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ABSTRACT

Since the advent of organ-on-a-chip, many researchers have tried to mimic the physiology of human tissue on an engineered platform. In
the case of brain tissue, structural connections and cell–cell interactions are important factors for brain function. The recent development of
brain-on-a-chip is an effort to mimic those structural and functional aspects of brain tissue within a miniaturized engineered platform.
From this perspective, we provide an overview of trace of brain-on-a-chip development, especially in terms of complexity and high-content/
high-throughput screening capabilities, and future perspectives on more in vivo-like brain-on-a-chip development.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5120555

I. ORGAN-ON-A-CHIP (OoC) AS AN ALTERNATIVE
PLATFORM FOR DRUG DISCOVERY

With the advent of an aging society, the disease incidence rate
is increasing, and the cost of drug development and disease treat-
ment is expanding exponentially.1,2 According to the World Health
Organization (WHO), nearly one billion people in the world suffer
from neurodegenerative diseases such as Alzheimer’s (AD) and
Parkinson’s diseases.3 Despite decades of research on neurodegener-
ative diseases by many biologists and pharmaceutical companies,
the underlying mechanism of their onset and progression is still
largely unknown. The resolution of these diseases has a long way to
go, and such steps are limited due to the lack of a suitable in vitro
model system for mechanism study and drug development. In par-
ticular, the complex tissue structures and cell–cell interactions of the
in vivo system make it challenging to unravel the underlying mecha-
nism of the diseases and to predict the efficacy of clinical medicine.
This is why FDA approval rates are low, and some of them are even
withdrawn after commercialization.

Traditionally, two-dimensional (2D) culture models and animal
models have been used for mechanism research and drug develop-
ment. However, 2D models, such as Petri dishes and culture flasks,
cannot mimic the physiology of human tissue in terms of number of
cell types,4 mechanical properties,5 chemokine-mediated cross talk,6

and fluidic conditions.7–11 Therefore, cellular behaviors and drug
responses have been frequently over- or underestimated, and the
results provide biased information. In the case of animal models,
there have been unavoidable discrepancies, such as genetic heteroge-
neity and loss of immune systems.12 For these reasons, animal
models cannot precisely reflect human physiology either and, thus,
have not been able to accurately predict in vivo responses upon drug
treatment. In addition, the complex physiology of animal models in
vivo makes it challenging to distinguish the exact causal relationship
in the in vivo response that occurs during drug treatment. For
example, a recent review article indicated that the success rate of
anticancer drugs in humans, which exhibited good responses in
animal experimentation, was below 8%.13 In parallel with the success
rate of translation, the animal model always carries ethical issues
with it. In this regard, many industries have been looking for and
developing a new platform to replace animal models or flask cell-
culture models, and recently, organs-on-a-chip (OoCs) have risen as
an alternative candidate for cell experiments and drug screening.

II. CHARACTERISTICS OF THE BRAIN AND THE NEED
FOR BRAIN-ON-A-CHIP (BoC)

The brain is the most complex organ in the human body,
comprising the central nervous system (CNS) along with the spinal
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cord. As the upper backbone of CNS, the brain processes, integrates,
and coordinates the received information, and then makes decisions,
in order to organize the activities of individual body parts. The
brain comprises numerous neurons that unidirectionally communi-
cate with each other via synapses, where the axon terminal of one
cell contacts the dendrites of another in a specific direction.14 These
neurons also communicate with nonneuronal cells such as astro-
cytes, microglia, and oligodendrocytes.15 The functions of the brain
are maintained by passing electrical or chemical signals between
neurons through the synapses, and if this is not done correctly, it
can become a neurodegenerative disease. Huntington’s disease
(HD), which is a heritable neurodegenerative disorder, results in the
death of brain cells, according to animal studies, and has a substan-
tial effect on synaptic alterations in the corticostriatal network.16,17

However, these results, obtained from animal studies, are an end
point assay, and thus, while HD is progressing, it is not clear how it
progresses and through which path.

Alzheimer’s disease (AD), which is a neurodegenerative disor-
der, is known to be associated with neuronal cell death and neuroi-
nflammation, as well as deposition of neurotoxic protein plaques,
which have been observed in human postmortem and animal
studies.18 The AD drugs developed so far have shown good efficacy
in the treatment of AD mouse models but consecutively failed in
phase III clinical trials, while raising concerns about using animal
models, which are biologically different with human models, in
mechanism studies and drug screening.19

Here, we review the recent advancements in brain-on-a-chip
(BoC), focusing on the biomimicry of the neural circuitry and
blood–brain barrier (BBB) in the engineered platform. Depending
on their complexity and high-content/high-throughput screening
ability, we classified the current BoCs into five cases.

III. DEVELOPMENT OF BoC

Structurally, the brain comprises oriented multiple layers in
which numerous neuronal, glial, and immunological cells interact
and are functionally protected by the skull from mechanical stress
and by the tight BBB from the toxicants. At present, the recapitula-
tion of the full structure and function of the brain in an engineered
system is unavailable due to the limited technique, and, thus, recent
studies have focused on the recapitulation of the specific parts of
brain tissue, such as unidirectional neural network, functionally tight
BBB, myelination process, and structure of the spinal cord.

Since the development of the in vitro cell-culture technique
by Harrison et al. in 1907,20 neuronal cells have been cultured in
an open environment, such as glass substrates or Petri dishes. The
introduction of soft lithography by Whitesides et al. enabled cell
culture in a physically confined microenvironment such as micro-
channels.21 Later, microchannels with different heights and widths
for a single BoC can be fabricated using the multistep lithography
technique, making it possible to perform compartmentalized cul-
tures, physically separating the soma and axon. By fabricating
high- and low-height microchannels within a single BoC, the axon
and soma of a neuron can be separated, enabling only the axon to
pass through the shallow channels22,23 [Fig. 1(a)]. This “compart-
mentalization” technique allows neuroscientists to study the char-
acteristics of the axon itself, treat drugs only in the axonal region,

or study the regeneration of the axon after axotomy.24 In addition,
the geometry of shallow channels in which only the axon can pass
through can be modified, allowing unidirectional axon growth
(i.e., axon diode) to be induced.25,26 In addition, by constructing
three or more channels within BoC, the interconnection of various
neurons, through axons alone, can be demonstrated.27 These BoCs
also allowed the study of axon myelination in real time by visualiz-
ing it under a microscope. Myelination is a process in which oligo-
dendrocytic feet sheath the axon. Myelination plays a critical role
in the propagation of action potential by electrically shielding the
axon from the environment. If demyelination occurs due to auto-
immune responses or a traumatic brain injury, neurodegenerative
brain diseases, such as multiple sclerosis, may be developed. If the
myelination process can be recapitulated in BoC, this platform can
act as an optical window for the fundamental studies of myelina-
tion. For example, recent studies have visualized the step of myeli-
nation using the compartmentalized BoC system.28 Furthermore,
the effectiveness of optical and electrical stimulations in myelina-
tion was evaluated using the compartmentalized BoC system,
showing enhanced oligodendrocyte differentiation and wrapping
in the presence of optical and electrical stimulations.29,30 However,
these microchannel-mediated BoCs pose several limitations, such
as 2D cell adhesion and the much stiffer mechanical properties of
glass substrates. Furthermore, this monolayer system cannot be
used to form a transport barrier, such as BBB.

BBB is a unique blood vessel that only appears in the brain,
performing a highly effective and selective semipermeable border.
It not only regulates the transport of nutrients and wastes but also
prevents the influx of pathogens, neurotoxicants, and large hydro-
philic molecules. This selective transport ability allows the brain to
maintain normal function.31 Many drugs developed for disease
treatment have a large molecular size or hydrophilic molecules that
are usually restricted from entering the brain tissue through BBB.
For this reason, many drug candidates have frequently failed in
drug screening stages, and therefore, the commercialization of
newly developed drugs has been hindered.32

To address the issue of transport across the cell layer, a
porous-membrane-based microfluidic model has been developed33

[Fig. 1(b)]. In this model, the porous membrane is sandwiched
between two microchannels and various cells are attached on either
side of the membrane. In particular, these cells can communicate
with each other through the pores in a cytokine-mediated manner.
Such BoC is useful in mimicking the BBB structure. Although the
layer-by-layer structure is similar to a Transwell, this type of BoC
allows a flow that cannot be obtained in a Transwell. In addition, a
three-dimensional (3D) cell-culture environment can be established
by introducing a neural cell-laden hydrogel on one side of the mem-
brane.34 It is also possible to measure the transendothelial electri-
cal resistance of BBB by inserting an electrode in each channel.35

However, the cell-culture environment can be regarded as a 2D
culture rather than a 3D culture, in that it adheres to the surface
of a porous membrane. Moreover, cell–cell interactions are
limited because interactions between different cells are made only
through a cytokine-mediated long-range communication without
physical contact. Nevertheless, endothelial cells and astrocytes can
make direct contact in some areas through the pores, allowing for
another form of cell–cell interaction.36 Such direct contact-mediated
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interaction increases with the pore density, and the cell activity
increases with intercellular interaction.37

In addition to BoC, as part of CNS, a spinal cord-on-a-chip has
been recently developed.38 Sances et al. seeded the induced pluripo-
tent stem cell (iPSC)-derived ventral spinal neurons and cocultured
them with brain endothelial cells in the porous-membrane-based
BoC. When the spinal cord neurons were cocultured with brain
microvascular endothelial cells in BoC, the gene expression, such as
SST, was close to that of the fetus compared to the monoculture and
2D culture cases, showing the importance of endothelial cell–neuron
interaction and a 3D culture environment.

Recent developments in BoCs can be divided into three cate-
gories depending on their high-throughput or high-content screen-
ing abilities: (1) 3D high-content systems [Fig. 1(c)], which mimic
the 3D brain tissue environment in terms of materials, cell types,
and physiological stimulation; (2) interconnected multichip systems
[Fig. 1(d)], which simulate cell-to-cell and organ-to-organ interac-
tions; and (3) high-throughput systems, which can massively screen
various experimental conditions by making them compatible with
conventional well plate-based assay systems [Fig. 1(e)].

The goal of a 3D high-content system lies in the establish-
ment of an in vivo-like tissue microenvironment on an engineered

platform to guide the cells to behave similarly to those in vivo.
Three-dimensional high-content systems are being developed in
various ways: modeling of a 3D neural circuit, modeling of a 3D
BBB, and merging a neural circuit and BBB into one BoC. A signifi-
cant topic in the modeling of 3D neural circuits is the alignment of
axons in a 3D environment.39,40 In initial 2D BoCs, the axons were
aligned by limiting the growth area of the axon to the microchannel
wall. However, in recent 3D BoCs, the neuronal circuit is formed by
engineering the orientation of the hydrogel fibrils. Owing to the
“contact guidance,” growing axons follow the ready-aligned fibers.
The modeling of a 3D BBB aims to form a perfusable vascular
network within the hydrogel.41–44 As described earlier, previous
BBB models were developed using a porous membrane, but in the
recent BoC-adapted hydrogel channels, vascular transport barriers
have been established. These vascular networks are structurally and
functionally similar to in vivo capillaries because endothelial cells
spontaneously form the vascular network in a 3D environment. In
addition, cell–cell interaction was promoted because of the direct
contact between the brain microvasculature and neural cells. Some
studies have attempted to merge a neural circuit and BBB into a
single 3D BoC.38,45 When the neural circuit was cultured in the
presence of a vascular network, axonal growth was promoted, and

FIG. 1. Development process of BoCs. (a) A BoC that enables compartmentalized cell culture. Cells are cultured on a 2D glass with the intention of isolating only
the axonal part of the neurons in shallow channels. (b) A BoC that mimics the BBB. A porous membrane is located between the two microchannels. Neural and
endothelial cells are attached on either side of the membrane. (c) A BoC that aims at high-content screening. Tight cell–cell interactions within the 3D microenviron-
ment are possible by patterning the hydrogel into BoC. This method attempts to mimic the neural tissue more closely. (d) An interconnected multichip system.
Culture media can be circulated using a pump to investigate the interactions between various cells through the connection of several BoCs. (e) A BoC developed
for high-throughput screening. The BoC can be miniaturized to be fit into conventional cell-culture ware, such as a 96-well plate; this platform is compatible with a
conventional high-throughput screening apparatus.
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the frequency, amplitude, and synchrony of the neuronal electrical
activity were increased.

Interconnected multichip systems are also being developed to
simulate interactions between various neural cells or between the
brain and other organs. These systems connect several membrane-
type BoCs, and culture media can be circulated to facilitate
cytokine-mediated interactions. Recently, a system for studying the
interactions between various cells forming the brain has been devel-
oped.46 This BoC system connects three membrane-type BoCs and
circulates the culture media. Researchers have separated the flows
of artificial blood and cerebral spinal fluid by separating blood
vessels and brain mesenchymal regions using membranes. By using
this system, they could reveal changes in the metabolism via the
interactions of the various cells that formed the neurovascular unit.
These systems are used to study not only intercellular connections
in the brain but also interactions between the brain and various
other organs. A system linking the brain to the heart, liver, and
muscles and that connecting the brain with the intestines, liver,
kidneys, and muscles have been developed to show the reactions of
the connected organs to different drugs.47–49

For high-throughput screening purposes, the BoC system
must be concise enough for mass production and must be compati-
ble with high-throughput screening imaging systems. To address this
second issue, attempts have been made to tailor BoCs to be compati-
ble with traditional cell-culture platforms, such as a 96-well plate.
For the past few years, BoCs have been miniaturized to be assembled
with well plates for brain cell culture.50–52 By merging a traditional
platform with a BoC, a high-throughput quantification of cell
responses in the BoC can be achieved. As the well plate is fabricated
with polystyrene (PS), it would potentially be beneficial to fabri-
cate a high-throughput BoC model with PS instead of polydime-
thylsiloxane (PDMS). Compared to PDMS-based BoC, PS-based
BoC has several advantages such as reliability, mass production,

and long-term storage, which are suitable for commercial pro-
duction. However, PDMS-based BoC is still valid for biological
studies and drug screening because it has a wide range of tunabil-
ity for laboratory-level studies. Therefore, it is expected that these
two materials can be used in parallel to meet goal-specific needs.53,54

Further attempts have been made to automate the experimental
process using BoC to perform the ultimate high-throughput
experiment. Compared to the manually fabricated PDMS-based
BoCs, injection-molded, PS-based BoCs have potential in terms of
time efficiency and cost-effectiveness. By merging the injection-
molded BoC with an automated liquid supply system and a high-
throughput imaging system, the drug screening efficiency can be
enhanced dramatically.55–57 The details described above can be
found in Table I that summarizes the features and applications of
various types of BoCs.

IV. FUTURE OF BoC

Although many BoC models have been developed, the following
additional factors need to be considered to precisely mimic the struc-
ture and physiology of the brain tissue: (1) cell sources, (2) cell–cell
interactions, and (3) cell–extracellular matrix (ECM) interactions.

First, human cell sources are required for recapitulating the
human brain physiology and developing personalized medicine. As
described previously, animal-originated cells differ from human cells
in terms of their genetics, and cell lines frequently lose key functions.
Furthermore, human-originated primary cells are difficult to acquire.
In this regard, the induced pluripotent stem cell (iPSC) technology,
introduced in 2006, is a good candidate for supplying human cells.58

iPSCs can be obtained by delivering key factors to stromal cells,
which are then induced to differentiate into any cell, especially
neurons that are difficult to isolate from the human brain.
Furthermore, it allows the development of personalized medicine,

TABLE I. Summary of classification and features of developed BoCs.

Type of BoC Features Applications Reference

(A) 2D BoC for axon
isolation

• Fabrication of different height channels in one
BoC

• Separation of soma and axon

Axon-specific drug testing 22 and 23
Axon regeneration after axotomy 24
Unidirectional axonal growth 25 and 26
Myelination on the axon 28–30

(B) BoC with porous
membrane

• Porous membrane between two microchannels
• Interaction between two different type of cells
through the pores

Cell–cell communication via
cytokine-mediated manners

33 and 34

Cell–cell communication via direct contact 36
Measure of transendothelial electrical
resistance

35

(C) 3D high-content
BoC with hydrogel

• 3D culture of multiple types of cells within the
hydrogel

• In vivo-like microenvironment

3D neural circuit formation 39 and 40
Recapitulation of 3D BBB structure and
functions

41–45

(D) Interconnected BoC
system

• Linking of individually fabricated BoCs
• Interactions among the various BoCs

Interactions of various cells of neurovascular
unit

46

Interactions between brain and other organs 47 and 48
(E) BoC integrated with
well plate

• Compatibility with conventional labwares
(e.g., 96-well plate)

• High-throughput analysis available

Compatibility with traditional cell-culture
platforms

50–52

Imaging of BoC in a high-throughput manner 55–57
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including patient-specific cocktail drug designs,59 because the genetic
information is preserved during the induction of the pluripotent
state and the differentiation process. Recently, patient-specific BBB
models have been introduced.36,38,60,61 In these pioneering papers by
Vatine et al., Park et al., and Sances et al., the BBB models were fab-
ricated using iPSCs-derived cells and demonstrated the potential of
engineered BBB models for personalized medicine applications.

Second, cell–cell interactions toned should be closely investi-
gated to understand brain diseases better. The on-chip approach is
useful for studying cell–cell interactions because it can simplify
various complex interactions between cells and identify how the
disease initiates and progresses through cell–cell communication.
In case of AD, the microglia were activated by amyloid-beta, as the
representative marker, which accelerated neuronal cell death
through interaction with neurons via secreted neurotoxic inflam-
matory factors and microglial activators.62 As another example, the
synapse, which is usually a function for passing electrical or chemi-
cal signals between neurons, can be a path for the propagation of
neurodegenerative diseases. The representative marker, the phos-
phorylated tau, was delivered through synapses to other neurons,
which meant the propagation and progression of neurodegenerative
diseases through intercellular interactions.63 In addition, the
on-chip research simplifies the cell population and allows one to
monitor the response of each cell type to the developed drugs and,
thus, will enable commercializing by selecting the active drugs and
minimizing the undesired side-effects.

Finally, it is necessary to determine which ECM component
should be used for in vitro culture, because the ECM not only func-
tions in simplistic physical adhesion but also acts as a signaling acti-
vator to cells.64 As shown in Fig. 2, the decellularized brain ECM
can be used in the culture of neurons produced by direct repro-
gramming.65 The neurons cultured in the decellularized brain ECM
were differentiated better than those cultured in the traditionally
used 2D culture and those in the collagen-based 3D culture, ensur-
ing not only structural integrity but also functional maturation,
such as calcium signals. These differences were shown through
yes-associated protein (YAP) signaling, which is involved in a
central stem cell fate-regulating pathway induced by mechanical
cues. These results suggest that cell–ECM interactions contribute
significantly to the growth and functions of neuronal cells.66 As
another example, astrocytes—which have various functions in the
brain, such as glutamate recycling, modulation of inflammation, and
circulation of cerebrospinal fluid—are usually in an inactivated state.
When exposed to physical damage, they become an activate,
forming a glial scar to protect the intact brain.67 However, even if
astrocytes are not exposed to physical images, especially when cul-
turing in vitro in stiff substrates68 or a less stress-relaxing hydrogel,
astrocytes enter an activated state. Such an unintended activation of
astrocytes is not desirable for the modeling of the healthy brain
tissue. Considering these factors, the preparation of a suitable matrix
for culturing brain cells is a prerequisite for mimicking in vivo-like
cell functions on an engineered platform.

FIG. 2. Future of BoCs. For BoCs to mimic normal and disease states of brain tissue on an engineered platform, it is beneficial to use human-originated cells. In this
regard, the preparation of patient-derived iPSCs and their differentiation into various neuronal cells are good options for reflecting patient-specific genetic information in an
in vitro model. Furthermore, the coculturing of various neuronal cells (e.g., astrocytes, oligodendrocytes, microglia, and blood vessels) can help unravel the underlying
mechanism of brain diseases. The consideration of the composition and mechanical properties of ECM is also important to facilitate the reconstitution of in vivo-like cell
behaviors and functions in BoCs.
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V. CONCLUSIONS

From this perspective, we have summarized the path of BoC
development in terms of complexity and high-throughput/high-
content screening ability. Various BoCs are still widely used for
individual research purposes, such as axon-specific responses, cell–
cell interactions, and high-throughput screening. Despite advances
in BoC development, the consideration of cell sources, cell–cell
interactions, and cell–matrix interactions must be pursued to pre-
cisely mimic brain physiology on an engineered platform.
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