoting 
self-organization behaviors in brain endothelial cells. In vascular-
ized brain organoids, brain endothelial cells are mixed with stem 
cells in a cell aggregation step, thus permitting the brain endothelial 
cells to form a vascular network within the developing brain or-
ganoids [47]. Alternatively, the addition of pro-angiogenic factors, 
such as vascular endothelial growth factor (VEGF), can promote 
vasculogenesis within brain organoids during differentiation by 
stimulating endothelial cell differentiation from stem cells [48]. As 
a straightforward method, BBB spheroids can be fabricated by ag-
gregating brain endothelial cells, pericytes, and astrocytes [49,50]. 
In the case of the 3D hydrogel-based model, hydrogel-embedded 
or hydrogel surface-attached endothelial cells spontaneously 
form vascular networks via angiogenesis- or vasculogenesis-like 
behaviors [51–53]. In hydrogel-based methods, the cell types 
and hydrogel content are generally tailored to induce the efficient 
formation of brain microvasculature. These bottom-up methods 
provide morphologically in vivo-like capillary networks within cell 
aggregates or hydrogels. However, the capillary networks are not 
perfusable, and fluidic conditions cannot be established in vascu-
larized and bulk-hydrogel-based methods. 

Top-down methods utilize pre-formed microstructures as a 
support or a frame for blood vessel structures. For example, porous 
membranes are widely used to form a planar BBB model—that 
is, the Transwell system [54,55]. By attaching brain endothelial 
cells on top of the porous membrane and attaching pericytes and 
astrocytes on the backside of the membrane, cross-sectional BBB 
structures can be obtained. Recently, these porous membranes 

have been incorporated into microfluidic devices that can provide 
flow-induced stimuli to cultured cells [42,56,57]. Instead of a 
porous membrane, microstructures with regular spacing can be 
used as supporting structures for vasculature [58]. In a few studies, 
the lower channel of the porous membrane was filled with peri-
cytes and astrocyte-embedded hydrogels, thus presenting 3D-like 
structures [59,60]. The micropost-based hydrogel patterning is a 
simple yet robust method to fabricate a 3D BBB structure [61,62]. 
When a sol-state hydrogel was introduced into the micropost ar-
ray-decorated microfluidic chip, the hydrogel could not penetrate 
the interstitial region between the micropost owing to the surface 
tension, and thus subsequently solidified in a micropost-anchored 
state [63]. By attaching brain endothelial cells at the sidewall of the 
gelated hydrogel and readily incorporating pericytes and astrocytes 
in the hydrogel, a 3D BBB structure is formed. As an alternative 
templating method, microneedles, wires, soluble materials, or vis-
cous liquids can be used to form microchannels within hydrogels 
[64–66]. By removing the templates after gelation of hydrogels, 
identical channel structures remain, and the brain endothelial cells 
are attached to the luminal surface of hydrogels. The attached cells 
form vascular structures, forming a structure-designed vascular 
structure. These top-down methods produce shape-controlled 
vascular structures and are thus suitable for reproducible experi-
ments. However, in some cases, the structures may differ from in 
vivo vascular structures. The features of both fabrication methods 
are summarized in Table 1 [42,47–53,56–62,64–66]. 

Capability of BBB models in studies on 
neuropathology 

In this section, we discuss how 3D BBB platforms are used in the 
study of neuropathologies (Fig. 3) [47,51,59,62]. 

1. Evaluation of particle and drug delivery 
The BBB acts as a transport barrier for drugs and particles in the 
normal state. For this reason, extensive efforts are being made to 
penetrate the BBB by modifying drug structures or the surface 
chemistry of nanoparticles [67]. Since the transport of drugs 
and nanoparticles cannot be visualized in the animal brain, in vi-
tro-based BBB models are suitable models for identifying whether 
drugs or particles can be transported to the brain tissue (Fig. 3A) 
[59]. 

Ahn et al. [59] showed that high-density lipoprotein (HDL)-mi-
metic nanoparticles, termed engineered HDL-mimetic nanopar-
ticles with apolipoprotein A1 (eHNP-A1), are transported by 
transcytosis. Therefore, they fabricated double- microstructure mi-
crofluidic devices with a porous membrane for vascular patterning 
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Table 1. Fabrication methods for three-dimensional (3D) blood-brain barrier (BBB) models
Classification Fabrication principle Features References
Bottom-up Vascularization of organoids or spheroids - Self-organized vascular structure within the brain organoids [47–50]

- Induced by exposing stem cells to pro-angiogenic factors or 
genetic modification for endothelial cell differentiation

- Capillary-like morphology with BBB-associated marker expression
- Commonly floating in the culture medium
- Non-perfusable vascular structure

Embedding in a hydrogel - Self-organized vascular structure within the hydrogels [51–53]
- Induced by mixing brain endothelial cells, pericytes, and astrocytes 

in the hydrogel and letting them self-organize
- Capillary-like morphology with BBB-associated marker expression
- Non-perfusable vascular network

Top-down Attachment of BBB-composing cells on a porous 
membrane or on micropatterns that are 
incorporated in a microfluidic chip

- Attaching brain endothelial cells on top of a porous membrane and 
pericytes/astrocytes on the opposite side of the porous membrane

[42,56–58]

- Planar BBB structure with BBB-associated marker expression
- Interaction of cells through the pores
- Fluidic stimulation is available
- Transendothelial electrical resistance can be measured
- Two-dimensional structure

Attachment of endothelial cells on a porous 
membrane and embedding pericytes and 
astrocytes in the underlying 3D matrix

- Attachment of endothelial cells on a porous membrane and 
embedding pericytes and astrocytes in the underlying 3D matrix

[59,60]

- Pericytes and astrocytes are cultured in a 3D environment
- Fluidic stimulation is available
- Transport into hydrogel can be monitored

Micropost array-assisted hydrogel patterning - Encasing of cell-laden hydrogel in a defined shape by using 
micropost array as guidance for hydrogel filling

[61,62]

- Pericyte- and astrocyte-laden 3D hydrogel in contact with 
hydrogel-surface covered vascular wall

- Vascular sprouting, such as angiogenesis, can be recapitulated
- Interstitial flow and luminal flow are available
- Quasi-3D structure

Removal of templates (microneedles, wires,  
soluble materials)

- Removal of the template after hydrogel gelation for the formation 
of the microchannel in which brain endothelial cells are cultured

[64–66]

- Pericyte and astrocytes are embedded in the hydrogel before 
gelation

- Interstitial flow and luminal flow are available
- 3D structure
- The size and shape of the microvasculature are predefined

and a micropost array for patterning of pericyte- and astrocyte-em-
bedded hydrogels. They found that selective blocking of the scav-
enger receptor class B type 1 (SR-B1) or lipid transport-1 (BLT-
1) reduced the translocation of nanoparticles into the hydrogel 
region. They found that SR-B1 regulates the uptake of HDL-like 
nanoparticles by brain microvascular endothelial cells, while BLT-
1 controls the translocation of nanoparticles into the perivascular 
region. These results collectively suggest that eHNP-A1 transport 
through the BBB is regulated by transcytosis. 

BBB chips are also useful for evaluating drug-associated BBB 
disruption and estimating the amount of drugs to be transported 

to the brain region. Maoz et al. [56] fabricated interconnected 
brain chip models by linking the influx of BBB, brain, and efflux 
BBB chips. They showed that methamphetamine temporarily 
disrupted the BBB, with effects that could be restored below a dose 
of 4 mM. Furthermore, the concentration of methamphetamine 
through the disrupted BBB was comparable to the in vivo values. 
For example, the ~10% proportion of methamphetamine observed 
in the perivascular channel in the BBBinflux chip was similar to 
the 20% to 30% plasma brain dialysate ratio observed in rats, and 
the concentration of ~100 μM in the brain chip was comparable to 
the concentrations of 0.23 to 310 μM observed in the brain tissues 
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of chronic abusers. Therefore, this study suggests that the amount 
of drugs transported into the brain tissue can be estimated if the 
drugs are capable of disrupting the BBB. 

2. Genetic neuropathology 
Age is the most critical factor in neurodegenerative diseases, and 
the number of patients with neurodegenerative diseases is increas-
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Fig. 3. Utilization of in vitro blood-brain barrier (BBB) models in the study of various BBB-associated physiology and pathologies. (A) 
Particle and drug transport through the BBB. (A-i) Schematic illustration of particle and drug transport. (A-ii) Graphical illustration of a 
BBB chip for monitoring nanoparticle transport. (A-iii) Fluorescence images of nanoparticles (red) uptaken by brain microvascular endo-
thelial cells (BMECs) and human astrocytes (HAs). Scale bar: 50 μm. Reproduced from Ahn et al. Nat Commun 2020;11:175, according to 
the Creative Commons license [59]. (B) Genetic mutation-associated neuropathology study. (B-i) Schematic illustration of genetic mu-
tation-associated neuropathology. (B-ii) Graphical illustration of a 3D BBB model made of induced pluripotent stem cells (iPSC)-derived 
cells. (B-iii) Fluorescence images of accumulated non-vascular (red) and vascular amyloid (green). Scale bar: 10 μm. BECs, brain endo-
thelial cells; iMCs, iPSC-derived mural cells. Reproduced from Blanchard et al. Nat Med 2020;26:952-63, with permission from Springer 
Nature [51]. (C) Brain infection and neuroinflammation study. (C-i) Schematic illustration of brain infection and neuroinflammation. (C-ii) 
Photograph of BBB chip for studying fungal infections. (C-iii) Microscopic images of fungus-type- and genetic-mutation-dependent col-
onization. Scale bar: 100 μm. Reproduced from Kim et al. Nat Biomed Eng 2021;5:830-46, with permission from Springer Nature [62]. (D) 
Development of BBB structures in the brain organoids. (D-i) Schematic illustration of vascularization in brain organoids. (D-ii) Microscop-
ic images of cultured brain organoids without (human cortical organoid, hCO) or with vasculature (vascularized human cortical organoid, 
vhCO). Scale bar: 4 mm. (D-iii) Immunofluorescence images of vasculature in hCO and vhCO. Scale bar: 100 μm. Reproduced from Cakir 
et al. Nat Methods 2019;16:1169-75, with permission from Springer Nature [47]. CFW, calcofluor white; WT, wild-type.
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ing concomitantly with population aging [68]. Although global 
pharmaceutical companies have attempted to develop therapeu-
tics for neurodegenerative diseases, such as AD, the candidates 
frequently fail in clinical trials, even though they show promising 
therapeutic effects in animal models. These discrepancies are large-
ly attributed to genetic heterogeneity in humans. With the help of 
genetic modification techniques, 3D in vitro models have shown 
promising capabilities in the recapitulation of AD pathologies. 
BBB damage is frequently observed in patients with AD (Fig. 3B) 
[51]. 

ReN cells with APP and PSEN1 mutations are good cell models 
that can mimic AD pathology, which leads to the deposition of am-
yloid plaques and tauopathy [38,69]. Shin et al. [61] controlled the 
interaction of AD neuronal cells and the BBB by separating a ReN 
cell-culture region and a BBB region by using a blank channel, 
and those 2 regions were connected after the endothelial barrier 
matured. Such spatial segregation before maturation can prevent 
undesirable early-time degeneration of the BBB structure. AD 
neuronal cells induced AD-like features in the brain microvascula-
ture, such as decreased junctional protein expression and increased 
permeability, matrix-metalloproteinase-2 expression, and reactive 
oxygen production. Importantly, Aβ peptide deposition was ob-
served in the vascular endothelium. They also showed that the 
transport of thrombin through the disrupted BBB caused neuronal 
cell death, which is observed in the brains of patients with AD [70], 
and such detrimental effects can be reduced by etodolac drug treat-
ment. 

Engineered in vitro BBB models help identify genetic muta-
tion-specific susceptibility to AD pathology, particularly for cere-
bral amyloid angiopathy (CAA). The APOE4 mutation of apoli-
poprotein E is believed to be closely related to the onset of AD and 
CAA [71–73]. Blanchard et al. [51] co-cultured iPSC-induced 
brain endothelial cells, pericyte-like mural cells, and astrocytes in 
a 3D hydrogel. They found that mural cells with the APOE4 mu-
tation induced significant accumulation of amyloid plaques at the 
vascular wall, while those with the APOE3 mutation did not show 
amyloid accumulation. They also found that the calcineurin-nucle-
ar factor of activated T cells (NFAT) signaling is the key regulatory 
pathway in APOE4-associated CAA, and demonstrated the pos-
sibility of APOE4-induced CAA by inhibiting calcineurin-NFAT 
signaling pathways both in vitro and in vivo. These results show that 
genetic mutation-associated BBB pathologies can be recapitulated 
in human cell-based BBB models. 

3. Brain infection and neuroinflammation studies 
BBB function is closely related to brain inflammation. Since the 
cellular composition can be controlled in engineered BBB models, 

the contributing roles of BBB-composing cells in the modulation 
of inflammation can be studied. Seo et al. [64] reconstituted a 
neurovascular unit structure by coculturing 7 types of brain tissue 
cells, including brain endothelial cells, astrocytes, pericytes, oli-
godendrocytes, neural stem cells, microglia, and neurons. When 
lipopolysaccharide (LPS) was introduced through the perfusable 
endothelium, the existence of supporting cells mitigated the 
LPS-induced neuroinflammation compared to LPS exposure in 
the endothelial cell-only case. Although the contribution of indi-
vidual cells needs further study, these results show that neurovas-
cular unit-composing cells may help maintain brain tissue homeo-
stasis. 

3D BBB models can be used to study the mechanisms of fungal 
infection (Fig. 3C) [62]. Meningoencephalitis is induced by in-
fection with Cryptococcus neoformans and causes 180,000 deaths 
worldwide, particularly in immunocompromised individuals 
[74,75]. Although various hypotheses have been proposed to 
explain the brain-specific infection and BBB penetration of C. 
neoformans, the underlying mechanism could not be explained due 
to the inability of experimental observation. Kim et al. [62] found 
that C. neoformans forms biofilm-like cell clusters on the brain en-
dothelium, and this neurotropism was induced by the brain-abun-
dant inositol. Other types of fungi, such as Candida glabrata and 
Cryptococcus deuterogattii, showed no notable neurotropism in the 
BBB chip, confirming the fungus-type-dependent neurotropism 
observed in clinical cases. Furthermore, they also showed that the 
BBB penetration of C. neoformans occurred through transcytosis 
and that transcytosis-mediated BBB penetration was regulated by 
the mpr1Δ gene. The BBB chip showed promising capabilities in 
the real-time monitoring of infection and investigation of underly-
ing genetic and environmental factors. 

4. Developmental studies 
The effect of the microenvironment is also an important factor in 
BBB formation and maturation. However, control of the micro-
environment is not possible in vivo. One of the important factors 
in vasculogenesis is hypoxic conditions [76–78]. Inspired by the 
hypoxic conditions in the developmental process, Park et al. [42] 
differentiated human iPSCs in 5% oxygen conditions, and the dif-
ferentiated cells were transferred to a microfluidic chip with a po-
rous membrane for the formation of the BBB structure. BBB-com-
posing cells differentiated under hypoxic conditions showed 
enhanced BBB functionality in terms of transporter expression, 
transendothelial electrical resistance, and transcytosis capability. 
These results demonstrate the importance of hypoxic conditions 
in the development and function of the BBB. 

Brain organoid technology has opened a new era in the study of 
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neural development. Assembled stem cells, such as iPSCs and em-
bryonic stem cells, proliferate and spontaneously differentiate into 
brain organoids with spatially distinct patterns within them. Since 
the introduction of cerebral organoids by Lancaster et al. [79], 
various region-specific brain organoids have become available, in-
cluding hippocampal-choroid plexus, cerebellum, forebrain, mid-
brain, and hypothalamic organoids [80–86]. Although these brain 
organoids have shown promising capabilities in mimicking the 
structure and function of the developing brain, they lack a vascular 
structure and are thus limited in the formation of large organoids 
and drug screening. 

Recently, Cakir et al. [47] proposed an innovative method for 
inducing vascular structure formation in developing human cor-
tical organoids (Fig. 3D). They formed human cortical organoids 
by mixing the human embryonic stem cells expressing the tran-
scription factor ETS variant 2 and non-modified human embry-
onic stem cells in an optimized ratio. As expected, self-organized 
vascular-like structures were formed within the developing brain 
organoids, and the vascular system had BBB-like functionalities, 
including tight junction expression, nutrition transporters, and 
transendothelial electrical resistance. Furthermore, the vascular 
structure promoted the functional maturation of brain organoids, 
suggesting the importance of BBB-like vascular structures in the 
development of brain tissue. 

Vascularization can also be induced by exposing brain organoids 
to pro-angiogenic factors. Ham et al. [48] consistently exposed 
stem cell aggregates to VEGF, which is known to be a key pro-an-
giogenic factor, starting on the day after self-aggregation. Some 
fractions of the embryonic stem cell line H9 differentiated into 
vascular endothelial cells and formed vascular networks with dis-
tinctive vascular markers and showed no reduction in neuronal 
markers. Prolonged exposure to VEGF and Wnt7a also induced 
the emergence of pericyte-like cells, as evidenced by immunostain-
ing with alpha-smooth muscle actin. 

Remaining issues 

Despite the achievements of recent in vitro BBB models, issues in 
modeling the physiology and pathology of the BBB remain. 

First, consideration of the immune system is required to un-
derstand the mechanisms of neuropathologies. Recent studies 
have indicated that microglia are closely related to the onset and 
progression of neuropathologies [87]. For example, activated mi-
croglia in patients with AD induce neuronal cell death by secreting 
reactive oxygen species and inflammatory cytokines. Exposure to 
particulate matter also deteriorates the condition of brain cells due 
to the activation of microglia by stimulating the secretion of reac-

tive oxygen species and inflammatory cytokines. Accumulating 
evidence indicates that circulating monocytes can enter the brain 
parenchyma through the disrupted BBB and colonize the microg-
lial niche under pathological conditions [88,89], suggesting the 
possibility of monocyte-associated progression of AD pathology 
[90]. Furthermore, the activation of microglia precedes the spread 
of tau pathology [91]. Since cellular interaction is believed to be a 
key factor in the progression of neuropathologies, consideration of 
the brain immune system is required. 

Second, the circulation of cerebrospinal fluid in the brain tissue 
should be mimicked in an in vitro system. Recently, the existence of 
the glymphatic system [92,93] and brain lymphatic system [94,95] 
was reported. Although further in-depth studies are needed, these 
brain-circulating systems are believed to play roles in the clearance 
of metabolic wastes and neurotoxic proteins [96]. Considering 
that the BBB participates in the transport of neurotoxic proteins 
and brain metabolism, the simultaneous consideration of the BBB 
and these brain-circulating systems can reveal novel scientific 
mechanisms of neuropathologies.  

Third, BBB models can be used as a test platform for nanomedi-
cine. As shown in many examples, BBB models have the capability 
to be used to monitor the transport of nanomaterials. Nanoma-
terials have recently emerged as a powerful tool for delivering 
biochemical factors to the brain tissue due to their ease of surface 
functionalization and cargo control [97–98]. Since non-optimized 
nanomaterials are prone to be blocked by the BBB during trans-
port, BBB models can assist in the development and optimization 
of nanomedicine vehicles suitable for penetrating the BBB. 

Finally, the commercialization of BBB chips is also important for 
cost-effective and time-efficient drug development. Various types 
of organ-on-a-chip platforms are now available on the market, and 
global pharmaceutical companies are interested in their utilization 
in drug development [99,100]. Considering that the Transwell 
model presents a non-physiological tissue environment and animal 
models are very costly, the development of an alternative platform 
is necessary. Therefore, the commercialization of BBB models and 
their application in the drug development process can revolution-
ize the pharmaceutical industry. For commercialization, the design 
and materials for BBB chips need to be optimized for mass produc-
tion and high-content screening. 

Conclusion 

In this review, we summarize recent advances in 3D BBB systems 
that show promising capabilities as human BBB models. These 
models have been prepared using human cells in many cases and 
successfully reflected the genetic information of human neuro-

Organoid 2021;1:e10 • https://doi.org/10.51335/organoid.2021.1.e10

8j-organoid.org

O



pathologies. Furthermore, 3D BBB models have also been used 
to model infection and inflammation and have demonstrated the 
effects of cell-cell or inter-organ interactions by coculturing multi-
ple cell types or multi-organ compartments in engineered systems. 
Despite their promising capabilities, some issues remain, such as 
consideration of the immune and glymphatic systems. It is believed 
that 3D BBB models can be used to evaluate drug delivery and in-
vestigate human brain neuropathologies. 
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