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the cellular microenvironment and inter-
actions between various cell types pre-
sent: neurons, astrocytes, endothelial cells 
(ECs), pericytes, and skeletal muscle cells. 
While the mechanisms of degenerative 
diseases such as Parkinson’s disease (PD), 
Alzheimer’s disease (AD), and amyo-
trophic lateral sclerosis (ALS) have been 
extensively studied, our understanding of 
these disorders is still incomplete.

Animal models of neurodegenerative 
disease could help us understand the 
pathology and physiology of cell behavior 
in vivo. However, these animal models 
have several drawbacks in predicting drug 
efficacy in humans, both because of pos-
sible species-specific differences between 
humans and other animals, and because 
some of these animal models may not 
accurately reflect human disease. For 
instance, chemically induced PD mouse 
models (by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine[1]) and α-synuclein 
(α-Syn) transgenic mouse have been 
used to investigate the mechanisms of 
PD involved in degeneration of dopamin-

ergic (DA) neurons in the substantia nigra pars compacta.[2] 
However, this is a not a human model (and may be influenced 
by possible species-specific differences in pathology), and the 
chemically induced nature of this model only reflects some 
aspects of the human disease. In addition, the most common 
animal model of ALS uses a genetically engineered mouse to 
express a mutation of the human superoxide dismutase (SOD1) 
gene that catalyzes the dismutation of the superoxide radical 
into ordinary molecular oxygen or hydrogen peroxide. This 
mutation of the SOD1 gene was identified to be a significant 
cause of familial ALS[3] leading to development of the SOD1 
mouse model of ALS in 1994.[4] Even this SOD1 mouse model, 
however, has been shown to be of limited utility for predicting 
human therapeutics. For instance, the therapeutic agents iden-
tified by this model have shown lower efficacy in humans com-
pared to their response in the mouse model. This calls into 
question the utility of such preclinical data for identifying ther-
apeutic agents that are worthy of subsequent study in humans. 
Furthermore, even though 90% of human ALS is classified as 
“sporadic” SOD1-mutant mouse models familial, rather than 
sporadic ALS, thereby limiting the value of this mouse model 
for most ALS patients. Adding to all these limitations, “the 
3Rs” global trend (as reduction, refinement, and replacement 
of animal testing)[5] signals the need to move away from animal 
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1. Introduction

Neurodegenerative diseases involve the progressive loss of 
neural cell function due to a variety of factors including oxi-
dative stress aend protein aggregation and misfolding in the 
central nervous system (CNS) and peripheral nervous system 
(PNS). The dysfunction and disruption of neuronal networks 
are triggered not only by cell death but also by alterations in 
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testing as much as possible in the future potentially through 
alternative approaches of investigating the pathology of neuro-
degenerative diseases in vitro.

Previously, 2D culture of neuronal cells has been used to test 
neuro-cytotoxicity. However, the drugs discovered based on 2D 
experiments have proven to be ineffective as potential thera-
pies.[6,7] Some of the 2D culture experiments used dissociated 
mesencephalic neurons from fetal rats,[8] DA-neuron-derived 
cell lines,[9] and embryonic stem (ES)-cell-derived dopamin-
ergic neurons.[10] These methods recapitulate some aspects of 
the physiology of PD and have been used for detailed mecha-
nistic studies of dopaminergic neuronal degeneration in order 
to screen for new pharmacological agents. The DA neurotoxin 
1-methyl-4-phenylpyridinium caused dopaminergic neuronal 
death in a system of cultured rat mesencephalic neurons. This 
was blocked by preincubation and simultaneous co-adminis-
tration of the estrogen 17-β-estradiol. In this case, an in vitro 
model of PD was used to study the antiapoptotic effect of estro-
gens, and predicted that the estrogen receptor β in the midbrain 
might play an important role in the regulation of dopaminergic 
neuronal apoptosis.[11] Thus, despite limitations of 2D culture 
experiments, they have demonstrated some predictive power 
and have proven valuable in certain cases.

3D in vitro cell culture systems have attracted attention for 
decades because they overcome some of the limitations of 2D 
cultures. Traditionally, these 3D cultures include cells cultured 
in a hydrogel, either in well plates or on Transwell membranes. 
These models recapitulate certain aspects of the spatial com-
plexity of the CNS and PNS through a co-culture system con-
taining neuronal lineage cells, endothelial lineage cells, and 
muscle cells. 3D cell cultures largely rely on cells growing in 
extracellular matrix (ECM) hydrogels including collagen, fibrin, 
and Matrigel. In a hydrogel, the cells self-assemble into physi-
ological-like microstructures. For instance, neuronal cells have 
a 3D neurite elongation in these systems, and endothelial cells 
exhibit angiogenesis and vasculogenesis. Such self-assembling 
behavior of cells in 3D results in reconstitution of 3D biomi-
metic microenvironments.

In spite of these considerable advantages over 2D cultures, 
even these traditional 3D in vitro models suffer from limita-
tions. They do not sufficiently mimic either animal models or 
human physiology because it is important to not only co-culture 
various cell types but also to (1) physically compartmentalize 
neuronal networks and vascular networks, (2) consider ECM 
composition, (3) consider biochemical effects appropriate to 
specific cell culture systems, and (4) apply dynamic mechan-
ical stresses, such as fluidic stresses arising from pressure 
gradients as well as physical strains due to muscular contrac-
tion, in order to mimic a highly organized microenvironment 
such as human brain and spinal cord.[12] Moreover, some of 
these traditional 3D models are neither cost effective, nor high 
throughput, and the protocols are often not reproducible.[13] All 
these limitations need to be overcome for widespread adoption 
of these 3D models.

Organ-on-a-chip systems could potentially overcome most 
of these drawbacks of more traditional 3D methods. In this 
review, we discuss the state-of-the-art of microfluidic systems 
for modeling neurodegenerative diseases and how they mimic 
human physiology and pathology using various clinical studies 
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including screening of new drugs and understanding of disease 
mechanism. First, we describe the advantages of microfluidic 
systems in modeling neurodegenerative diseases. Second, we 
present recent studies of brain-on-a-chip microfluidic culture 
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platforms that represent physiology and pathology focusing on 
AD, PD, and Huntington’s disease (HD) as well as spinal-cord-
on-a-chip methods focusing on ALS. Finally, we close with the 
current limitations of these strategies and speculate on poten-
tial future strategies to overcome them.

2. Microfluidic Cell Culture Systems

2.1. Microfluidic Systems in the Study of Cell Biology

Previous models used to study fundamental aspects of cell 
biology typically involved cell culture in culture dishes (2D) 
or hydrogels (3D) in which the cellular response to various 
external biochemical or biophysical stimuli was observed. Due 
to the simplicity of these systems, however, it is often difficult 
to understand the 3D complex structure and function of human 
organs, and to mimic the complex mechanical and biochem-
ical microenvironment, which is known to strongly influence 
the cell function in the human body. In the late 20th century, 
with the advent of microfabrication techniques integrated into 
microfluidic systems, the limitations of traditional cell culture 
models were overcome, and techniques were developed to emu-
late the characteristic structure of tissues or organs of human 
or animals beyond simple cell culture.[14] Microfluidic systems 
for cell culture are generally fabricated using microfabrication 
methods such as photolithography. A photoresist (PR) such as 
SU-8 is uniformly coated on the silicon wafer, and UV light is 
applied to the PR through the transparency photomask, with 
desired micropatterns. The micropatterns remain on the PR 
by developing and etching away the exposed part (as a positive 
PR) or the nonexposed part (as a negative PR). These standard 
soft lithography methods are widely used for the microfluidic 
systems in biotechnology applications.[15] For example, poly-
dimethylsiloxane (PDMS) has been generally used as a soft 
lithography material with the advantages including good bio-
compatibility, transparency, gas permeability, and optical trans-
parency.[16] It is also an electrically and thermally insulating 
material so that electrical circuits can be applied within the 
system as further described in Section 2.7.

Microfluidics-based cell culture systems, which have been 
used for simulating physiological and pathological phenomena 
or emulating in vivo structure from cell to organ level, gener-
ally consist of single microchambers[17] or multiple microcham-
bers with microchannel or microgroove arrays connecting each 
microchamber.[18] In the initial stages of microfluidic system 
development, cell biology studies were mainly limited to 2D 
culture. One of the applications has been to create chemical 
gradients within a microchamber or across the microchannel 
or microgroove arrays by exploiting laminar flow (low Reynolds 
number), in order to provide graded stimuli to the contained 
cells.[19] Biological processes such as cell differentiation,[20,21] 
neurite extension of neuronal cells,[22,23] and cell migration 
(e.g., neutrophil chemotaxis[24] and cancer cell migration[25]), 
which are affected by chemical concentration gradients, have 
been widely studied using the 2D microfluidic system. How-
ever, the 2D system has many limitations, most importantly 
that it fails to mimic the 3D microenvironment and other phys-
iological features of the human tissue or organ unit.

To overcome these shortcomings, a 3D microfluidic system 
incorporating a biocompatible hydrogel scaffold, which can 
provide 3D microenvironment to cells with well-defined bio-
chemical and biophysical stimuli, has been developed.[26,27] In 
a 3D microfluidic system, various hydrogels or ECM materials 
(e.g., collagen, fibrin, and Matrigel) can be injected into the 
micropatterned structures, driven by surface tension, to mimic 
the ECM. Cells can be seeded either on hydrogel or patterned 
inside a hydrogel in various configurations such as single cells 
or as spheroids, and cultured in 3D with or without chemical 
gradients generated within the hydrogel. This system can also 
allow the study of 3D cell–cell interactions in hydrogels or ECM 
by enabling co-culture of multiple cell types.[27] For example, 
3D interaction between various cells such as cancer cells and 
endothelial cells,[28] stem cells and various stromal cells,[29,30] 
and hepatocyte and endothelial cells[31] have been studied in 
3D microfluidic systems. In addition, multilayered microfluidic 
systems have been developed by sandwiching a porous mem-
brane between two microchannels. In such systems, one can 
apply different conditions to each layer and mechanical strain 
cells by stretching the membrane using an integral vacuum 
system (e.g., lung-on-a-chip).[32] Recently, microfluidic systems 
have also enabled hydrogel-free 3D cell culture of spheroids 
or organoids. Integration of microwells or hanging drop tech-
niques into a microfluidic system enables new insights into 
study of tissues or organ level interactions and facilitates var-
ious applications including cytotoxicity and drug tests.[33]

2.2. Microfluidic Systems for Modeling Neurodegenerative 
Diseases

3D microfluidic cell culture systems provide significant advan-
tages compared to typical 2D cell cultures in flasks, dishes, and 
well plates. First, microfluidic devices, often fabricated using 
PDMS, as described above, are highly customizable to meet the 
specific requirements for each cellular system and each experi-
ment. For example, in order to model the human lung, Huh 
et al. showed that multilayered PDMS channels containing 
different cell types could be used to mimic organ level lung 
function.[32] In this work, vacuum-assisted stretch of a thin flex-
ible membrane on which the epithelial and endothelial cells 
grow could simulate the active physical microenvironment of 
breathing. In addition, micropillar structures could be fabri-
cated in these chambers to encapsulate and compartmentalize 
the target cells[34,35] either as a collection of sparsely distrib-
uted single cells or as a dense cluster of cells, also called a 
spheroid.[36] Overall, microfluidic systems such as this lung-
on-a-chip system, which are highly customizable in terms of 
structure, with specific cell–cell interactions and specific bio-
chemical and mechanical microenvironment, could allow for 
complex yet specialized organ-specific in vitro models.

Second, microfluidic systems allow cell cultures with far fewer 
cells and a much smaller quantity of cell culture medium com-
pared to traditional cell culture systems. This is a considerable 
advantage because in many cases obtaining a pure differentiated 
cell population in sufficient quantity is quite time-consuming 
and expensive. For instance, it takes about a month to differen-
tiate induced pluripotent stem (iPS)-derived[37] and ES-derived 
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cells, to obtain well-differentiated mature cells such as neurons. 
This is expensive due to the limited differentiation efficiency of 
current protocols. Hence, microfluidic devices that use fewer 
cells save time and are less expensive compared to typical 2D cell 
culture platforms. Furthermore, microfluidic cell culture offers 
reduced consumption of reagents, reduced contamination risk, 
and efficient high-throughput experimentation. It allows us to 
reduce the cell population to a few hundreds of cells, or even a 
single cell,[38] making it possible to capture perturbations to indi-
vidual cells. We could also reduce the use of expensive growth 
factors such as basic fibroblast growth factor (FGF) and activin 
that are necessary to differentiate and maintain iPS-derived 
mature cells. Finally, it also allows us to increase the spatial and 
temporal resolution for a given experimental setup.

Other advantages of microfluidic cell culture include the ability 
to incorporate analytical biosensors into the culture platform, to 
detect physiological parameters, to analyze external stimuli in 
situ, and to noninvasively probe cellular behavior.[39] These bio-
sensors could provide rapid and sensitive measurements using 
a small number of cells and low reagent volumes. Finally, micro-
fluidic devices have the ability to perform perfusion culture to 
apply flow and shear stresses that may be necessary to mimic 
physiological conditions. Although external equipment such as 
syringe pumps or peristaltic pumps and tubing may be necessary, 
the connection between the tube and device is relatively straight-
forward. In addition, in many cases, flow can be generated by a 
simple hydrostatic head. Overall, there are a variety of microflu-
idic cell culture devices, each having distinct benefits offering 
great versatility. Undoubtedly, these microfluidic cell culture sys-
tems will continue to improve in the future, further adding to 
their advantages over traditional 2D cell culture systems.

2.3. The Role of Cell–Cell Interactions

2.3.1. The Main Cell Types in the CNS and PNS

The CNS and PNS are complex networks consisting of mix-
tures of neuronal and glial cells in CNS or ganglia in PNS with 

other surrounding cells. The brain, for example, is the most 
complex organ in human body containing numerous cell types 
including neurons, glial cells, neural stem cells (NSCs), and 
brain vascular endothelial lineage cells (Figure 1).

Neurons are one of the major cell types in the CNS and the 
PNS, which electrically and chemically transmit information 
via synapses with other neurons, astrocytes, and interneurons. 
There are an estimated 100 billion neurons in the human brain, 
forming neuronal networks by interacting with glial cells.[40] A 
typical neuron consists of a cell body with dendrites giving rise 
to a complex “dendritic tree” and an axon that is a specialized 
long cellular extension. Neurons communicate by chemical and 
electrical synapses in a process known as neurotransmission. 
The release of neurotransmitters triggers an action potential 
and propagating electrical signal. It is generated by exploiting 
the electrically excitable membrane of the neuron.

Glial cells are the most abundant cell type in the brain, which 
are 2–10 times more prevalent than neurons in the vertebrate 
central nervous system. Glial cells, including oligodendrocytes, 
astrocytes, and microglia,[41] contribute to neuronal function 
and connectivity through cell–cell signaling and influence neu-
rotransmission through nutrient and oxygen support.[42]

Oligodendrocytes support the formation of a myelin sheath 
that wraps around axons and augments their function. The 
myelin sheath plays a central role in helping to increase the 
propagation speed of impulses along a myelinated fiber, 
resulting in stabilization of electrical signal transmission. In 
addition to physical support, they also chemically influence sur-
vival and function of neurons by releasing growth factors such 
as Brain-derived neurotrophic factor (BDNF), Neurotrophin-3 
(NT-3) and Nerve growth factor (NGF).[43]

Astrocytes play a multifunctional role in supporting neuronal 
synapses and blood vessels in the brain. They act as “passive 
support cells” for electrically active neurons and are primarily 
responsible for cellular homeostasis of the CNS. Other repre-
sentative functions of astrocytes are to support and maintain 
the blood–brain barrier (BBB) through physical and chemical 
interactions with endothelial cells and pericytes. They cover 
endothelial cells with endfeet and secrete various cytokines 
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Figure 1.  The main players in neurodegenerative disease. In the CNS and PNS, CNS neurons, peripheral motor neurons, astrocytes, endothelial cells, 
pericytes and skeletal myoblasts interact with each other and with complex cell–cell junctions and various types of ECM (e.g., lecticans, glycopro-
teins, proteoglycans, hyaluronic acid, collagen and laminin). In particular, the blood–brain barrier (BBB) in brain and neuromuscular junctions of the 
motor unit play an important role in the pathogenesis of various neurodegenerative diseases. A) BBB is a brain specific barrier, which has a very low 
permeability and specific transporters for communication between the inside and outside of the brain vasculature. B) The neuromuscular junction 
is a chemical synapse formed by the contact between motor neurons and muscle fibers. Motor neurons transmit signals to the muscle by releasing 
acetylcholine (ACh), causing muscle contraction.
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including Glial cell line-derived neurotrophic factor (GDNF), 
angiopoietin-1 (ANG-1), and Sonic hedgehog (SHH), which 
maintain and support BBB tight junction integrity.[44]

Microglia are the brain’s resident immune cells, which are 
important regulators of neuroimmunity against pathological 
insults occurred by neurodegenerative diseases, injury, and 
ischemia in the CNS.[45] In an inflammatory state, microglia 
are activated to survey the CNS and are capable of secreting 
high levels of cytokines such as interleukin-1β (IL-1β), IL-6, 
Tumor necrosis factor-alpha (TNF-α), CCL2 in the pro-
inflammatory state and IL-10, IL-4, and transforming growth  
factor beta (TGF-β), in the anti-inflammatory state.[46] In addi-
tion, recent studies have found that microglia are closely 
associated with amyloid beta (Aβ) deposition in AD, but 
their AD-related inflammatory functions still remain to be 
elucidated.[47]

Brain endothelial cells (bECs), the primary component of the 
BBB, are an important component of the brain. The BBB dif-
fers from the endothelial barrier of other organs in several key 
ways; there are specific tight junction proteins that minimize 
paracellular transport leading to a BBB with low permeability, 
and there are specific transporters expressed that selectively 
control the transport of molecules (Figure 1Ai).[48,49]

Pericytes are also an important component of the BBB in 
combination with brain endothelial cells and astrocytes. Peri-
cytes interact with the brain endothelium to regulate BBB 
integrity and function by having direct contact with the cap-
illary wall via N-cadherins (adherent junction protein), CX43 
(gap junction protein), cross-talk between platelet-derived 
growth factor β (PDGF-β) and its receptor (PDGFR-β), TGFβ/
TFGβR2, and notch signaling. Pericytes play an important role 
not only in the maintenance of BBB integrity but also in the 
regulation of blood flow.[50,51] Recently, researchers have shown 
that pericyte degradation leads to BBB breakdown, which is 
found in several neurodegenerative diseases. For instance, in 
AD, Aβ has the effect of degrading pericytes, leading to an 
impaired BBB. Because of these findings, the importance of 
pericytes has been raised in the study of neurodegenerative 
diseases.[50]

2.3.2. Cell–Cell Interactions in the CNS

Most neuropathology studies use these neurons due to their 
central role in brain function. However, in recent years, there 
has been an increasing perception that integrated brain func-
tion and dysfunction occur due to the complex interactions 
of networks of multiple cell types.[52] Brain is composed of 
multiple units including neuron–glia and neurovascular units 
which are maintained by physical and chemical interactions 
among groups of cells.[53] Since most neurodegenerative dis-
eases are caused by at least one type of dysfunction in cell–cell 
communication, elucidating the mechanisms of cell–cell inter-
actions and their role in brain homeostasis and dysfunction is 
essential to understand the pathogenesis of neurodegenerative 
diseases.[54,55] Neuron–glia interactions are fundamental for 
regulating the critical functions in brain health and disease 
with roles in information processing, axonal conduction, and 
neurotransmission.[55,56] Also, the neurovascular unit, which 

is the functional unit of the BBB, is composed of the cer-
ebral microvascular endothelium together with pericytes, the 
endfeet of astrocytes, adjacent neurons, and basal lamina.[57] 
An increasing body of evidence suggests that alterations in 
neuron–glial interactions and dysfunction of the neurovascular 
unit are associated with neurodegenerative diseases including 
Alzheimer’s disease and Parkinson’s disease.[58] For instance, 
recently, researchers have identified leakage in the BBB in early 
AD patients with the decreased expression of tight junction 
proteins and disruption of the BBB clearance system which 
seems to increase the risk of AD.[59] This will be discussed in 
further detail in sections 3.1.3 and 3.1.4.

2.3.3. Cell–Cell Interactions in the PNS

The PNS is divided into the autonomic, sensory, and somatic 
nervous systems. The autonomic nervous system controls 
involuntary muscles such as smooth and cardiac muscle[60] 
while the sensory nervous system, which consists of sensory 
neurons, is responsible for processing sensory information. 
The specific receptors (e.g., chemoreceptors, photoreceptors, 
mechanoreceptors, and thermoreceptors) to a stimulus trans-
duce the signal into an electrical action potential via the sensory 
nervous system. The somatic nervous system regulates skeletal 
muscle to control body movement, stimulating muscle contrac-
tion, as well as external sensory organs such as the skin and 
consists of lower motor neurons and upper motor neurons. 
In particular, dysfunction of motor neurons is crucial to the 
incidence of motor neuron diseases that are a form of neuro-
logical disorders. Such motor neuron diseases include ALS, 
primary lateral sclerosis, progressive muscular atrophy, pro-
gressive bulbar palsy, pseudobulbar palsy, and spinal muscular 
atrophies.[61]

Motor neurons regulate the transport of electrical signals to 
muscle, triggering it to either contract or relax. Its basic struc-
ture includes a receptor on one end and a transmitter on the 
other end connected by an elongated axon. A motor neuron 
forms a motor unit with skeletal muscle fibers innervated 
by axonal terminals of just a single α motor neuron.[62] An 
action potential generated by a motor neuron normally brings 
all muscle fibers to threshold via neuromuscular junctions 
(NMJs) (Figure 1B). An NMJ consists of a neuron and a skel-
etal muscle cell. There are two membranes: the pre- and post-
synaptic membranes, with a distinct space between the two 
called the synaptic cleft.[63] Small spherical vesicles are present, 
which contain neurotransmitters that shuttle between mem-
branes. Calcium enters the excited motor neuron, which in 
turn causes exocytosis of the neurotransmitter. Acetylcholine 
(ACh) is the neurotransmitter secreted by the somatic motor 
neurons. Dysfunction of the neuromuscular junction causes 
some disorders such as myasthenia gravis,[64] botulinum 
toxin,[65] and Eaton–Lambert syndrome.[66] The neuromus-
cular junction can also malfunction when exposed to certain 
antibiotics, organophosphates (a type of insecticide), curare 
(a toxin derived from plants), and gases used in chemical war-
fare. Some of these chemicals act on the NMJ by preventing 
the breakdown of acetylcholine after the transmission of the 
nerve impulse.
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2.3.4. Limitations of Current Systems in Studying 
Cell–Cell Interactions

Despite numerous efforts dedicated to studying cell–cell inter-
actions using in vivo and in vitro systems, the mechanisms 
of the cell–cell interactions in CNS and PNS are still unclear, 
mostly due to the inherent complexity of cell–cell interactions 
in these systems. For instance, although in vivo studies have 
the advantage of emulating physiological complexity and main-
taining the whole organism intact, it is difficult to accurately 
decouple the specific cell–cell interactions of interest from inter-
ference of other cells and tissues. On the other hand, in vitro 
systems trade off the high complexity of in vivo systems with 
more precise control of fewer parameters, letting researchers 
conduct more controlled studies.[67] However, current in vitro 
systems tend to be too simple to represent the complex nature 
of in vivo physiology.

2.3.5. Microfluidic Systems to Study Cell–Cell Interactions

Microfluidic technology has emerged as a powerful tool for 
studying such multicellular phenomena with a balance of com-
plexity and control. It allows reconstitution of a complex physi-
ological microenvironment with enhanced control compared to 
in vivo systems. It also enables precise spatiotemporal control 
of the 3D cellular and noncellular microenvironment, integra-
tion of multiple functional assays in a single experimental plat-
form, enhanced imaging capabilities, and a reduction in reagent 
volume as well as tissue sample size.[27] Recently, many micro-
fluidic co-culture systems have also been developed to monitor 
cell–cell interactions via paracrine signaling (soluble molecules) 
or juxtacrine signaling (direct physical contact) between dif-
ferent cell types in a more precisely controlled manner.[68]

Compartmentalized microfluidic systems enable superior 
spatiotemporal control over each of the tunable environmental 
parameters of cell culture. For instance, Taylor et al. developed 
a microfluidic system composed of two compartments con-
nected by microchannel arrays (Figures 2H, 4B,C, and 5A).[23] 
This system has widely been used for neuron–glia interac-
tions by separating axons from soma and allowing axons to 
interact with glia cells.[69] Huh et al. reported a compartmental-
ized microfluidic system with a porous membrane separating 
two parallel, upper and lower, microchannels.[32] This system 
could be used for studies of cell–cell interaction by enabling 
paracrine signaling interaction through the pores.[12,70] Such 
systems could also incorporate monolithic microfabricated 
valves in order to control flow direction by actuating valves.[71] 
This co-culture system has the advantage of facilitating both 
spatiotemporal control of paracrine signaling and the study of 
unidirectional paracrine/juxtacrine signaling between cells. In 
addition, this microfluidic system has been modified to incor-
porate a 3D hydrogel scaffold through which microchannels 
are compartmentalized (see Hall and Sanes[63] for the device 
design). This could be applied to interactions of different cell 
types with a more physiologically relevant 3D cellular microen-
vironment. Overall, this system is advantageous in its flexibility 
to be used for a wide variety of different co-cultures, allowing 
both paracrine and juxtacrine signaling.[27,72]

2.4. The Role of ECM in Modeling Neurodegenerative Diseases

Traditionally used 2D neuronal culture systems are limited in 
their ability to mimic the 3D microenvironment of in vivo sys-
tems. Even though ECM coatings are used in these 2D systems, 
they do not sufficiently have the physiological ECM’s 3D archi-
tecture. The ECM scaffold is one of the most important con-
siderations in modeling neurodegenerative diseases. The ECM 
composition is highly tissue specific, and incorporating an 
appropriate ECM is important in developing an organ-specific 
in vitro model. For instance, for in vitro models of neurode-
generative diseases, controlling the ECM in the various tissues 
involved is important in order to realistically mimic the 3D 
brain microenvironment. This, in turn, controls and promotes 
physiologically relevant cellular behaviors and activities such as 
cell differentiation, migration, and cell–cell interaction.

Microfluidic technologies have been widely used for 3D cell 
culture by incorporating ECM scaffolds, which provide micro-
scale cellular niches for physiologically relevant reconstitution 
of 3D multicellular co-cultures. More specifically, compartmen-
talized microfluidic systems (CMSs) have the ability to incor-
porate different ECM materials for the culture of different cell 
types in 3D, all within the same system. This ability to spatially 
pattern the ECM material in a microfluidic system is a key 
advantage. For example, Huang et al. developed multiple dis-
crete constructs of 3D cell-laden hydrogels to be patterned in a 
microfluidic device.[84] Matrigel and collagen gel were pattered 
in adjacent microfluidic channels for the breast cancer cells and 
tumor-derived macrophages, respectively, in order to investigate 
cell–cell and cell–ECM interactions.

2.4.1. The Central Nervous System ECM

The structure and composition of ECM significantly influence 
its function in the CNS. The ECM accounts for a significant 
proportion of the CNS, contributes to structural stabilization 
of cellular networks, and acts as a source of biochemical sig-
nals for cellular function and activity. The ECM of the CNS is a 
large component of brain and spinal cord tissue, consisting of 
a dense substrata that occupies the space between neurons and 
glia, estimated to comprise 10–20% of the total brain volume.[85] 
The ECM of adult brain has a unique composition consisting of 
primarily dense networks of lecticans, glycoproteins, proteogly-
cans, and an abundance of hyaluronic acid (HA) and tenascin 
family proteins.[86] Matrix proteins that are common in many 
other tissues (e.g., cartilage and bone) such as fibrillary colla-
gens and fibronectin are nearly absent in the brain. The ECM 
not only contributes to cellular organization and structure with 
biochemical and mechanical signals but also plays an impor-
tant role in brain development and adult neural function. In 
addition, ECM is a key factor in the study of neurodegenerative 
diseases because ECM alterations are found to be associated 
with neuropathological conditions and the pathological process 
of neurodegenerative diseases.[87] For example, matrix metal-
loproteases (MMPs) in cases of chronic neurodegeneration 
clearly regulate the progress of symptoms in AD and PD.[88] 
Furthermore, MMPs have a key function in tissue repair pro-
cesses such as angiogenesis and neurogenesis. Recently, ECM 
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Figure 2.  Biochemical and mechanical factors for neurodegenerative disease in a microfluidic device. A) A gradient of biochemical factors (VEGF and 
ANG-1) affects the directionality of endothelial sprouting in two orthogonal directions. Reproduced with permission.[73] 2011, Royal Society of Chem-
istry. B) High-throughput screening model for an angiogenesis assay with a multichannel device to test antiangiogenesis drugs for cancer metastasis. 
Schematic view of the quantitative microfluidic angiogenesis screen and anticancer effect of bortezomib. Reproduced with permission.[74] 2015, Royal 
Society of Chemistry. C) A microdevice generating gradients of biochemical factors (SHH, FGF8, and BMP4) related to neuronal development and 
differentiation of stem cells. These chemical gradients regulate the differentiation into motor neuron cells. Reproduced with permission.[21] D) Multi-
dimensional chemical gradients were generated in the cross-shaped device. A diffusion-driven linear gradient was generated within its central collagen 
gel region and orthogonal to it (90° rotation), a second gradient was generated (red and green fluorescent tracers). Reproduced with permission.[75] 
E) Simple immobilized NGF gradient device used for investigation of neuronal outgrowth of PC12 cells. The dendrites of PC12 elongated toward the 
higher concentration side of the NGF gradient. Reproduced with permission.[76] F) Directionality of neuronal outgrowth in a hydrogel was observed in a 
microdevice with a biochemical gradient of netrin-1, brain pulp, or slit2. Reproduced with permission.[77] 2011, Royal Society of Chemistry. Mechanical 
factors also affect the behavior of neurons, endothelial cells, and skeletal myoblasts. G) Stiffness of the scaffold has a significant effect on migration 
and proliferation of neurons. An H-shaped gel device was used to investigate the relationship between mechanical stiffness and cell behavior. Repro-
duced with permission.[78] H) Axonal guidance was controlled by the confinement of channels in a microfluidic device. Many axons extend from the 
wide side to the narrow side, although only a few grow in the opposite direction. Reproduced with permission.[79] 2011, Royal Society of Chemistry. 
I) Shear stress attenuates VEGF-driven angiogenic sprouting by decreasing of EC proliferation and migration. Reproduced with permission.[80] 2011, 
National Academy of Sciences. J) Multichannel microfluidic device was used to decouple chemical factors from mechanical factors. Interstitial flow 
induced cytoskeletal reorganization of ECs comprising microvascular networks. Reproduced with permission.[81] 2013, Royal Society of Chemistry.  
K) Interstitial flow across endothelialized vascular wall induces angiogenic sprouting. Microfluidic device with endothelialized void channel and nozzle-
shaped channel could be used to investigate the relationship between interstitial flow and sprouting and migration of EC. Reproduced with permis-
sion.[82] 2014, National Academy of Sciences. L) Optical stimulation of skeletal myoblast which is genetically engineered to express ChR2 improves the 
differentiation of myoblasts into mature myotubes. Adequate training (1 Hz) helps the formation of sarcomeric structure of myotubes. Reproduced 
with permission.[83] 2015, Nature Publishing Group.
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scaffolds for emulating the brain ECM have been developed 
with numerous natural[89] or synthetic materials[90] with a wide 
range of physical and chemical properties.

Natural polymers such as HA, lecticans, glycoproteins, and 
proteoglycans have been used as ECM scaffolds to mimic 
neural environment due to their biocompatibility and the struc-
tural resemblance of ECM in the tissue of origin.[91] Addition-
ally, ECM materials including collagen, Matrigel, gelatin, and 
fibrin are used for in vitro vascular[92] and neuronal network 
formation[93] in the context of brain models, particularly in the 
context of glioblastoma, even though these materials are not 
common in healthy brain tissue.[94] Also, they have the advan-
tage of retaining growth factors and adhesion molecules that 
promote cell attachment, growth, or differentiation. However, 
there are still limitations in mimicking brain-specific ECM. To 
overcome these limitations, techniques that incorporate nat-
ural polymers or functional molecules with synthetic polymer 
templates have been developed to better mimic brain compat-
ible ECM.[95,96] A technique to extract ECM from brain tissues 
has been developed to provide a natural brain ECM for neural 
cells. The natural ECM scaffold decellularized from tissues has 
the advantage of retaining structures such as the ECM fibers 
as well as proteins of the native ECM, both of which modulate 
behaviors of neural cells and support neuronal network forma-
tion. Several groups have developed and introduced decellu-
larization protocols to extract ECM from porcine, rat, and fetal 
brains with physical, chemical, and enzymatic methods.[97,98] 
Differentiation, neuronal network formation, and neural cel-
lular behavior are all promoted when the decellularized brain 
ECM is used.[97]

Additionally, there are many synthetic polymers that could 
be introduced as a suitable scaffold for supporting neural cell 
growth and functions. They could be used for various applica-
tions taking advantage of the flexibility to control a variety of 
physical parameters such as pore size, fiber scale, and stiffness, 
and chemical parameters like pH and surface modification 
with cellular molecules. These synthetic polymers include 
poly(ethylene glycol),[99] poly l-lactic acid,[100] poly d, and 
l-lactic-co-glycolic acid[96] polymer hydrogels.

2.4.2. The Peripheral Nervous System ECM

In contrast to ECM in the CNS, laminin and collagen play an 
essential role in PNS development.[101] Laminin signals regulate 
Schwann cell proliferation, survival, and cytoskeletal dynamics, 
which helps the formation of the myelin sheath around neu-
rons. During PNS development, laminin also coordinates 
Schwann cell elongation at later stages of myelination through 
interaction with the DG–DRP2–periaxin complex.[102,103] Col-
lagen and its receptor also promote Schwann cell adhesion and 
myelination as well as neurite elongation through regulation of 
intracellular signaling in vivo. Even in the case of in vitro cul-
ture of neuronal cells, many researchers showed that laminin 
also helps the differentiation of neural stem cells into motor 
neurons. Also, different subtypes of laminin have been shown 
to have advantages for different cells. For instance, laminin 
511, rather than 211 and 411, has better adhesive properties 
for human iPS cells.[104] In particular, E8 fragments of laminin 

511 support the long-term self-renewal and adhesion of human 
Embryonic stem cell (ESC) and human iPS cells compared to 
Matrigel, which is made up of various subtypes of laminins.[105] 
The heparin-binding domain of laminin is responsible for its 
effects on neuronal outgrowth and survival.[106] Other groups 
showed that the interaction between laminin-2 expressed by 
oligodendrocytes and laminin-binding integrins may play an 
important role in the signaling that stimulates oligodendrocytes 
to support the formation of the myelin membrane required for 
the myelin sheath.[107] In the case of skeletal myoblasts, Matrigel 
significantly improves their differentiation. Grefte et al. showed 
that muscle progenitor cells, both in 2D and 3D, lose their dif-
ferentiation capacity in collagen but not in Matrigel[108] (one 
caveat to this is that Matrigel does contain growth factors). In 
addition to the above, Matrigel supports survival and neuronal 
differentiation of ES-derived neural stem cells.[109]

2.5. Influence of Biochemical Factors

Soluble factors such as cytokines and chemokines play an 
important role in the CNS because neural networks and other 
brain compartments such as the neurovascular unit have con-
tinuous paracrine interactions. These factors regulate not only 
neurodevelopment and inflammation but also synaptic trans-
mission.[110] Soluble factors are locally transported to cells by 
many different flow conditions including interstitial fluid with 
a local concentration gradient within the interstitium. The 
cytokines and chemokines have a crucial role in immune func-
tions in the nervous system under physiological and patholog-
ical conditions. Especially in pathological states such as infection 
and other diseases during which microglial cells are activated, 
these cells release inflammatory factors that mediate neural cell 
damage and lead to transendothelial migration of immune cells 
across the BBB. For example, IL-6 is known as a neurodegenera-
tive disease-related cytokine. In the pathogenesis of AD, micro-
gliosis, a reactive microglia in a pathogenic state, is induced by 
Aβ. These reactive microglia have increased IL-6 production, 
which is an abnormal immune reaction to Aβ in the brain, that 
results in enhanced neuronal damage by Aβ. Increased expres-
sion of many cytokines including IL-1, IL-2, IL-4, IL-6, and TNF-
α is also associated with pathogenesis in Parkinson’s disease.[111]

Gradients of several biochemical factors, some of which 
were mentioned earlier, are important in development of the 
CNS and PNS. Microfluidic systems have enabled us to create 
biochemical factor gradients using spatially defined flow pat-
terns. This helps enable studies of cellular behavior and gen-
erate physiologically or pathologically relevant fluid condition 
such as maintaining constant soluble microenvironment with 
a large surface area-to-volume ratio. Furthermore, the ease of 
creating chemical gradients in microfluidic systems allows the 
researchers to test the dose response of several chemicals in 
high throughput in the same system. Many groups have gener-
ated a stable gradient of soluble biochemical factors of various 
kinds. For instance, a concentration gradient of growth factors 
and chemoattractants was generated and maintained under 
dynamic conditions with continuous flow (using a syringe 
pump) in a microfluidic channel to investigate the concentra-
tion dependence of neural stem cell growth and differentiation 
or neural cell responses.[75] Microfluidic systems have also been 
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used to create growth factor gradients under static conditions 
with standard tools (e.g., pipettes) in the absence of continuous 
syringe pump driven flow, with the gradient generated by dif-
ferences in concentration across a channel. Such methods have 
been used by many groups due to their ease of use.

2.5.1. Biochemical Gradients for Endothelial Cells

Angiogenesis and vasculogenesis are important biological 
processes even in the CNS and PNS. Gradients of several bio-
chemical factors influence these processes and microfluidic 
technologies could be used to generate these gradients. The 
generation of multiple gradients could enable studies of syn-
ergistic effects of various soluble factors on cell behavior. For 
example, vascular endothelial growth factor (VEGF) is one 
of the most crucial growth factors for forming microvascular 
networks as it has a dramatic effect on migration and prolif-
eration of endothelial cells through VEGF receptor-2 signaling. 
VEGF determines the directionality of angiogenic sprouting 
to by guiding an endothelial tip cell to high concentrations of 
VEGF.[112] PDGF,[113] ANG-1, TGF-β,[114] and FGF[115] also regu-
late the maintenance of the vascular wall through ANG-1 and 
Tie-2 signaling as well as Notch and Wnt signaling.[116] These 
growth factors interact synergistically with each other for the 
formation and stabilization of vascular networks. In a micro-
fluidic device, it is straightforward to generate a linear profile 
of chemical concentrations across a contained hydrogel (such 
as collagen gel or fibrin gel) because the presence of porous 
hydrogel allows diffusion while at the same time suppressing 
convective flows. Therefore, various types of gradient profiles 
can be generated by varying the configurations and architecture 
of microfluidic channels. For example, a gradient profile across 
the gel channels can be generated by the microdevice with a 
single hydrogel channel between two medium channels[117] or 
two hydrogel channels between three medium channels.[118] 
Additionally, two linear gradients of different growth factors, 
such as VEGF and ANG-1, can be generated in two orthogonal 
directions in microfluidic devices with a hydrogel surrounded 
by three channels.[73] Using these types of devices, the opposing 
effects of ANG-1 (stabilizing) and VEGF (proliferating) on the 
endothelial cells have been elucidated in in vitro experiments. 
Such a platform has aided in the investigation of interactions 
and potential synergistic effects of different types of growth fac-
tors, with different cell types in a range of physical and chem-
ical microenvironments (Figure 2A,B).[74]

2.5.2. Biochemical Gradients for Neuronal Cells

In neuronal vertebrate development, a multiplicity of signaling 
molecules passes between different tissues and organs. These 
molecules play important roles in bridging the gap between cel-
lular differentiation and organogenesis in the process of neu-
rulation.[119] A specific cell is believed to recognize its position 
in a concentration gradient of extracellular signaling molecules 
such as bone morphogenetic protein 4 (BMP4), FGF, SHH, 
retinoic acid (RA), Wnt3 in the process of shape change of 
the neural plate as well as folding and pattering of the neural 

tube.[120] The cell’s developmental fate is hierarchically deter-
mined by a spatially and temporally defined concentration gra-
dient of these chemical factors. In particular, because RA and 
SHH concentrations regulate neural cell’s fate from neural 
stem cells to neurons in the regions of forebrain, midbrain, 
hindbrain, and spinal cord,[121] a gradient of these chemical fac-
tors has been generated in microfluidic devices in many in vitro 
studies. A gradient of SHH secreted from the notochord and 
cells of the floor plate provides ventral topographic information 
by regulating the expression of homeodomain and basic helix-
loop-helix transcription factors.[122] Therefore, controlling con-
centration gradients of these molecules could be used to study 
the regulation of differentiation of CNS neurons.

As an example of modeling neurulation in microfluidic sys-
tems using chemical gradients, Park et al. demonstrated the 
generation of a cytokine gradient in a simple microfluidic chip 
under static culture (Figure 2C). This device has two micropi-
pettes, inlet and outlet reservoirs, and a cellulose membrane. It 
was used to generate orthogonal gradients of SHH and BMP4 
to differentiate neural progenitor cells to neurons, generating 
neural networks. They also showed that the opposing effects 
of agonist (SHH) and antagonist (BMP4) on the proliferation 
and differentiation of hESC-derived neurons could be success-
fully recapitulated by means of concentration gradients in the 
microfluidic device. Demers et al. demonstrated the generation 
of four different molecular gradients in multilayered micro-
fluidic devices for the reconstruction of neural tube by means 
of mimicking the primary aspects of the diffusion-based pat-
terning of the neural tube.[123] Flow channels running under 
the cell culture channels supply nutrients and desired guidance 
molecules to the cells. Morphogen concentration gradients 
(RA, SHH, BMP4, and FGF) are generated across the chamber 
using the vias (vertical channels fluidically connecting multiple 
layers) to control motor neuron differentiation. This gradient 
generating device has a significant advantage over traditional 
2D cell culture systems because it allows the establishment of 
more biomimetic microenvironments to understand complex 
developmental processes and improvement of differentiation 
efficacy of neurons through complicated signaling pathways 
and transcription factor interactions. Our group also developed 
a microfluidic device design to generate sequential and orthog-
onal gradients (Figure 2D).[75] The cross-shaped design of this 
microfluidic device allows the generation of a diffusion-driven 
linear gradient within its central collagen gel region. This gra-
dient could be rotated by 90° to generate a sequential orthog-
onal gradient. The design also allows a separate gradient to be 
generated at 90° to the original one, thereby enabling the for-
mation and maintenance of multidimensional gradients. These 
concentration gradients of RA and SHH improve the differen-
tiation of motor neuron cells from mouse ES cells.

Chemical gradients also have effects other than those we 
discussed so far. For instance, they affect the orientation of 
neurite elongation in hydrogels. Kapur and Shoichet also 
showed that immobilized gradients of nerve growth factor 
guide neurite outgrowth of PC12 cells in microfluidic device 
(Figure 2E).[76] They clearly showed that PC12 cell neurites 
are strongly guided and oriented by immobilized NGF con-
centration gradients. Kothapalli et al. demonstrated that a 
novel microfluidic device with three medium channels and a 
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single gel channel could be applied to investigate the neurite 
guidance by generating concentration gradients of netrin-1, 
brain pulp, and slit-2 (Figure 2F).[77] These high-throughput 
methods of using chemical gradient in microfluidic devices 
should be further developed, refined, and standardized. 
The establishment of these techniques along with precise 
methods of differentiation to neurons is necessary in order to 
use them to understand the mechanisms of neurodegenera-
tive diseases.

2.6. Influence of Mechanical Factors

Cell behavior in CNS and PNS is regulated not only by bio-
chemical factors discussed above but also by mechanical fac-
tors. Understanding the role of mechanical factors and their 
link to biochemical factors and eventually biological function is 
essential for understanding and recapitulating the pathology of 
neurodegenerative diseases. These mechanical factors include 
(1) stiffness, (2) confinement, (3) shear stress, (4) interstitial 
flow, and (5) optically induced exercise training (for muscle). 
In the nervous system, mechanical signaling via mechanotrans-
duction is also an important factor for cell or tissue behavior in 
neurogenesis and the pathogenesis of neurodegenerative dis-
eases. Mechanical factors also affect cellular morphology, prolif-
eration, phenotype, and migration.

2.6.1. Mechanical Factors that Affect Neural Cells

Many in vitro studies that culture cells on the substrates of 
defined stiffness have shown that mechanical properties 
determine the differentiation of neural stem cells and growth 
of neural cells. When brain cortical cells are cultured on soft 
or stiff substrates, their growth preference of each cell type 
depends on the stiffness. Neurons preferentially grow on 
soft substrates, while glial cells actively grow and proliferate 
on stiffer substrates.[124] Neurite outgrowth also depends on 
substrate stiffness. In Sundararaghavan et al., a gradient in 
substrate stiffness in a microfluidic device was used to study 
the effect of stiffness gradients on axon outgrowth using an 
H-shaped gel chamber.[78] They showed that axons of neu-
rons grow and migrate in the direction of decreasing stiffness 
(Figure 2G). Geometric confinement also affects the direction-
ality of axon outgrowth, as demonstrated when axons were 
allowed to grow into microgrooves of decreasing the width of 
thin channels. While many axons migrate from the wide side 
to narrow side, very few grow from narrow side to wide side 
(Figure 2H).[79]

2.6.2. Mechanical Factors that Affect Endothelial Cells

To maintain homeostasis of the vascular system, endothelial 
cells are regulated by shear stress and interstitial flow. Hattori 
et al. developed a perfusable microfluidic device that provides 
three different levels of shear stress (0, 4.9, and 10.0 dyn cm−2)  
using a peristaltic pump for analysis of vascular endothelial 
(human umbilical vein endothelial cells) functions.[125] They 

clearly showed that endothelial cells attached to microchannels 
align in the direction of flow under conditions of shear stress 
above 4.9 dyn cm−2, and that gene expression of endothelial 
nitric oxide synthase (eNOS) and thrombomodulin (THBD) 
increases in a shear stress-dependent manner. eNOS and 
THBD contribute to an atheroprotective effect by increasing 
NO production and preventing coagulation. Thus, shear 
stress clearly plays an important role in maintaining a healthy 
endothelium. Song and Munn investigated how fluidic force 
affects the sprouting of endothelial cells in microfluidic devices 
with a single gel channel.[80] They found that physiological 
shear stress (0.01 and 0.3 Pa) attenuates VEGF-driven angio-
genic sprouting. This attenuation by shear stress was accom-
panied by a decrease in EC proliferation and NO production 
(Figure 2I). In addition, Kim et al. established 3D perfusable 
microvascular networks on a chip.[81] They also described that 
fluid flow induced cytoskeleton reorganization of the ECs 
comprising the microvascular networks which showed a dis-
tinct distribution of F-actin microfilaments compared to static 
conditions although dense F-actin bundles preferentially local-
ized at the periphery of endothelial cells in the absence of fluid 
flow (Figure 2J). On the other hand, Galie et al. showed that 
luminal flow induced sprouting is triggered by a common  
threshold of shear stress in a microfluidic device.[82] This 
threshold response occurs regardless of whether the flow is 
transmural or luminal. They showed that shear stress above  
1 Pa threshold upregulates the expression of MMP-1. They also 
showed that interstitial flow across the vascular wall tends to 
promote angiogenic sprouting (Figure 2K). To test this, they 
fabricated an endothelialized microchannel with one or two 
cell-free channels placed opposite to the cell-seeded region and 
nozzle shaped microchannel.

2.6.3. Mechanical Factors that Affect Skeletal Muscle Cells

In the motor unit, skeletal muscle cells contract and relax due 
to transmission of action potentials from motor neurons. To 
prove that moderate training and exercise of skeletal muscle 
cells promote their survival and differentiation, Asano et al. 
showed that rhythmic stimulation of optogenetically modified 
cells facilitated sarcomere assembly to form the specific struc-
tural alignment of sarcomeric proteins, which are involved in 
muscle contraction (Figure 2L).[83]

2.7. Methods to Probe Neural and Vascular Activities  
in Microfluidic Devices

2.7.1. Morphological Analysis by Immunostaining

The most common method to characterize the activity of neu-
rons and endothelial cells is morphological analysis by immu-
nofluorescent staining. For neuronal cells, an increase in the 
expression of immature neuronal markers (Tuj1, NeurD1, and 
TBR1) and mature neuron markers (microtubule associated 
protein 2 (MAP2), synaptophysin, and PSD95) and a decrease 
in neuronal stem cell marker (Nestin) show the maturation 
of neuronal networks. For identification and characterization 
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of specific neurons, vGluT1, vGluT2, and glutaminase for 
glutamatergic neurons; GAT1, GABAB receptors 1 and 2, and 
GAD65 for GABAergic neurons; TH, DAT, and FOXA2 for 
dopaminergic neurons; and HB9, Islet1, ChAT, and SMI-32 for 
motor neurons were useful.[126,127]

Regarding endothelial cells, to evaluate permeability of vas-
cular structures, increased expression and localization of tight 
junction proteins at the boundary of cells are strong indicators 
of low permeability in vascular networks.[128]

To measure the permeability of endothelial cells directly in 
macroscopic devices such as Transwell systems, transendothe-
lial electrical resistance (TEER) measurement across the barrier 
is a standard noninvasive method for monitoring endothelial 
barrier integrity using electrodes.[129] In such systems, it has 
been shown that changes in electrical resistance correspond 
to tight junction dynamics. In microfluidic systems, TEER 
can be measured by integrating a set of electrodes within the 
microfluidic system.[130]

Furthermore, through the perfusion of fluorescently tagged 
dextrans (70, 40, and 10 kDa) and by studying their diffusion 
characteristics, permeability of the endothelial barrier can be 
evaluated.[131,132] The rate at which dextran crosses the endothe-
lial barrier (J) from the lumen side equals the rate at which it 
accumulates in the hydrogel, as is reflected in the following 
equation 

d
d

dbJ A P C
t

C V∫= ∆ = 	 (1)

Where Ab is the surface area of endothelial monolayer at 
the boundary of the gel and endothelial layer, P is the perme-
ability coefficient, ΔC is the concentration change across the 
barrier, and the integral is taken over the volume (V) of the gel 
region.[131]

In addition, staining of specific transporters (e.g., CAT1, 
ABCA1, PGP, MRP1, and TfR) on endothelial cells also shows 
the maturation of “brain” endothelial cells.[133] To observe such 
vesicular-mediated transport, high contrast and resolution are 
necessary. Traditional confocal laser scanning microscopy[134] 
and spinning disc fluorescent microscopy[135] are ways to image 
these micrometer-scale cellular structures. In addition, 3D 
reconstruction of the images acquired by confocal laser micros-
copy helps us understand the cell and tissue structure. Moreover, 
multiphoton laser microscopy could help to image deeper into 
dense tissues such as those with spheroids and cell sheets.[136]

2.7.2. Vascular Perfusability and Functionality

An important feature of microvascular networks in microfluidic 
systems is the existence of an open lumen within the networks, 
which leads to the networks being perfusable. To test this, a 
solution containing fluorescently tagged microbeads is typically 
introduced into microvascular networks.[137] By flowing micro-
beads of differing diameter, one gains insight into the effective 
diameters of these microvascular networks. In addition, the 
perfusion of fluorescently tagged blood cells such as leukocytes 
sheds light on the functionality of the vasculature in terms of 
its inflammatory response.[138] By stimulating endothelial cells 

with cytokines such as TNF-α, endothelial cells can capture 
these immune cells via ICAM-1 expression on the endothe-
lium. Consequently, we also observe a phenomenon referred 
to as “cell-rolling” before leukocytes extravasate.[139] Finally, 
the introduction of casting agents into the vascular networks 
and subsequent degradation of the surrounding matrix could 
also be used to visualize the morphology of microvascular 
structures.[140]

2.7.3. Neuronal Activity Patterns

Voltage imaging could be a method used to capture the elec-
trical activity of each neuron in the neuronal circuit, including 
subthreshold excitatory and inhibitory events with sub-milli-
second temporal precision and micrometer resolution.[141] The 
electrical patterns and dynamics of dendritic trees with syn-
aptic inputs and their subsequent responses could similarly 
be visualized. In addition, high-resolution voltage imaging 
could be crucial to understand dendritic integration, the elec-
trical function of dendritic spines. Furthermore, multielectrode 
arrays (MEAs) have excellent temporal resolution and extended 
coverage, and their noninvasive manner makes them particu-
larly suited for long-term experiments. Combining MEAs with 
microfluidic systems could, in principle, improve the detection 
of neural activity, although limited to 2D cultures. Also, prac-
tical constraints may limit their usefulness, in that it requires 
precise alignment for electrode–microfluidic device integration. 
Despite these limitations, however, use of such electrophysi-
ological measurements has been used to study synchronized 
burst firing, a critical mechanism in development, and could 
lead to better platforms for anticonvulsant screening.[142]

Calcium imaging and optical stimulation are also powerful 
tools to monitor neural activity in microfluidic devices.[143] 
Channelrhodopsin-2 (ChR2) variants excited with blue light 
and Fluo-4 are popular candidates for optogenetic stimulation 
and calcium imaging respectively.[144] These two modalities, 
however, have previously been incompatible because both have 
the same excitation frequency, thus limiting simultaneous stim-
ulation and detection. To eliminate this problem, several ChR2 
variants with red-shifted excitation peaks have been devel-
oped.[145] Also, the use of orange-shifted calcium indicators in 
combination with ChR2 is another solution.[146] The prospect of 
using electrophysiological techniques in microfluidic systems 
is promising for measuring synaptic plasticity, memory, and 
their importance in neurodegenerative diseases. Neuronal type, 
culture conditions, network topology, or stimulation patterns 
could be systematically examined to gain deeper insights into 
fundamental aspects of neuronal network behavior.

3. Modeling Neurodegenerative 
Diseases on a Chip

3.1. Brain on a Chip (CNS)

3.1.1. Neural Cell Culture Models

2D Compartmentalized Microfluidic Systems: CMSs have proven 
useful in the study neuronal behavior. They are composed of 
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multiple chambers separated by microgroove arrays and allow 
axon outgrowth into the microgrooves. The axons are spatially 
segregated from soma of neurons in these systems. Many 
studies have been performed using neuronal cultures to mimic 
the neuronal microenvironment in CMS using a microgroove 
system (Figures 2H, 4B,C, and 5A). This system enables iso-
lation of the axons from the soma and dendrites of neurons 
by allowing axons to extend into the microgrooves. The axons 
reach the opposite chamber with this extension, often acceler-
ated due to a hydrostatic pressure difference, and associated 
flow, between the two chambers.[23,147] Cohen et al. studied 
BDNF-mediated dendrite-to-nucleus signaling and its related 
gene expression changes in a CMS. CMSs with short micro-
grooves (75 µm) facilitate fluidic isolation of neurites form 
soma and allow one to selectively expose dendrites to BDNF.[148]

CMSs have been widely used as a model for intraneuronal 
(dendrites to axon) signaling, neuron–neuron interactions, as 
well as other cell interactions with neurons such as in studies 
of synapse formation/function, myelination, axon signaling, 
regeneration, and neuron–glial interactions.[149] Taylor et al. 
developed a more advanced CMS to represent parts of the CNS. 
In this system, they manipulated neuron synapses between 
two neuronal populations by culturing neurons in two adja-
cent yet separated chambers (Figures 2H, 4B,C, and 5A). They 
characterized axon and dendrite growth within the micro-
grooves; axons outgrowth is extensive, far enough to reach the 
opposite chamber, while dendrite outgrowth is less so with 
thicker extensions. The synapses are visualized by immunocy-
tochemistry staining of MAP2 and voltage-clamp recording.[150] 
In a similar manner, Robertson et al. showed neuron–glia syn-
apse formation in a CMS by co-culturing neuronal and glia 
cells in each of the separated chambers. Neurons and glial 
cells in each chamber grow within the microchannels where 
they physically interact and form synapses. The function of 
neuron–glia synapse was confirmed by calcium imaging.[151] 
Yang et al. developed a co-culture CMS combined with elec-
trodes to study activity-dependent myelination. They co-cul-
tured neurons and oligodendrocyte and showed that electrical 
stimulation promotes the generation of myelin segments.[152] 
In addition, there have been many other neuronal system 
studies in CMS including co-culture of axons with stem 
cells,[153] osteoblasts,[154] cardiomyocytes,[155] and others.

Similar CMSs have also been used in the study of neurode-
generative diseases as an in vitro disease model. For instance, 
Kunze et al. studied the pathogenesis of ALS by co-culturing 
neurons and omission of second division 1 mutated astro-
cytes.[156] One could explore uses of such microfluidic systems 
in the future to discover therapeutics for neurodegenerative 
diseases. The 2D-based CMS has the advantage of easy appli-
cation of electrical and optical stimulation[157] and easy quan-
tification, for instance, by incorporating electrodes on the 
bottom of the chamber to quantitatively measure neuronal 
signals.

3D Hydrogel-Based Models: Microfluidic systems have been 
employed in the development of many brain-on-a-chip models 
by different groups using various concepts of 3D hydrogel 
encapsulation. For instance, Jang et al. mimicked 3D direc-
tional axonal growth in a 3D Matrigel-based hydrogel. An addi-
tional feature of this system was ECM alignment generated by 

fluid flow. This group was one of the first ones to show that 
dendrites align parallel to the ECM fiber structure, introducing 
the potential to reconstitute a directional 3D neural network.[158] 
They introduced a simple method to manipulate the 3D-aligned 
structure within an ECM hydrogel. With a more advanced 
design of the channel, the same group also mimicked the for-
mation of an axon bundle that has 3D neuronal circuits within 
patterned Matrigel.[159] Additionally, the microfluidic system 
incorporating an ECM hydrogel facilitated 3D co-culture of dif-
ferent cell types in the nervous system.

Studying cell–cell interactions in a physiological microenvi-
ronment are another useful application of 3D ECM-hydrogel-
based culture systems. For instance, neuron–glial interactions 
have been studied in 3D by encapsulating neurons and glial 
cells in a patterned ECM scaffold in the microfluidic system. 
Wevers et al. developed a high-throughput system that enables 
patterning of the ECM-encapsulated cells in a microchannel 
with capillary pressure generated by a phase guid.[160,161] They 
successfully formed neuron–glial networks in 3D by embed-
ding neurons and astrocytes in the patterned Matrigel.[161] 
Additionally, with this technique of 3D ECM patterning, the 
multilayered cortex was mimicked by alternating the patterning 
of neuron–hydrogel and neuron–free hydrogel under a chem-
ical gradient of NGF.[162]

Recently, many neurodegenerative disease models have 
been created by differentiating stem cells such as iPS cells and 
NSCs, and reconstituting them in a 3D microenvironment in 
a microfluidic system. This is a promising new technology to 
model neurodegenerative diseases. One particularly fascinating 
study involves the development of an AD model using differ-
entiated stem cells.[163] The AD model was created by culturing 
neurons differentiated from iPS cells derived from fibroblasts 
of a familial AD patient. Pathological events of AD are recapitu-
lated by using neuronal cells expressing Aβ, differentiated from 
the neural stem cells engineered with multiple familial AD 
mutations.[164] To regulate the cellular function and behavior of 
stem cells and to guide their differentiation, it is essential to 
understand the regulatory environmental factors that control 
stem cell fate.[165]

Microfluidic systems, due to their microscale dimensions 
and flexibility, are well suited to capture the detailed behavior 
of neural tissues and to perform controlled studies of the var-
ious cell types involved. They also allow fine spatiotemporal 
control of biochemical and mechanical stimuli over elements 
of the cellular environment[166] as described earlier. With these 
advantages of microfluidic systems, they have been employed 
by many researchers for stem cell studies, including those 
involving regulation of stem cell fate as a function of biochem-
ical stimuli. The effect of growth factors or chemoattractants 
on growth and differentiation of NSC and iPS cells was studied 
by generating and maintaining a gradient of these biochemical 
factors across the microchannel using continuous flow or diffu-
sion.[20,167] This was used to apply different chemical stimuli to 
two sections of a single stem cell colony with the laminar flow 
of two parallel streams within the microchannel. This demon-
strated the ability to induce different kinds (and levels) of dif-
ferentiation[168] and could be used to control the level of differ-
entiation to a single cell type or for co-differentiation within a 
single stem cell colony.
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ECM composition and the level of confinement (microfluidic 
vs Petri dish culture) also play a role as important regulators for 
stem cell fate as shown by Han et al. who developed a hydrogel-
incorporated microfluidic system, which can provide an in vivo 
like microenvironment for NSC.[169] Using this microfluidic 
system, they showed that the differentiation tendency of NSC 
depends on both the ECM composition and environmental 
level of confinement (micro/macro) by comparing differen-
tiation fate of NSC cultured with various ECM compositions 
(Matrigel, collagen type 1, and a mixture of Matrigel and col-
lagen type 1) and in various environmental confinements, 
respectively. Neuronal and oligodendrocyte differentiation was 
shown to depend on both the ECM composition and level of 
confinement. Specifically, neuron and oligodendrocyte differen-
tiation was enhanced in Matrigel and in the mixture of Matrigel 
and collagen type 1 in a microfluidic system. But astrocyte dif-
ferentiation exhibited no dependency on either matrix composi-
tion or confinement.[169] Hesari et al. also showed that neural 
differentiation of human iPS cell is enhanced when they are 
cultured in a 3D microenvironment reconstituted within the 
microfluidic system, compared to those cultured on culture 
dishes.[170]

Co-culture with support cells could also influence stem 
cell fate. For instance, the viability of NSC and iPS cells is 
enhanced, and their differentiation is regulated in the presence 
of support cells. To demonstrate this, studies were performed 
in a 3D co-culture microfluidic system, which enables spatial 
patterning of different types of cell in well-defined regions. In 
one case, a 3D co-culture system was developed to reconstitute 
a 3D vascular microenvironment that allowed close interaction 
between NSC and the vascular network.[29] The NSC viability 
and self-renewal ability were improved, and astrocyte differen-
tiation was increased in co-culture with brain endothelial cells.

3.1.2. Neurovascular Unit and BBB

The BBB has structurally and functionally specialized proper-
ties, acting as a functional, selective barrier with low perme-
ability in order to protect the brain from harmful substances 
entering from the blood vessels. This property is essential to 
ensure and maintain the normal function of the CNS. The 
BBB is composed of microvascular endothelium surrounded by 
astrocyte foot process and pericytes embedded within a base-
ment membrane. The endothelium of the BBB has low permea-
bility compared to that of the endothelial lining in other organs. 
This low permeability also correlates with high expression of 
tight junction proteins such as ZO-1, claudin, and occludin, 
and a selective transport system regulated by the number of 
influx and efflux transporters such as P-glycoprotein (P-gp) and 
the receptor for advanced glycation end products (RAGE).[49,171]

Emerging studies show that the BBB is implicated in the 
pathogenesis of neurodegenerative diseases such as AD, PD, 
and Huntington’s disease, and a primary determinant of drug 
delivery to the brain.[59,172] Dysfunction of the BBB such as an 
increase in permeability appears in AD and PD patients, sug-
gesting a possible role for BBB disruption in these diseases. The 
BBB is also affected in disorders such as cerebral amyloid angi-
opathy. As the importance of the BBB in the neurodegenerative 

disease continues to emerge, the need for a BBB model has 
also been increased. In order to better understand the patholog-
ical mechanisms of several neurodegenerative diseases and to 
develop therapeutic drugs, it is therefore important to develop a 
BBB model that closely emulates in vivo physiology.

Current in vitro BBB models rely primarily on a 2D 
monolayer with a traditional assay, such as the Transwell 
system, in which bECs are cultured in a monolayer on top of 
a microporous semipermeable membrane. These Transwell 
systems have a vascular and an adluminal compartment (top–
bottom) with vertical diffusion of biochemical factors across the 
membrane and endothelial layer. This BBB model is a high-
throughput system to measure drug transport and binding 
affinity and could be used for not only monocultures of ECs 
but also for co-cultures of neuronal cells in the bottom com-
partment.[173] However, the limitations of a simple Transwell 
system have constrained its capacity to mimic important fea-
tures that are necessary for reconstituting BBB properties.

In traditional Transwell systems, it is difficult to precisely 
control microenvironmental factors or to obtain quantitative 
results in real time. To overcome these limitations, a promising 
approach has recently been introduced to develop microfluidic-
based BBB models that can provide a more physiologically 
relevant microenvironment with mechanical and chemical 
stimuli that simultaneously allow straightforward monitoring 
with potential for quantitative evaluation. These BBB-on-a-
chip models have been developed with various cell sources and 
design concepts for a range of applications (Table 1).

Many monolayer-based BBB-on-a-chip systems have been 
proposed. Typically, these consist of a porous membrane on 
which a monolayer of bECs is formed and multiple chambers 
on either side of the membrane which could have continuous 
perfusion and/or the culture of other neural cells (Figure 3A). 
Such designs are useful for applying continuous perfusion, 
shear stress, and the measurement of TEER for quantifying 
permeability. Hence, many researchers have applied it to recon-
stitute an in vitro BBB model and demonstrate BBB function. 
For example, Griep et al. developed a microfluidic system that 
is composed of two layered chambers with a porous membrane 
in between. They formed a monolayer of bEC (hCMEC/D3, a 
human brain microvascular endothelial cell line) on the mem-
brane, applied a shear stress on the bEC monolayer, and con-
firmed that this shear stress increased the expression level of 
tight junction proteins in the bECs with a consequent decrease 
in permeability.[181]

The system has also been used for co-culturing bEC with 
neural cells to mimic more physiologically relevant features 
of the BBB. Achyuta et al. demonstrated a neurovascular unit 
by co-culturing bEC (RBE4: rat brain endothelial cell line) on 
the porous membrane in the upper channel and neuron–glia 
cells in the bottom channel (Figure 3A). Because of different 
maturation periods of bEC and neuron–glial cells, they were 
cultured separately, and then the two chambers were assembled 
to enable communication through the porous membrane.[184] 
Wang et al. mimicked in vivo like BBB integrity and perme-
ability by co-culturing iPS cell-derived brain microvascular 
endothelial cells and astrocytes on the porous membrane of the 
bottom chamber side and on the upper chamber side, respec-
tively (Figure 3B).[192] They introduced a “step chamber” in the 
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Table 1.  The BBB model in a microfluidic device.

Ref. Device fabrication Endothelial cells Co-culture cells Physiological 
function

Results Permeability 
measurements

TEER Shear 
stress

Adriani  

et al.  

(2017)[131]

3D single layer  

PDMS-device  

with two channels

Green fluorescent 

protein (GFP)-Human 

umbilical vein endo-

thelial cell (HUVEC)/ 

hCMEC/D3

Primary brain 

astrocytes

N.A. N.A. 6.58 × 10−5 to 3.3 ×  

10−6 cm2 s−1

N.A. N.A.

Rats cortical  

neurons  

E18

10 and 70 kDa dextran,  

4 and 7 d culture

Herland  

et al.  

(2016)[132]

3D PDMS  

device viscous  

fingerprinting  

procedure

Human brain  

microvascular  

endothelial  

cells (hBMVEC)

Human brain 

pericytes
TNF-α-mediated 

inflammation

G-CSF and IL-6. IL-8 

release increased compare 

to static Transwell culture 

and between co-cultures

2–5 ×  

10−6 cm2 s−1

N.A. 100 

mPa

Human brain 

astrocytes

3 kDa dextran

Different co-culture 

systems

Wang  

et al.  

(2017)[174]

3D-printed  

microfluidic  

chamber

hiPS-derived  

BMEC

Primary rat 

astrocytes

Exposure to small 

drugs molecules 

(caffeine, cimetidine, 

doxorubicin)

Permeable  

to molecules

4, 20, 70 kDa  

dextran

2000– 

4000 Ω cm2

2–3 

mPa

Polycarbonate insert 10−7–10−8 cm2 s−1

Cho et al.  

(2015)[175]

3D PDMS composite 

assembly of horizontal 

parallel microchannel 

beside one macrochannel

Rat brain  

endothelial  

cells (RBE4)

Human  

neutrophils

Neutrophils 

transmigration

Inhibition of neutrophilis 

transmigration

40 kDa, visual  

diffusion  

comparison

N.A. N.A.

TNF-α-mediated Neuroinflammation 

response

Inflammation 

Oxygen–glucose 

deprivation-  

Antioxidant 

treatment

Reactive oxygen species 

(ROS) and Rho-associated 

protein kinase (ROCK) acti-

vation Cell death Limited 

antioxidant effect

Deosarkar 

et al.  

(2015)[176]

PDMS circular device 

independent vascular 

channel

Rat brain  

endothelial  

cells

Neonatal rat 

astrocytes

N.A. N.A. 40 kDa under flow 

condition: 41–1.1 ×  

10−6 cm2 s−1 for  

co-culture condition

N.A. 0.38–7.6 

mPa

Wang  

et al.  

(2016)[177]

Two-layered microfluidic 

channel’s porous 

membrane

Mouse brain  

endothelial  

cells (b.End3)

Mouse astrocyte 

(C8D1A)

P-gp efflux pump 

functional expression 

by dexamethasone

Increased by culture days, 

P-gp expression in mono 

co-cultures

Urea, 1.1 × 10−6  

Mannitol, 0.3–0.6 ×  

10−6 cm2 s−1

320 Ω cm2 160 

mPa

Immortalized 

mouse pericytes
Dexamethasone 2.9 × 

10−6 permeability

Brown  

et al.  

(2015)[178]

3 PDMS layers Human brain  

microvascular  

endothelial cells 

(hBMVEC)

Primary human 

brain pericytes

Exposition to gluta-

mate ascorbate

Increased  

permeability  

to ascorbate

24 h fluid flow of 10,  

70 kDa dextran
5–30 kΩ 

cm−2

2 mPa

1 polycarbonate  

filter membrane

Primary astro-

cytes Human 

cortical glutama-

tergic neurons 

from hiPSCs

Cold shock Disruption of Tight  

junctions (TJs)  

TEER decrease

Compare diffusion 

across  

the membrane

Kim et al.  

(2015)[179]

3D-printed collagen  

gel and channels

Immortalized mouse 

brain endothelial  

cells (b.end3)

N.A. BBB disruption by 

hyperosmotic d-man-

nitol exposure

Increase  

of permeability

40 kDa dextran- N.A. N.A.
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Ref. Device fabrication Endothelial cells Co-culture cells Physiological 
function

Results Permeability 
measurements

TEER Shear 
stress

And recovery after 

treatment
2.27 × 10 −7 cm2 s−1

6.5 × 10 −10 cm2 s−1

Mannitol 3.9 × 10−6 

cm2 s−1

Booth  

et al.  

(2012)[180]

PDMS sublayer Immortalized mouse 

brain endothelial cells 

(b.end3)

C8D1A 

astrocytes

Histamine 

exposition

Response after histamine, 

recover TEER initial value 

in 6–15 min

4, 20, 70 kDa 50–280 

Ω cm2 

co-culture

0.08 

mPa

Polycarbonate membrane Propidium  

iodide
10–25 Ω 

cm2 in 

Transwell

Griep  

et al.  

(2013)[181]

Two-layered membrane-

based device made of 

PDMS polycarbonate 

membrane

hCMEC/D3 N.A. TNF-α-mediated 

inflammation under 

stress

TNF-α and mechanical 

stimulation have more 

impact compared to  

Transwell on TEER

N.A. 40 Ω cm2 

under shear 

stress 120 Ω 

cm2

580 

mPa

TNF-α  

under shear 

stress 12 Ω 

cm2

Partyka  

et al.  

(2017)[182]

1 hydrogel reservoir up 

on two microchannels

hCMEC/D3 Human 

astrocytes
TNF-α-mediated 

inflammation with 

and without shear 

stress

Permeability  

increase in  

co-cultures

4 kDa dextran Static 

180–220 Ω 

cm2

50 mPa

-Flow 0.6–1.2 ×  

10−6 cm s−1

Flow 

220–1000 Ω 

cm2

-TNF-α 4–9 ×  

10−6 cm s−1

Prabhakar-

pandian 

et al.  

(2013)[183]

Circular PDMS device Rat brain EC RBE4 N.A. (Astrocyte 

conditioned 

media (ACM)

P-gp efflux activity Reduction of  

P-gp in the presence  

of verapamil

3, 5 kDa comparison 

with ACM

N.A. 3 mPa

Achyuta  

et al.  

(2013)[184]

2 PDMS chamber and 

polycarbonate membrane

Rat brain EC RBE4 E18 neural cells TNF-α mediated Hyperpermeabilty 3 kDa dextran N.A. N.A.

Differentiate into 

neurons, astro-

cytes, microglia

Inflammation TNF-α induced Relative  

comparison

ICAM-1 and glial activation

Yeon et al.  

(2012)[185]

Two-channel PDMS 

device

HUVEC N.A. (Astrocyte 

conditioned 

media (ACM))

Effect of ACM and 

hydrogen peroxide 

on endothealial 

permeability

Increase of permeability 4, 40, 70 kDa relative 

comparison

N.A. N.A.

Walter  

et al.  

(2016)[186]

PDMS–polyethylene 

terephthalate (PET) 

membrane–glass device 

assembly

hCMEC/D3 or 

primary rat brain 

endothelial cells

Primary brain 

pericytes

N.A. N.A. Sodium fluorescein  

376 Da dextran  

4.4 kDa

Static 10–20 

Ω cm2

150 

mPa

Primary brain 

astrocytes

Evans blue-labeled 

albumin 67 kDa

0.4–1.57 ×  

10−6 cm s−1

Dynamic 

19–30 Ω 

cm2

Sellgren  

et al.  

(2015)[187]

Two-compartment PDMS 

device and Polytetra-

fluoroethylene (PTFE) 

membrane

Murine brain endo-

thelial (b.end3)

Astrocytes 

(C8D1A, ATCC)

N.A. N.A. Dextran 70 kDa,  

6 × 10 −7 cm s−1

N.A. 500 

mPa

Table 1. Continued.
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bottom to minimize shear stress on the ECs, in order to estab-
lish that a minimal shear stress (lower level than other studies) 
enhances BBB integrity in BBB-on-a-chip models. The mon-
olayer-based BBB-on-a-chip models have several advantages 
including the ease of application of perfusion flow and the ease 
of electrode integration for the quantitative analysis of perme-
ability using TEER. However, there are still some limitations, 
such as the 2D geometry of the culture, which prevent it from 
better mimicking physiologically relevant 3D physical features 
of the BBB.

Microfluidic systems with designs that permit integrating a 
3D ECM scaffold provide an opportunity to overcome this limi-
tation. Such an ECM hydrogel scaffold provides a 3D physical 
tissue microenvironment that significantly helps maintain 
BBB function. Various methods have been developed to more 
closely mimic the features of the BBB such as incorporating 
appropriate cell–cell interactions (bEC with pericytes or astro-
cytes), cell–ECM interactions, and appropriate geometrical 
constraints (cylindrical geometry). Kim et al. developed a cylin-
drically shaped BBB model embedded in a collagen scaffold 
by combining 3D printing and microfluidics (Figure 3C).[179] 
They fabricated a frame for encasing a collagen scaffold using 
3D printing. Then, microneedles were inserted manually into 

the 3D printed frame, and collagen solution was introduced. 
After collagen polymerization, the microneedles were removed 
and then bECs were seeded into the cylindrical channels. This 
method allowed bECs to line the inner wall of the cylindrical 
channel, which is similar to their natural physiological form in 
the BBB. Herland et al. used a different approach, forming a 
3D cylindrical lumen in a hydrogel by taking advantage of the 
viscous fingering instability (Figure 3D).[132,193] After forming 
the lumen scaffold structure, cortex-derived human brain peri-
cyte and human brain microvascular endothelial cells (hBM-
VECs) were sequentially seeded into the channel. They then co-
cultured astrocytes by embedding them in 3D in the hydrogel. 
This group showed that the permeability of the vascular-like 
structure was reduced even further when either astrocytes or 
pericytes were co-cultured with the endothelial cells, with co-
cultures synergistically improving barrier function under perfu-
sion. They also showed the neuroinflammatory response such 
as granulocyte-colony stimulating factor (G-CSF) and IL-6 in 
vitro by adding TNF-α. Overall, they claimed that there is a sig-
nificant advantage in using their model over Transwell models 
for studies of neuroinflammation. This was postulated to be 
a consequence of the G-CSF, an important neuroprotective 
cytokine[194] secreted in response to brain injury by endothelial 
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Ref. Device fabrication Endothelial cells Co-culture cells Physiological 
function

Results Permeability 
measurements

TEER Shear 
stress

Labus  

et al.  

(2014)[188]

Transwell inserts  

with 3.0 µm pore  

polycarbonate 

membranes

Transfected human 

brain microvascular 

endothelial cells

Leukocytes 

Peripheral blood 

mononuclear 

cells (PBMCs)

TNF-α, IL-1 

β-mediated neuro 

inflammation 

transmigration 

of PBMCs after 

neuroinflammation

Increase of ICAM-1 MMP’s 

expression

Sodium fluorescein,  

1 × 10−6 cm s−1

250 Ω cm2 N.A.

-Reduction of ZO-1 and 

occluidin

-Increase of PBMCs 

transmigrated

Thomsen  

et al.  

(2015)[189]

Cell culture insert Porcine brain  

endothelial  

cells (PBECs)

Cerebral porcine 

pericytes porcine 

glia cells (mainly 

astrocytes) rat 

astrocytes rat 

pericytes

N.A. N.A. 6 × 10−5 to 0.8 ×  

10−6 cm s−1

70–1800 Ω 

cm2

N.A.

Nakagawa  

et al.  

(2008)[190]

Transwell inserts  

polyester membrane

Primary cultures of 

rat brain capillary 

endothelial cells

Rat cerebral 

astrocytes

Activity of 

P-glycoprotein

Different transport rate 3 × 10−6 cm s−1 400 Ω cm2 N.A.

Rat cerebral 

Pericytes

By transport of 

rhodamine 123 and 

drug transport

Merkel  

et al.  

(2017)[191]

Cell culture insert PET 

membrane 0.3 µm

hBMVEC isolated 

from temporal of hip-

pocampal tissue

Human primary 

astrocytes

Comparison of 

adeno-associated 

virus vectors AAV9 

AAV2

AAV9 more efficiently  

cross the barrier

3 kDa dextran  

16 000 RU

1000–1240 

Ω cm2

N.A.

Trafficking the BBB AAV9 does not affect  

TEER, permeability,  

TJs’ expression

40 kDa dextran  

800 RU

Table 1. Continued.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700489  (17 of 29)

www.advancedsciencenews.com www.advhealthmat.de

cells, astrocytes, and neurons,[195,196] and promoting neuronal 
survival and proliferation[197] in AD patients.

Recently, our group developed a new microfluidic platform 
that combined the compartmentalization capabilities of pre-
vious 2D models with a 3D ECM scaffold. This system was 
used to investigate the interaction between cerebral endothelial 
cells, neurons, and astrocytes by culturing the three cell types 
together in separate channels in a microfluidic device to pro-
duce a neurovascular chip (Figure 3E).[131] This platform was 
used to measure permeability across two types of endothe-
lial cells, with or without neurons and astrocytes, and to test 
how chemical compounds cross the endothelial barrier. The 
endothelial barrier formed by human cerebral microvascular 
endothelial cells (hCMEC/D3) exhibited low permeability to 
three different molecular weights of dextrans compared to 
the corresponding permeabilities of human umbilical vein 

endothelial cells. Furthermore, unlike previous systems, this 
device could also be used to study detailed cellular dynamics 
through high-resolution imaging.

As discussed above, changes in the BBB function are closely 
related to the pathology of neurodegenerative diseases. Thus, 
a well-validated BBB-on-a-chip technology would be well suited 
not only to the study of pathological mechanisms of neurode-
generative disease but also to the development of new methods 
of therapeutic drug delivery.

3.1.3. Alzheimer’s Disease Models

AD is a progressive neurodegenerative disorder, which is char-
acterized by two pathological features—Aβ plaques and neu-
rofibrillary tangles—that are thought to cause brain damage.[198] 
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Figure 3.  In vitro models of BBB. A) A 2D monolayer based neurovascular unit-on-a-chip. The system consists of two main chambers separated 
by a porous membrane. A neurovascular co-culture was performed by assembling vascular and neural culture chambers after vascular monolayer 
formation and neuronal differentiation was separately performed. Reproduced with permission.[184] 2013, The Royal Society of Chemistry. B) A BBB-
on-chip equipped with the electrodes for TEER measurement. The system enables physiologically relevant luminal perfusion past the BBB monolayer, 
minimizing the shear stress magnitude by introducing a “step chamber”. Reproduced with permission.[192] C) A collagen-based cylindrical BBB micro-
vascular model. The cylindrical shape of BBB was performed by introducing microneedles within the collagen scaffold in the 3D-printed frame. After 
removing the microneedles, bECs were seeded into the collagen microchannels to form a lumen-shaped BBB. Reproduced with permission.[179] 2015, 
AIP Publishing LLC. D) A 3D BBB model was developed by fabricating a cylindrical hollow region within a collagen scaffold driven by viscous fingering. 
bECs were then seeded into the hollow channel to form a lumen-shaped structure. Also co-culturing with pericytes and astrocytes was performed by 
plating pericytes on the luminal surface of the gel prior to bEC seeding and embedding astrocytes in the surrounding gel. Reproduced with permission. 
2016, Public Library of Science. E) A 3D neurovascular microfluidic model. The system consists of four channels, two side channels for media supple-
ment and two center channels for 3D neuron and astrocyte culture. The neurovascular unit was reconstituted by culturing neurons and astrocytes in 
each hydrogel channel and forming a bEC monolayer in the side channel. Reproduced with permission.[131] 2017, Royal Society of Chemistry.
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The amyloid hypothesis suggests that the extraordinary accu-
mulation of Aβ within brain is a trigger and the primary event 
of AD pathogenesis. This has been the main theory that the AD 
research community has adopted for AD pathological mecha-
nisms over the last two decades. However, recently Alzheimer’s 
drugs targeting the removal of Aβ plaques, based on the amy-
loid hypothesis, have failed in clinical trials. This has led to an 
urgent need for the development of in vitro human AD models 
in order to study AD, develop a comprehensive understanding 
of the complex mechanisms of AD pathogenesis, and finally 
test therapeutic drugs.

Many studies have shown that the BBB and inflamma-
tion have key roles in AD pathogenesis and therapeutic 
drug delivery. Several groups have shown that dysfunction 
of BBB is associated with AD and it seems to increase the 
risk of AD. Therefore, there has been an increasing recogni-
tion that the BBB and the immune system have an impor-
tant role in AD. Recent studies have identified BBB leakage 
in patients with early-stage AD, and there is some evidence 
to suggest that this may be a cause of AD pathogenesis. The 
typical characteristics of BBB dysfunction in AD include a 
BBB permeability increase, decrease of tight junction protein 
expression, and disruption of the Aβ clearance system. Even 
though many studies have been conducted to elucidate the 
mechanisms behind BBB changes in AD, the exact cause of 
BBB dysfunction in AD has not yet been identified. Some 
researchers have shown that Aβ-40 and Aβ-42 affect BBB 
leakage by degrading the expression of tight junction proteins 
and increasing the expression of MMP-2 and MMP-9. Inter-
action between Aβ-42 and RAGE is also associated with dis-
ruption of tight junction proteins. Additionally, other studies 
have shown that the degradation of pericytes and astrocytes 
by Aβ-independent effects of apolipoprotein E could lead to a 
loss of BBB function.

Many studies over the past decade have brought the fun-
damental role of neuroinflammation in AD pathology to the 
forefront. Inflammatory players in AD pathogenesis include 
microglia and astrocytes, which are activated by Aβ and pro-
duce pro-inflammatory molecules including cytokines such as 
IL-1, IL-6, and TNF-α. It was reported that a significant increase 
in pro-inflammatory molecules causes neuronal damage and 
might influence amyloid deposition.[199] Also, it was recently 
reported that microglia play a role in converting aggregated Aβ 
into neurotoxic forms.[200] Therefore, in addition to reconstruc-
tion of neuronal networks, incorporating changes in the BBB 
as well as inflammation is necessary in creating a comprehen-
sive AD model.

Traditional in vitro human AD studies using simple Petri-
dish-based cultures are insufficient. Most of these studies 
have been performed by observing neuronal death through 
Aβ-induced damage. These studies used neural cells cultured 
either on a 2D substrate or in a 3D ECM hydrogel and tested 
their response to Aβ. Many in vitro AD models have been devel-
oped by using patient-derived neurons, neurons differentiated 
from neural stem cells with the Familial Alzheimer’s disease 
(FAD) mutation, or from iPS cells. With advanced technologies, 
3D AD models recapitulating the generation of Aβ plaques or 
neurofibrillary tangles have been successfully developed. With 
these 2D cell cultures, we are limited in our understanding of 

the mechanisms of AD pathology including AD-related BBB 
dysfunction and inflammation as well as neural damage.

Transwell-based systems could be used to model more com-
plex features of AD. Studies of AD-related BBB dysfunction 
using such systems have been underway for over two decades. 
Such studies are typically conducted by culturing bECs as a 
monolayer on porous Transwell membranes and investigating 
their response to Aβ exposure. In these systems, BBB dysfunc-
tion is evaluated both by observing changes in expression levels 
of tight junction proteins or Aβ mediating transporters and by 
measuring changes in the permeability. The AD–inflammation 
link has also been studied in a similar manner. Aβ-associated 
microglial activation was studied by culturing microglia on 
well plates and treating them with Aβ. Activation of microglia 
is evaluated by observing morphological changes or signaling 
activation.[201]

The Petri dish and Transwell models are both traditional AD 
models that have led to many discoveries. However, they are 
unrealistic in terms of how they mimic the complex features of 
AD pathology. They lack a number of critical in vivo like physi-
ological features as well as controlled physical stimuli[202] such 
as direct cell–cell interactions, controlled flow dynamics, circu-
lating blood cells, and a brain-specific microenvironment and 
ECM.

Several in vitro AD models have been developed in micro-
fluidic systems to tackle some of the limitations of these tradi-
tional AD systems. Studies of Aβ toxicity on neural networks 
and transmission have been performed by many groups. Choi 
et al. investigated the neurotoxicity of Aβ oligomeric assemblies 
by developing a microfluidic platform capable of generating 
a gradient of Aβ oligomeric assemblies within microchan-
nels.[203] They induced an osmotic pressure to generate a slow 
flow similar to the interstitial flow in brain by incorporating 
an osmotic pump into the platform. Neuronal cells adhered to 
the microchannel were exposed to a gradient of Aβ oligomeric 
assemblies, and their neurotoxicity was evaluated by the Live/
Dead assay, immunocytochemistry staining, and Fluorescence-
activated cell sorting (FACS) analysis. Park et al. from the same 
group extended this work to develop a 3D AD model in a micro-
fluidic system incorporating 3D neurospheres more closely 
mimicking the brain tissue (Figure 4A). To test Aβ neurotox-
icity, 3D neurospheres were exposed to Aβ via an osmotic pump 
in the same way.[204] Deleglise et al. investigated the pattern 
of neuronal degeneration by Aβ peptide by using a CMS.[205] 
Soma–dendrites and axons are separated in each fluidically iso-
lated chamber which permits treating each cell type with Aβ 
peptide separately. This study found that soma–dendrites are 
associated with Aβ peptide-induced synaptic loss, but axons 
are not. Song et al. also demonstrated Aβ transmission via neu-
ronal networks that might contribute to the spreading of plaque 
that occurs in neurodegeneration.[206] They used a CMS com-
posed of three main culture chambers, connected by arrays of 
microgrooves, enabling synapse formation. Within the system, 
they demonstrated transneuronal and retrograde Aβ transmis-
sion from axons to cell bodies, suggesting that blocking Aβ 
transmission may be a useful therapeutic approach. In addi-
tion, neuron-to-neuron tau propagation was examined within 
a CMS. A CMS composed of three chambers was also used 
to model the synaptic connections by forming dual layered 
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neurons to investigate tau transfer (Figure 4B).[207] High-
molecular-weight tau was added in the first compartment that 
contains the soma and dendrites of the first layer of neurons, 
and its propagation into the axons in the third chamber via the 
synaptic connections in the second chamber was observed with 
time-lapse analysis.

In addition to studies involving the direct influence of Aβ 
neurotoxicity or tau on neural networks, the role of neuro-
inflammation in AD pathology has also been studied in 
microfluidic systems. Cho et al. investigated the migration and 
accumulation of microglia under a chemotactic gradient of 
Aβ using a microfluidic system (Figure 4C).[208] They reported 
that under gradients of soluble Aβ, microglial morphology first 
changes followed by migration toward the chamber with sol-
uble Aβ. This group also performed studies on Aβ fibril-coated 
surfaces. They found that the microglial motility was decreased 
specifically in areas on the surface that were patterned with 
Aβ. When the surface-patterned Aβ and the soluble Aβ were 
combined, there was a synergistic effect on microglial accumu-
lation. Bianco et al. developed a microfluidic system that ena-
bles investigation of the mechanisms of cellular interactions 
between astrocytes and neurons during neuro-inflammatory 
events.[209] They found that astrocytes from the hippocampal 
(but not cortical) area of the brain have a detrimental role on 
neurons when exposed to Aβ fibrils. This study brings up 
the importance of incorporating astrocytes in modeling AD 
pathogenesis.

Even though BBB dysfunction plays a key role in AD, there 
have been a few well-controlled microfluidic studies in this 
area. One advantage of a 3D microfluidic-system-based BBB 

model is that it enables studies of various aspects of BBB-
related pathological phenomena in AD. For example, changes 
in BBB permeability under treatment with Aβ- or AD-related 
chemokines could be visually observed. Well-controlled cell–cell 
interactions can be studied by co-culturing Aβ neurons along 
with a BBB model composed of endothelial cells with astrocytes 
and pericytes, all in the same complex microfluidic system. 
Such systems could also facilitate real-time monitoring of phys-
ical and chemical events between cells.

3.1.4. Parkinson’s Disease and Huntington’s Disease Models

PD is a progressive disorder characterized by the loss of dopa-
minergic neurons in substantia nigra pars compacta along 
with the abnormal aggregation of intracellular proteins such 
as α-Syn.[210] The symptoms of PD include uncontrollable 
tremors, postural imbalance, and slowness of movement and 
rigidity.[211] α-Syn is the major component of Lewy bodies that 
develop inside both nerve cells and filamentous inclusion char-
acteristics of PD as well as are found in other synucleinopathies 
such as Lewy bodies dementia and multiple atrophy. The aggre-
gated α-Syn in these Lewy bodies is thought to play a role in 
neurodegeneration. It has been hypothesized that aggregated 
α-Syn might behave like a prion, which is an infectious agent 
composed entirely of protein material, capable of initiating 
misfolding and aggregation of nascent or even properly folded 
α-Syn.[212,213] Analysis of the production and aggregation of 
α-Syn as well as its crystallographic structure is necessary for 
a thorough investigation of axon–glia interactions[69] in addition 
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Figure 4.  In vitro model of Alzheimer’s disease. A) A hydrogel free neurospheroid-based AD model. Neurospheroids were formed in a microfluidic 
system containing concave microwells with an interstitial flow driven by an osmotic pump. To study neurotoxicity of Aβ of the AD, the neurospheroids 
that were cultured in the system were exposed to medium containing synthesized Aβ and evaluated with a Live/Dead assay. Reproduced with permis-
sion.[204] 2015, Royal Society of Chemistry. B) A microfluidic study of tau propagation from neuron to neuron. The system is composed of three main 
chambers connected by arrays of microgrooves. Axon growth and synaptic formation were performed by seeding neurons in the first and second 
chambers and allowing axon isolation from soma and dendrites. Tau transfer is confirmed by detecting tau positive axons in the third chamber after 
14 d of tau treatment in the first channel. Reproduced with permission.[206] 2015, Macmillan Publishers. C) A microfluidic platform to study microglial 
responses to various types of Aβ. The system is composed of two chambers connected by microchannels, which enable generation of a long lasting 
gradient of soluble Aβ. The system also features patterning of the Aβ on the bottom. A range of different behaviors of microglia are observed in response 
to different types of Aβ. The microglia migrate along the gradient of soluble Aβ but their speed slowed on the patterned Aβ, where they were also found 
to accumulate. Reproduced with permission.[208] 2013, Nature Publishing Group.
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to developing appropriate co-culture systems with dopamin-
ergic neurons, oligodendrocytes, and astrocytes.

To date, there are a few realistic in vivo like models for PD. 
Some of the current models include the one by Freundt et al.[214] 
in which they demonstrate a culture model of primary neurons 
in the presence of fibrils of α-Syn in microfluidic devices with 
microgrooves. They showed that α-Syn fibrils are internalized 
by neurons and transported along the axons. This transfer of 
α-Syn fibrils to neuronal somata is similar to the character-
istic pattern of spread of Lewy bodies. In order to make these 
models more relevant to PD pathophysiology, one could inte-
grate α-Syn transport tracking with compartmentalized micro-
fluidic systems and PD patient-derived cells. Compartmental-
ized chambers for neuron patterning would allow quantitative 
analysis of neural activity to investigate the pathogenesis of 
PD. Such models could be made even more realistic by adding 
novel microfluidic features such as integration of microvalves 
to control fluid routing and reconstitution of paracrine sign-
aling between the various neural cells.

Huntington’s disease is an inherited neurological disorder 
caused by an expansion of cytosine-adenine-guanine (CAG) 
trinucleotide repeats in the gene encoding the Huntington’s 
protein (Htt). It is estimated to affect 7–10 individuals per 
100 000 and is most prevalent in populations of European 
origin.[215] Htt expression is involved in numerous biological 
processes, such as in regulating neural cell apoptosis,[216] in 
enhancing microtubule-based transport, and in scaffolding 
of cytoskeletal molecules at synapses.[217] Htt also induces 
abnormal gene expression,[218] aberrant protein folding, 
degradation and clearance, and the formation of large protein 
aggregates called inclusion bodies.

Successful models of HD in culture rely on the ability to dif-
ferentiate iPSCs or ESCs into inhibitory GABAergic medium 
spiny neurons including other affected cell types, such as 
cortical neurons, astrocytes,[219] and possibly oligodendro-
cytes expressing Htt. It has been demonstrated that iPSCs 
can successfully be derived from individuals with severe 
neurodegenerative disorders, and these patients display robust 
phenotypes that replicate many features of their respective dis-
eases, carrying all of the associated genetic components that 
make certain cell types susceptible to a disease state.[220] In the 
case of HD, the use of iPSCs[221] is a fundamental innovation 
that allows researchers to study the most genetically precise 
model of the disease.[222]

So far, developing a realistic HD model has been particu-
larly challenging because the mechanism of HD pathogenesis 
is largely unknown compared to AD or PD. To facilitate our 
mechanistic understanding of HD, we should develop real-
istic in vitro cell culture models for the disease process. How-
ever, cells growing in a Petri dish lack many critical features 
of neural cells that have developed in vivo. First, the complex 
brain microenvironment including the mechanical and chem-
ical cues may be important to fully reproduce and understand 
how Htt alters cellular function. Second, there are many other 
cell types within the brain other than neurons that contribute to 
the pathological processes of neurodegenerative diseases. The 
contribution of each cell present in the brain may be studied in 
precisely defined co-cultures in microfluidic platforms. Despite 
the promise of microfluidic technology for modeling complex 

neurodegenerative diseases such as HD, no 3D microfluidic 
models of HD are reported in the literature.

An important factor in HD progression is the potential role 
of aging in neurodegeneration. As the symptoms of HD typi-
cally emerge in late adulthood, years rather than weeks of Htt 
expression may be necessary to fully replicate the disease.[223] 
Moreover, it is possible that the disruption of cellular function 
by Htt may be offset more readily in young versus aged cells in 
a way such that symptoms may only present themselves in late 
adulthood. For this reason, it would be interesting to develop 
long-term cell cultures with Htt.

3.1.5. Prospective Works for Brain-On-a-Chip

An integrated model of the brain would be a tremendous aid 
to our understanding of the pathogenesis of brain-related dis-
eases such as AD, PD, and HD as discussed in this review, as 
well as after injuries such as cerebral infarction and subarach-
noid hemorrhage. To realize a brain-on-a-chip, the co-culture 
of various types of cells specific to the brain would be impor-
tant. In particular, stem cells derived from adipose tissue and 
bone marrow as well as iPS cells could potentially be used 
to generate these cells. In studies of the use of iPS cells for 
tailor-made treatments and drug screening, one long-standing 
problem has been the lack of effective differentiation protocols 
to obtain mature bECs from iPS cells (as they are very special-
ized). However, in 2017, Yamamizu et al. solved this problem by 
inducing mature bECs from iPS cells. Their protocol involved 
co-culturing iPS endothelial lineage cells with iPS-derived peri-
cytes, neurons, and astrocytes.[133] They found that the Notch 
signaling pathway (between the endothelial lineage cells and 
iPS neurons) was involved in this fate specification. Although 
this is a breakthrough development, this differentiation is a 
process that is quite cumbersome and expensive. Monolayers 
made from these induced bECs have permeabilities that corre-
late well with the BBB permeability reported previously. They 
also have a high expression of specific transporters for brain 
endothelial cells such as high expression of nutrient trans-
porters (CAT3 and MFSD2A) and efflux transporters (ABCA1, 
BCRP, PGP, and MRP5).

In order to further investigate neurodegenerative disorders 
and develop in vitro models that could be applied in drug 
screening, we think it is necessary to combine all our biolog-
ical mechanistic and process-oriented knowledge (efficient dif-
ferentiation procedure of iPS cells and cost-effective methods) 
along with the fabrication of appropriate microfluidic devices 
to reconstitute the microenvironment of brain. In particular, 
because the development of AD is related to endothelial func-
tion and dysfunction, which in turn is sensitive to various 
mechanical stresses, microfluidic platforms occupy an impor-
tant role for further progress in this field.

Brain organoids have emerged as an alternative to using 
engineered bottom-up platforms as brain models. Lancaster 
et al. have shown the possibility of engineering 3D brain 
organoid from iPS cells.[224] They cultured the neuroectoderm 
tissue embedded in droplets of Matrigel (as scaffolds) to sup-
port complex tissue growth. Then, these droplets were trans-
ferred to a spinning bioreactor, resulting in the formation of 
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a complex tissue with discrete regions representing several 
different parts of the brain naturally developing in the orga-
noids. This organoid model could be used not only to under-
stand fundamental mechanisms of neurodevelopment, but 
also to study human brain development and disease. Hence, 
this model shows tremendous promise as a drug-screening 
model for brain disorders. Microfluidic devices could also be 
used to culture organoids under more well-controlled micro-
environments.[225] Au et al. developed a hepatic organoid cul-
ture model in a microfluidic device.[226] Their microfluidic 
array enables many hepatic organoids to be formed simul-
taneously and spontaneously in microchambers. For such 
drug-screening studies, a high-throughput device must be 
engineered to save time and cost. In the future, the combi-
nation of brain organoids with a microfluidic device that is 
high throughput could open new doors for basic studies of 
neuronal development, in drug-screening as well as in tissue-
engineering applications.

3.2. Neuromuscular Disorders-On-a-Chip

3.2.1. Motor Unit and NMJ

The NMJ might play a central role in the development of ALS 
causing atrophy of skeletal muscle fibers.[227] NMJ differs from 
chemical synapses that link a motor neuron with a muscle 
fiber, which transmits the signal to muscle cells via acetylcho-
line receptors (AChR).[228] During development, the signal from 
both the motor neuron terminal and muscle cell induces the 
formation of NMJ. First, muscle cells express distributed AChR 
on the surface of cells. After this, Agrin and MuSK kinase 
help the accumulation of AChR in the central region of the 
myocyte. Once motor neurons attach to myotubes and form 
an NMJ, ACh is released from the axonal terminals of motor 
neurons which positively reinforces the localization and stabi-
lization of the developing NMJ.[229] Acetylcholine released from 
neurons also regulates the efficacy of neurotransmission. For 
the contraction of muscle, the signaling from brain transmits 
a motor nerve action potential that reaches the presynaptic 
nerve terminal, eliciting release of a neurotransmitter (as also 
described in Section 2.3.3). This leads to an increase in intracel-
lular calcium concentration by causing an increase in ion con-
ductance, resulting in the fusion of the acetylcholine vesicles 
with the plasma membrane. Once acetylcholine is present in 
the synapse, it is able to bind to nicotinic acetylcholine recep-
tors increasing the conductance of certain cations, sodium 
and potassium, in the postsynaptic membrane and producing 
an excitatory end plate current. Cations flowing into the post-
synaptic cell cause a depolarization, as the membrane voltage 
increases above the normal resting potential. When the elec-
trical signal exceeds a threshold magnitude, an action potential 
is generated post synoptically. This action potential propagates 
through the sarcolemma to the interior of the muscle fibers and 
eventually leads to an increase in intracellular calcium levels 
and subsequently initiating the process of excitation–contrac-
tion coupling. Once coupling begins, it allows the sarcomeres 
of the muscles to shorten, thus leading to the contraction of 
the muscle.[230] This motor neuron–muscle communication is 

vital for NMJ as well as for formation, maintenance, and proper 
functioning of skeletal muscle.

3.2.2. Amyotrophic Lateral Sclerosis

The most commonly known neurodegenerative disorder of 
motor neurons is ALS, which involves degeneration of both 
upper and lower motor neurons. This disease results from the 
proliferation of astrocytes caused by degeneration of the corti-
cospinal tracts. ALS usually starts with painless weakening of 
the legs and arms and develops in one’s 40s or 50s. To date, 
there are no effective treatments for sporadic ALS and familial 
ALS. Recent studies suggest that failure of the proteolysis 
pathway via autophagy affects development and progress of 
ALS.[231–234] Nonetheless, the exact mechanism is unclear.

There are several different in vitro models to study ALS. 
Neurite elongation studies are used to investigate ALS as a 
model of new motor neuron innervation after injury in ALS 
patients. The most common way to analyze neurite elongation 
is monolayer culture on Petri dishes coated with poly-l-lysine 
(PLL) or poly-d-lysine (PDL) in a 2D culture system. However, 
we cannot control axon–dendrite polarity in 2D culture sys-
tems. In 1977, Campenot et al.[235] developed a compartmented 
culture system consisting of a Teflon separator attached to a 
glass substrate, which allows for enhanced visualization of 
axon–dendrite polarity. In 2005, to improve on some of the lim-
itations of this culture system, Taylor et al. proposed a PDMS-
based compartmented high-throughput microfluidic device to 
study axon extension from neurons in brain and spinal cord 
(Figures 2H, 4B,C, and 5A). This culture platform was used to 
investigate axon regulation (proliferation, guidance, and exten-
sion)[23] and to understand co-culture interactions with non-
neuronal lineage cells.[236] However, such a system has not yet 
been exploited for co-culture with spinal motor neuron–skeletal 
muscle cells, to form an NMJ and to test subsequent muscle 
contraction. In addition, Winkler et al. showed that blood–
spinal cord barrier (BSCB) disruption leads to early motor 
neuron dysfunction and degeneration in an SOD-mutated ALS 
mouse model.[237] Other groups have also claimed that both 
neuron–muscle cell interactions and neuron–endothelial cell 
interactions are important in forming blood–spinal cord barrier 
in ALS pathogenesis.[238] Therefore, in engineering a new in 
vitro system that closely mimics ALS pathogenesis, we should 
reconstitute an integrated co-culture system using various 
types of cells (e.g., motor neurons, endothelial cells, Schwann 
cells, and skeletal muscle cells) to understand this complex 
mechanism.

Co-culture systems, including CMSs, form good NMJ 
models to potentially study ALS pathogenesis. Some of the 
first co-culture systems to study NMJ include early work by 
Southam et al. They demonstrated a novel in vitro model of 
lower motor neuromuscular junction circuit.[239] They co-cul-
tured motor neurons isolated from the spinal cords of embry-
onic rats and glial cells from the spinal cords of neonatal rats in 
one of the side compartments. After 14 d of culture, myotubes 
differentiated from myoblasts of neonatal rats were seeded in 
the other side-compartment. Elongated axons contacted the 
myotubes and formed neuromuscular junctions observed by 
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scanning electron microscopy (SEM) images (Figure 5A). They 
also showed that spinal glial cells and myotubes support motor 
neuron growth, indicating the necessity of the co-culture with 
some non-neuronal cells in order to mimic development of ALS 
in vitro. Ionescu et al. also showed a simplified and efficient 
system to demonstrate formation of NMJ in a compartmen-
talized microfluidic device.[240] They also co-cultured mouse 
embryo-derived motor neurons and adult skeletal muscle cells 
in the device. Furthermore, various tests such as a muscle con-
traction assay, calcium transient recording, axonal growth, and 
imaging of the NMJ could be performed in the system to test 
proper functioning of the NMJ. Morimoto et al. developed a 
3D neuron–muscular construct by culturing muscle cells in a 
narrow region pattered by Matrigel and mouse NSC-derived 
motor neurons on the muscular bundle (Figure 5B).[242] They 
reported contraction in response to neurotransmitters released 
from neurons with synchronization. Each of these models 
demonstrates unique features in the development of drug-
screening platforms for neurodegenerative disease involving 
NMJ dysfunction.

Some of the more recent work in NMJ disease models 
include optogenetically engineered cells to facilitate measure-
ment of NMJ function (action potential stimulation, NMJ for-
mation, and muscle contraction). For instance, Steinbeck et al. 
developed a simple 2D co-culture model using ChR2 motor 
neurons and human primary skeletal muscle cells to form the 
NMJ.[243] To model neuromuscular disease, they added IgG 
from a myasthenia gravis patients, which is more biochemically 
reactive than control immunoglobulin G (IgG). They observed 
a reversible reduction in the amplitude of muscle contrac-
tions, representing a surrogate marker for the characteristic 
loss of muscle strength seen in myasthenia gravis. Recently, 
to improve upon models such as this, our group developed a 
compartmented microfluidic device with the reconstitution of 
3D muscular strips and motor neuron elongation in 3D.[241] 
C2C12 cells were seeded in one of the compartments with flex-
ible pillar structures (Figure 5C), forming a muscular tissue 
strip anchored at the pillars with the capability of force meas-
urement. Then, mouse-ESC-derived motor neuron spheres, 
optogenetically modified to express ChR2, were injected in a 
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Figure 5.  In vitro model of motor unit for neurodegenerative disease. A) Co-culture of skeletal muscle cells, motor neurons and astrocytes from the 
spinal cord of mouse embryo and fetal mouse. Motor neurons and astrocytes were cultured in the upper compartment, and skeletal myoblasts were 
cultured in lower compartment. Axons of motor neurons extend into lower compartment through the thin channels and reach the skeletal myotube 
resulting in formation of a neuromuscular junction. Reproduced with permission.[239] 2013, Elsevier. B) In vitro formation of neuromuscular junc-
tions with skeletal myotubes by culturing muscle cells in a narrow region pattered by Matrigel. Mouse-NSC-derived neurospheres directly attached 
to the muscle bundle and formed neuromuscular junctions with acetylcholine receptors (AChR). Reproduced with permission.[240] 2016, Elsevier.  
C) An engineered motor unit with NMJ activated by optogenetics. A microfluidic device with three compartmentalized channels and pillar structures 
was developed. After formation of the C2C12 muscle bundle on pillar structures in one compartment, neurospheres genetically induced to express 
channelrhodopsin (ChR2) were injected into the left compartment. Axonal outgrowth toward the muscle bundle could be seen in 4 d, resulting in the 
formation of an NMJ. Optical stimulation of the neurospheres induced muscle bundle contraction indicating formation of a functional NMJ as well as 
maturation of the muscle bundle. Reproduced with permission.[241] 2016, American Association for the Advancement of Science.
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neighboring compartment, and both compartments were filled 
with collagen hydrogel. This allowed the formation of neuronal 
elongation through the gel and subsequent formation of NMJs. 
Furthermore, optogenetic stimulation enabled contraction 
force in the microfluidic device to be measured in response to 
an intermittent light stimulus. Using this platform along with 
ALS-patient derived cells could potentially lead to a useful dis-
ease model.

3.2.3. Prospective Works for Neuromuscular Disorders-On-a-Chip

To date, studies of motor-unit-on-a-chip in CNS and PNS are 
focused primarily on investigating interactions between motor 
neurons and skeletal muscle cells. However, if we combine 
the state-of-the-art of current models and also incorporate 
neurovascular interactions, patient-derived cells (from iPSCs), 
optogenetics, microfluidics, and 3D printing technology, this 
would constitute a significant step forward in the development 
of in vitro neuromuscular disease models.

The motor neuron–vascular interactions or skeletal muscle–
vascular interactions are important, yet largely ignored. This 
significance of the vascular tissues in neuromuscular disorders 
is likely due to their anatomical co-localization; in the CNS and 
PNS, neuronal networks and vascular networks are aligned in 
parallel with active cross-talk. Vascular networks support neu-
ronal outgrowth and neuronal network development by efficient 
distribution of oxygen and nutrients.[244] In addition, vascular 
networks play an important role in motor neuron degeneration. 
Garbuzova-Davis et al. found that the BSCB of endothelial cells 
breaks down followed by vascular alternation prior to motor 
neuron degeneration and neurovascular inflammation due to 
the loss of endothelial integrity in SOD1 mouse model as well 
as in ALS patients.[238] The entry of blood-borne toxins could 
be an early key factor in ALS pathogenesis, resulting in motor 
neuron death. Furthermore, Winkler et al. found that red blood 
cells invading the tissue through the BSCB breakdown cause 
the generation of reactive oxygen species, inducing early motor 
neuron injury.[237] Therefore, they proposed a strategy to prevent 
early motor neuron injury by blocking these injury steps using 
5A-APC for BSCB repair as well as desferrioxamine (DFX) for 
iron chelation glutathione (GSH) for antioxidants. In addition 
to biochemical factors originating from blood, growth factors 
such as VEGF secreted from the surrounding vascular cells, 
also influence neuromuscular disorders. In healthy patients, 
sufficient expression of VEGF protein provides neuroprotec-
tion and oxygen supply to motor neurons. However, in ALS 
patients, a relatively low level of VEGF leads to compromised 
neuroprotection and perfusion resulting in motor neuron 
degeneration.[245] By considering these mechanisms, Lambre-
chts et al. showed that VEGF treatment could protect against 
ischemic motor neuron death in an ALS mouse model. These 
findings revealed the therapeutic potential of VEGF for stressed 
motor neurons in human ALS patients.[246] Although there are 
numerous studies reporting motor neuron degeneration, they 
are not sufficient to understand the entire pathogenesis of 
motor neuron degeneration. Further research is necessary in 
order to understand the interaction between vascular networks 
and motor neurons (as well as with skeletal myotubes).

Optogenetics is a key enabling technology. It could be used 
to test functional connectivity between motor neurons and skel-
etal muscle cells by optically activating specific ion channels. 
The transplantation of neuronal stem cells could be used thera-
peutically in neuroregeneration because it is difficult to regen-
erate nerves naturally. Stem cell grafts and electrochemical neu-
roprostheses may have potential use in the treatment of spinal 
cord injury. However, transplanted neurons cannot communi-
cate with the rest of the nervous system. Bryson et al. showed 
optogenetic control of differentiated and transplanted motor 
neurons. In the mouse, activated motor neurons expressing 
ChR2 could re-establish connections within a damaged sciatic 
nerve system.[247] This kind of optogenetic control of motor 
neurons could contribute to both the control of movement 
and repair of the nervous system. Optical stimulus training 
after motor neuron transplantation into zebrafish improves 
the repair of axons by increasing the level of cyclic adenosine 
monophosphate (cAMP).[248] Optical stimulation could also 
be used to improve the contractile function in skeletal muscle 
(Figure 2L).[249] Studies have already demonstrated the pos-
sibility of combining optogenetics and microfluidic devices to 
drive muscle contractions using localized optical stimulation 
(Figure 5C). This technique and further improvement and 
refinement of optogenetics (e.g., muscle training with optoge-
netics) could allow us to move to the next stage of investiga-
tions in neuronal and muscular activity.

3D printing could also be applied to aid basic cell biology 
studies, fabrication of microfluidic device, as well as applica-
tions in tissue engineering. Johnson et al. developed a bioin-
spired and customizable 3D-printed nervous system on a chip 
(3DNSC).[250] This 3DNSC allows the assembly of a biomimetic 
scaffold for aligning neuronal axons and spatial organization 
of cells. 3DNSC consists of parallel microchannels, a sealant 
layer, and a third chamber was subsequently printed on top 
using silicone and grease. PNS neurons, Schwann cells, and 
the terminal cell junctions of the neurons were separately cul-
tured in three different compartments, resulting in integrated 
neural networks. Such 3D-printing techniques improve the 
flexibility in the design of device architecture to create specific 
microenvironments.

To ultimately mimic ALS patient-specific conditions in vitro, 
it is necessary to use neuron and muscle cells from patient-
derived iPS cells. Dimos et al. initially generated ALS patient-
derived motor neurons from induced pluripotent stem cells.[251] 
Son et al. introduced in 2011 a technique to start with mouse 
and human fibroblasts and eventually differentiate them to 
functional spinal motor neurons.[252] Egawa et al. also estab-
lished a technique to obtain ALS patient derived motor neu-
rons from iPS cells and examine the TDP43 protein.[253] To 
further understand the mechanism of ALS, we need to com-
bine these types of cells, recapitulate the microenvironment in 
microfluidic devices including an NMJ, and to eventually test 
the contraction force of muscle tissue fibers.

To apply motor unit and spinal-cord-on-a-chip platforms to 
screening for new drugs, it is necessary to use our biological 
insights from previous studies to fabricate novel in vitro sys-
tems. Such systems will use patient-derived cells efficiently 
differentiated from iPS cells along with state-of-the-art tech-
niques in microfluidic device design (and 3D printing) to 
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reconstitute the microenvironment of the CNS and PNS. Also, 
mechanotransduction might play an important role in stud-
ying neuromuscular disorders due to the mechanically active 
microenvironment of NMJs.

4. Conclusion

This review gives an overview of applications of in vitro micro-
fluidic device models in neurodegenerative diseases. The fun-
damental mechanisms giving rise to these diseases are still 
being identified and are unclear in many cases even though 
significant effort has been dedicated to this for decades. Recon-
stitution of in vivo like physiology and pathology in vitro could 
help in enhancing our understanding of disease pathogenesis 
as well as aid in drug discovery efforts.

In this review, we first summarized the advantages of micro-
fluidic devices and described some of the existing models. 
Then, we discussed in detail the use of microfluidic devices to 
study the effect of biological and mechanical factors as well as 
methods to probe function of neural and vascular systems. We 
also mentioned specific in vitro models for brain-related disor-
ders such as AD and PD and for diseases involving spinal cord 
and peripheral nerve disorders such as ALS with also men-
tioning their current drawbacks. Finally, we described prospec-
tive works for reconstitution of an in vitro neurodegenerative 
disease model. To fully understand the mechanism of patho-
genesis of neurodegenerative diseases such as AD, PD, and 
motor neuron disorder (ALS), it is necessary to utilize exper-
tise across a range of disciplines: merging our knowledge 
about biological processes such as efficient differentiation 

methods, genetic engineering, knockout mouse models, and 
engineering techniques such as microfluidic devices, bioreac-
tors, and mechanical and optical stimulation to meet specific 
requirements for an in vitro model (Figure 6). In particular, 
the use of patient-derived iPS cells has the potential to accel-
erate this field of research because many researchers have 
started to show that these patient-derived iPS cells express 
the genotype as well as phenotype of specific diseases. In the 
study of neurodegenerative diseases, the integration of these 
patient-derived cells with microfluidic devices to mimic the 
microenvironment using a variety of ECM biomaterials along 
with the applications of specific biochemical and mechanical 
factors could be the next frontier. Understanding how to engi-
neer vascular networks and neuronal networks to form a neu-
rovascular unit in brain along with neuromuscular junctions 
is important to mimic the brain and the spinal cord. Microflu-
idic devices now have the capability of integrating these com-
ponents into small lab-on-a-chip style devices that could meet 
a variety of needs from basic science to translational drug 
discovery.
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Figure 6.  Prospective in vitro models for neurodegenerative disease. To more fully understand the mechanisms of pathogenesis in neurodegenera-
tive diseases such as AD, PD, and motor neuron disorders (ALS), it is necessary to develop in vivo like in vitro systems. For this, we need to merge 
our biological knowledge (efficient differentiation methods, genetic modifications, and knockout mouse models) along with engineering techniques 
(microfluidic devices, bioreactors, and mechanical and optical stimulation) to meet specific requirements of organ- and disease-specific in vitro sys-
tems. In particular, the use of patient-derived iPS cells has tremendous potential for modeling specific disease, and has been shown to express the 
desired genotypes/phenotypes. Neurodegenerative diseases can be advanced by the integration of these patient-derived cells with microfluidic devices 
to mimic microenvironments, by the use of various ECMs, and by applying biochemical and mechanical factors. Combining vascular networks and 
neuronal networks into a neurovascular unit in brain or neuromuscular junctions is an important step toward mimicking the brain and spinal cord. 
Microfluidic devices have the capability to integrate these components into small lab-on-a-chip style devices with a range of applications.
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