',\' frontiers

in Bioengineering and Biotechnology

REVIEW
published: 07 May 2019
doi: 10.3389/fbioe.2019.00100

OPEN ACCESS

Edited by:

Massimo Alberti,

Agency for Science, Technology and
Research (A*STAR), Singapore

Reviewed by:

Abhigyan Satyam,

Harvard Medical School,

United States

Dilip Thomas,

Stanford University, United States

*Correspondence:
Regina Luttge
rluttge@tue.nl

Specialty section:

This article was submitted to

Tissue Engineering and Regenerative
Medicine,

a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 03 September 2018
Accepted: 18 April 2019
Published: 07 May 2019

Citation:

Frimat J-P and Luttge R (2019) The
Need for Physiological
Micro-Nanofluidic Systems of the
Brain.

Front. Bioeng. Biotechnol. 7:100.
doi: 10.3389/fbioe.2019.00100

Check for
updates

The Need for Physiological
Micro-Nanofluidic Systems of the
Brain

Jean-Philippe Frimat'? and Regina Luttge ™

" Neuro-Nanoscale Engineering Group, Microsystems Section & ICMS Institute for Complex Molecular Systems, Eindhoven
University of Technology, Eindhoven, Netherlands, 2 Department of Neurosurgery, Maastricht University Medical Centre,
School for Mental Health and Neuroscience, Eindhoven, Netherlands

In this article, we review brain-on-a-chip models and associated underlying technologies.
Micro-nanofluidic systems of the brain can utilize the entire spectrum of organoid
technology. Notably, there is an urgent clinical need for a physiologically relevant
microfluidic platform that can mimic the brain. Brain diseases affect millions of people
worldwide, and this number will grow as the size of elderly population increases, thus
making brain disease a serious public health problem. Brain disease modeling typically
involves the use of in vivo rodent models, which is time consuming, resource intensive,
and arguably unethical because many animals are required for a single study. Moreover,
rodent models may not accurately predict human diseases, leading to erroneous
results, thus rendering animal models poor predictors of human responses to treatment.
Various clinical researchers have highlighted this issue, showing that initial physiological
descriptions of animal models rarely encompass all the desired human features, including
how closely the model captures what is observed in patients. Consequently, such animal
models only mimic certain disease aspects, and they are often inadequate for studying
how a certain molecule affects various aspects of a disease. Thus, there is a great
need for the development of the brain-on-a-chip technology based on which a human
brain model can be engineered by assembling cell lines to generate an organ-level
model. To produce such a brain-on-a-chip device, selection of appropriate cells lines
is critical because brain tissue consists of many different neuronal subtypes, including
a plethora of supporting glial cell types. Additionally, cellular network bio-architecture
significantly varies throughout different brain regions, forming complex structures and
circuitries; this needs to be accounted for in the chip design process. Compartmentalized
microenvironments can also be designed within the microphysiological cell culture
system to fulfill advanced requirements of a given application. On-chip integration
methods have already enabled advances in Parkinson’s disease, Alzheimer’s disease,
and epilepsy modeling, which are discussed herein. In conclusion, for the brain model to
be functional, combining engineered microsystems with stem cell (hiPSC) technology
is specifically beneficial because hiPSCs can contribute to the complexity of tissue
architecture based on their level of differentiation and thereby, biology itself.
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INTRODUCTION
We suggest that there is an urgent medical need for
physiologically relevant microfluidic platforms that can

mimic the brain. Therefore, what are the technical arguments
for following such a radically new approach? A previous World
Health Organization (WHO) report showed that neurological
disorders, ranging from epilepsy, Alzheimer’s disease, and
stroke to headache, affect up to one billion people worldwide
(Dua et al., 2006). An estimated 6.8 million people die every year
due to neurological disorders. In 2004, the economic cost of
neurological diseases in Europe was estimated at between 139
and 386 billion euros (Andlin-Sobocki et al., 2005).

Research with models of brain disorders typically involves
the use of rodents in vivo, which is time consuming, resource
intensive, and arguably unethical because many animals are
required for a single study (Festing and Wilkinson, 2007).
Moreover, rodent models may not accurately predict human
disease and may lead to erroneous results (i.e., false positives;
Perrin, 2014), rendering such animal models as poor predictors
of human responses. Various clinical researchers have highlighted
this issue, showing that the initial physiological descriptions
of animal models rarely encompass all of the desired human
features, including how closely the model captures what is
observed in patients. Consequently, such animal models are often
inadequate for studying how a certain molecule affects various
aspects of a disease (Perrin, 2014). Thus, there is presently a great
need for the development of better models to investigate the brain
and its diseases.

In neurobiological research, microfluidic channels and various
interconnected compartment geometries have been used to
study axon guidance (Francisco et al, 2007) and neuronal
regeneration processes (Taylor et al., 2003, 2005). Spatiotemporal
investigations of electrophysiological function have also been
performed on microelectrode arrays (MEAs) (Ban et al., 2007;
van Vliet et al., 2007). We recently introduced organ-on-a-
chip technology, which yields miniaturized systems that support
two- and three-dimensional (2D and 3D) cell culture formats
(Frimat et al., 2015; Bastiaens et al., 2018; Moonen et al,
2018; Xie et al, 2018). These on-chip low-volume culture
systems can forward-engineer brain-like tissues as well as other
organ features from a small number of human cells and
simply rely on internal diffusion facilitated by the microfluidic
approach (Ronaldson-Bouchard and Vunjak-Novakovic, 2018).
A lung-on-a-chip study demonstrated the use of stem cells
assembled to provide an organotypic model resembling full
organ structure rather than only mimicking certain aspects of
organ function (Huh et al, 2010). Although this study is a
fascinating development of our era, it had a basic science scope
concerning disease modeling. Micro- and nanotechnologies
have significantly contributed to the development of better
human organ and disease models. However, to successfully
engineer a brain-on-a-chip model, researchers must produce
an in vitro model that accurately mimics critical cellular
events observed in vivo. Therefore, to construct functional
brain tissue within a miniaturized system, certain criteria must
be met.

Considering that brain disorders are the number one
factor reducing quality of life in aging societies, we review
the advances in and requirements of microsystems that
mimic brain function. First, we summarize the literature
concerning the essential technical features involved in the
design of brain-on-a-chip systems. Second, we address
the clinical requirements of and medical need for brain-
on-a-chip systems by reviewing previous applied studies.
Finally, we argue that there is not only a clear need for
brain-on-a-chip technology in biomedical research, but
also, given the dedicated efforts of engineers to improve the
performance of brain-on-a-chip devices as well as their high
biological and clinical relevance, technological solutions can
be achieved.

BRAIN-ON-A-CHIP TECHNOLOGY AND
BRAIN MODELS

As previously mentioned, a brain-on-a-chip is a micro-
engineered chip platform that mimics the physiological
microenvironment and tissue of a particular brain region. In
this section, we discuss detailed brain-on-a-chip design features
and culture methods, including their applications to brain
disease modeling.

Conventional Methods for 3D Neuronal
Cell Cultures

When designing brain models, cellular mass transport (Yamada
and Cukierman, 2007) is an essential aspect to consider to
engineer the correct microenvironment for different cellular
events (Figure 1A). Various technologies exist that mainly
attempt to mimic the in vivo microenvironment of the central
nervous system (CNS). Alépée et al. (2014) reviewed the
conventional methods for designing organotypic brain models
(Figure 1B). For example, electrophysiological recordings of
neuronal tissues primarily rely on rodent brain slices (Qi
et al, 2019). Co-culture models with a glial cell layer
overlaid by a second neuron layer have also been studied
(Viviani, 2006). To model the blood-brain barrier, transwell
culture systems have been developed in which neurons and
endothelial cells separated by a porous membrane can be grown
and permeability assays as well as transendothelial electrical
resistance (TEER) measurements can be performed (Patabendige
et al.,, 2013). Dissociated rodent brain cells have also been
used with the development of methods to isolate and re-
aggregate 3D brain cell cultures (Bart Schurink and Luttge,
2013). Moreover, neurospheres can be grown on low-adherence
plastic plates and then replated onto an adhesive substrate,
which supports the outgrowth of radial glia and migrating
neurons (Jensen and Parmar, 2006). Finally, using stem cell
technology, neuronal tissue can spontaneously self-assemble
into organoids (Lancaster et al., 2013), which will be discussed
in section Human Induced Pluripotent Stem Cell Technology.
However, these methods are insufficient and too reductionist for
disease modeling.
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FIGURE 1 | (A) Microenvironmental factors affecting cell behavior. Numerous spatially and temporally changing microenvironmental aspects may affect how
accurately a 3D model reflects cellular behavior in vivo. Conversely, cells (center) can actively modify their local microenvironment. Figure reprinted with permission,
previously published in Cell, Yamada and Cukierman (2007). (B) Conventional methods for designing 3D in vitro models of the nervous system. The first 3D in vitro
models used rodent brain slices (1) or co-culture models consisting of neurons placed directly on top of a glial cell layer (2). Transwell culture models are also used to
mimic the blood-brain barrier in vitro (3). Re-aggregating brain cell culture models can also be formed by the spontaneous re-aggregation of dissociated rodent brain
cells (4). Neurospheres can be generated and kept in low-adherence plastic plates (5) with secondary 3D cultures being produced by plating these neurospheres onto
a planar adhesive substrate (6). Engineered neural tissue is generated by growing highly concentrated stem cell suspensions on a membrane floating at the air-liquid
interface. This tissue is polarized (e.g., astrocytes at the bottom), consists of several neuronal subtypes, and shows rosettes as neural tube-like structures (7). Figure
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Chip Technologies Using Various
Combination of Microfluidics, Electrode
Arrays, and 3D Cell Cultures

To a large extent, brain model advances have been limited
due to a lack of controlled environments which recreate
CNS microenvironment characteristics. The established cell
culture models mimicking brain function are too simplistic,
whereas more physiologically relevant approaches, such as the
use of ex vivo brain slices or in vivo experiments, provide
limited control and make information extraction difficult.
Therefore, advances in nano- and microfabrication technology
have increased the developmental potential of brain-on-a-chip
devices (Figures 2A-D; Park et al., 2006). These advances include
microfluidic platforms that have been engineered for different
neuroscience research needs, such as greater visualization (Lu
et al., 2012) and quantification (Park et al., 2014; Zhao et al,,
2014), network formation control (Frimat et al.,, 2010; Dinh
et al,, 2013), studying neuronal co-culture effects (Figures 2E,F;
Dinh et al,, 2013), improving brain slice culture performance,
and examining on-chip electrophysiology (Massobrio et al.,
2016). The development of compartmental culturing platform
for primary neurons, which combines microfluidics with surface
patterning (Figure 2), has allowed for real-time monitoring of
axons (Zhao et al., 2014) and synapses (Taylor et al., 2010)
as well as studies of brain injury and trauma (Taylor et al,
2005). Another important platform is the transwell assay, which
enables the study of organ membrane function (Jang et al.,
2013). The development of microfabrication methods yielding
novel platforms for complex tissue constructs, such as the
blood brain barrier (BBB), has received considerable attention
(Banks, 2016).

These platform technology advances have enabled the
production of various brain structures, including the cerebral
cortical layers, which were engineered by intercalating

neuron-hydrogel layers with plain hydrogel layers (Figure 3A;
Kunze et al,, 2011a). These engineered cortical layers exhibited
different synaptic densities per layer as well as chemical
gradients of growth factors (Cheng et al., 2007; Wong et al,
2008; Kunze et al., 2011c). In addition, neurospheroids, which
are 3D non-hydrogel-based brain models, have also been
developed (Choi et al., 2010). Choi et al. (2010) cultured cells
from all six layers of the rat cortex at the bottom of concave
microwells and investigated network formation inside of the
neurospheroids. More detailed 3D brain models have also
attempted to include the BBB using microfluidic approaches.
The BBB is a 3D multicellular structure of the brain which
regulates the passage of molecules from the blood to the brain
and has profound implications for modeling disease responses
to drugs (Vandenhaute et al., 2012; Banks, 2016). In BBB models,
intersecting microfluidic channels are separated by a porous
polycarbonate membrane upon which endothelial cells (vascular)
and astrocytes (brain) are cultured on opposite sides, which
essentially mimics the BBB (Griep et al., 2013). This membrane
also allows for TEER measurements for barrier characterization
(Odijk et al.,, 2015; van der Helm et al., 2016). Alternatively,
a hollow fiber-like design (i.e., synthetic microvasculature,
SyM-BBB) with enhanced visual capabilities has also been
developed (Achyuta et al., 2013; Prabhakarpandian et al., 2013).
These models have elucidated how drugs or toxins can breach
the BBB and enter the brain microenvironment. Another brain
model platform combines 3D cell cultures or samples with MEA
systems, which allows for real-time electrical readouts of cells as
well as the identification of electrical signatures associated with
neurotoxicity (Pancrazio et al., 2003; Wolfer et al., 2006). Further
advancement in this area has led to the development of 3D
MEAs (Figure 3B) which convey 3D connectivity information
(Kohling et al., 2005; Musick et al., 2009). Moreover, a system
has been established that allows for 3D perfusion by using an
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FIGURE 2 | Dendrites grow into the microgrooves of microfluidic chambers. (A) Schematic of a microfluidic chamber. (B) Fluorescence image of dendrites extending
into microgrooves (MAP2, green; scale bar, 50 wm). (C) Dendritic length within microgrooves as a function of days in culture. (D) Fluorescence image of dendritic
spines within microgrooves (scale bar, 10 wm). Figure reprinted with permission, previously published in Neuron, Taylor et al. (2010). Highly interconnected SH-SY5Y
co-cultures in two (E) and three (F) compartments. Neurons and neurite outgrowths are immunostained for B-Ill tubulin following culture for 5 days. Figure reprinted
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FIGURE 3 | (A) Three-dimensional layers of the cerebral cortex, which were engineered using intercalating neuron-hydrogel layers. This drawing illustrates the layered
structure of the 3D neural cell culture. The hydrogel or cell-loaded hydrogel flow through four inlet, main, and outlet channels. The two inserts show the final
microfluidic device fabricated using polydimethylsiloxane (top insert) and three devices placed in a Petri dish for incubation during cell culture (bottom insert). Figure
reprinted with permission, previously published in Biomaterials, Kunze et al. (2011a). (B) Three-dimensional microelectrode array for recording dissociated neuronal
cultures. Figure reprinted with permission, previously published in Lab on a Chip, Musick et al. (2009).

Cell micro-chamber

active 3D microscaffold system with fluid perfusion for culturing
in vitro neuronal networks (Rowe et al., 2007).

Human Induced Pluripotent Stem Cell
Technology

An alternative brain model that utilizes 3D culture involves the
use of stem cell technology to engineer neural tissues which
grow directly from neurospheres, yielding organoids (Lancaster
et al., 2013). Although the aforementioned technologies allow
for the development of brain-on-a-chip platforms, the cell
sources used in such models must be carefully considered.
Stem cell technology has been a giant-leap forward in
the design of brain organoids; however, human induced
pluripotent stem cells (hiPSCs) are an attractive alternative

for on-chip brain modeling. HiPSCs have several advantages
over immortalized neuronal cell lines or primary animal
brain cells. HiPSCs can be obtained from human somatic
cells (Takahashi et al., 2007) as an inexhaustible cellular
resource. Moreover, hiPSCs can be cultured and differentiated
into multiple brain cell types and are genetically matched
with the patient (Dolmetsch and Geschwind, 2011). HiPSCs
differentiated into neural lineages allow for neurotoxicological
or neurodevelopmental assays as well as the analysis of mature
human neuronal networks by exploiting self-organization during
neural differentiation. Kilic et al. (2016) demonstrated the
feasibility of differentiating pluripotent human cells (NTERA2)
into neuronal clusters containing astrocytes, which interfaced
with a layer of human brain microvascular endothelial cells
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that had BBB characteristics. This 3D multicellular on-chip
environment enhanced chemotactic cue-induced human neural
progenitor migration (i.e., CXCL12 expressed during embryonic
brain development and in pathological CNS tissues). A
promising development in iPSC technology is the use of patient-
derived iPSCs containing single mutations that lead to disease
(e.g., familial dysautonomia; Lee et al., 2009). In such patients, the
IKBKAP encoding gene contains a point mutation that is directly
correlated with the loss of autonomic and sensory neurons.
Through healthy vs. diseased hiPSC screening, the collection of
patient-derived iPSCs can allow for diagnosis and in vitro drug
treatment prior to patient treatment, which could lead to more
personal and efficient diagnoses and drug treatments (Park et al.,
2008; Dolmetsch and Geschwind, 2011).

Disease Models

Neurodegenerative diseases and disorders, such as Parkinson’s
disease (PD) and Alzheimer’s disease (AD), lead to the
destruction or degradation of synaptic connections, whereas
neurological diseases, such as epilepsy, are thought to be related
to dysfunctional network responses. Although epilepsy-on-a-
chip has not been established yet, brain-on-a-chip technology has
been applied to PD and AD modeling. In the following sections,
we discuss the main technical features of the brain-on-a-chip
platforms utilized for these disease models.

Alzheimer’s Disease-On-A-Chip

In AD, synaptic dysfunction is usually related to malfunctions
of proteins, such as tau and amyloid beta (amyloid-p) (Pascoal
et al.,, 2016). Therefore, some AD models have focused on
modulating these proteins with respect to their influence on
synapse formation and glial cell communication (Hai et al,
2010). Three-dimensional neuronal tissue models, including the
aforementioned networked neurospheres (Choi et al., 2010), have
also been used for AD studies investigating amyloid-p protein
expression and network formation (Choi et al., 2013). Platforms
and systems offering real-time analyses of neuronal activity, co-
culturing, and chemotaxis gradients have been used to model AD.
Previously, microfluidics were successfully used to demonstrate
the role of amyloid-f in neuronal connections (Deleglise et al.,
2014) and glial cells (Cho et al, 2013). Using these models,
these studies showed that amyloid-p accumulation in cortical
neurons led to the occurrence of synaptic anomalies at the level
of neurotransmitter signaling pathways, which represented the
onset of AD. Tau protein hyperphosphorylation is a hallmark
trait of AD (Pascoal et al, 2016), and studies combining
microfluidics and co-cultures demonstrated that different tau
phosphorylation states could be modeled within interconnected
microfluidic neuronal cell compartments (Kunze et al., 2011b;
Cho et al, 2013). In another AD model study, microfluidic
devices were used to demonstrate neuron-to-neuron wild-
type tau protein transfer through trans-synaptic mechanisms
(Dujardin et al, 2014). More recently, an 3D on-chip AD
model was proposed (Park et al., 2015; Figure 4). The use of
microfluidic technologies allowed for culture media perfusion
to assess perfused amyloid-f effects on network formation
(Park et al., 2015). This chip contained concave microwells

for the formation of homogeneous 3D neurospheroids of a
uniform size. Its osmotic micropump system was connected
to the outlet to provide a continuous flow of medium. By
providing 3D cytoarchitecture and interstitial flow, this chip
approximated the microenvironment of normal and AD brains,
which facilitated the investigation of amyloid-p effects on 3D
neural tissue. On the microfluidic chip, normal (i.e., healthy)
neurospheroids were cultured under dynamic conditions with
a flow of normal medium containing oxygen and nutrients for
10 d. AD neurospheroids were cultured on the microfluidic
chip under dynamic conditions with a flow of normal medium
containing oxygen and nutrients for 7 d. Following this, the
AD neurospheroids were incubated with a medium containing
5uM of synthetic amyloid-p for 3 d. Compared with the
normal model, the AD model had decreased cell viability and
increased neural destruction and synaptic dysfunction, which are
pathophysiological features of AD in vivo.

Parkinson’s Disease-On-A-Chip

An on-chip PD model that allowed for monitoring of
mitochondrial transport on single dopaminergic axons was also
proposed (Lu et al.,, 2012). This device consisted of two open
chambers connected via microchannels in which axon growth
was monitored and labeled mitochondria were visualized. The
device promoted oriented axon growth into a separate axonal
compartment for analysis. Moreover, this device improved upon
the culture of more sensitive neurons (i.e., primary midbrain
dopaminergic neurons). Although this work was limited to
mitochondrial transport, vesicular transport, and microtubule
fragmentation, which also contribute to dopaminergic fiber loss,
could also be analyzed with this device. This is an important
development because such studies are difficult to perform using
traditional cell culture approaches and PD brain lesions are
always associated with dopaminergic fiber loss. To date, this
device does not support co-culture or 3D cell cultures but instead
uses microfluidics to align axons. This approach highlights
the axonal degeneration mechanisms potentially underlying
PD pathophysiology as well as those underlying other major
neurodegenerative diseases.

Another potential on-chip PD model using 3D phase-guided
microfluidic cell culture bioreactors was recently developed as
a personalized biomedical approach to PD (Moreno et al,
2015). These authors differentiated human neuroepithelial stem
cells into dopaminergic neurons in microfluidic cell culture
bioreactors and suggested that this platform could be used to
study substantia nigra dopaminergic neuron degeneration, a
hallmark of PD.

Epilepsy

Epilepsy is characterized by excessive synchronized electrical
activity within the brain. MEAs in combination with brain slices
have been the best technology used so far to monitor, study, and
detect epileptic activity in vitro. This technology consists of rapid
high-throughput static platforms used for drug discovery and
toxicology studies. Recently, an in vitro model of spontaneous
epilepsy was proposed in which cells cultured from transgenic
mice expressing p2-V287L were used with MEA technology to
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and Alzheimer’s disease brains, which facilitates the investigation of amyloid-p effects on 3D neural tissue. Figure reprinted with permission, previously published in
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assess the role of Bp2-V287L in synaptic formation (Gullo et al.,
2014). With this $2-V287L model, the authors showed that it is
possible to produce murine models with human channelopathy
in vitro. In addition, MEAs coupled with microfluidics have been
proposed to monitor neuronal network activity under different
conditions and exposures (Morin et al., 2006; Ravula et al., 2006).
These brain slice-based models can be used as chronic models of
spontaneous hyperexcitability (i.e., epileptiform) activity, which
does not require pre-treatment with pharmacological agents to
trigger seizures. However, these models have questionable clinical
relevance. Given the recent advances combining brain-on-a-
chip and iPSC technologies, epilepsy-on-a-chip may become
a reality. Genetic factors play an important etiological role in
epilepsy development. Harvesting hiPSCs from patients with
Dravet syndrome, in which a single SCN1A gene mutation causes
epilepsy (Selmer et al., 2009), holds great promise for enhancing
treatment options and improving quality of life.

FUTURE DIRECTIONS OF CLINICALLY
VALIDATED ON-CHIP BRAIN MODELS

Although tremendous progress has been made with brain-
on-a-chip technology and its applications, challenges remain
with respect to the translational and clinical value of such
systems. To recreate the critical features of the in vivo

human brain microenvironment, several factors must be
addressed. First, advanced cell composition reflecting the
type, ratio, and 3D architecture of cells within brain tissue
must be achieved by incorporating stem cell technologies
(Lancaster et al., 2013; Berger et al,, 2018). Another important
aspect of validating brain-on-a-chip models is to identify
the functional readouts of the healthy or pathological states
of these systems. As previously discussed, MEA-based
electrophysiological measurements should be appropriate
for 3D microphysiological cell culture systems. Alternatively,
advanced neuroprobe microtechnologies (Xie et al, 2015)
are useful for assessing brain function; however, these tools
remain to be implemented in brain-on-a-chip models. Progress
in neuroprobe technology has been reviewed elsewhere
(Seymour et al.,, 2017).

Despite the current limitations, most modern microscale
platforms have already identified known pathological
mechanisms and pathways; however, they have yet to contribute
to novel therapeutic solutions. Thus, the clinical relevance
of brain-on-a-chip technology remains limited; however, the
pharmaceutical industry has started to examine these new
technologies for drug discovery and testing. Nonetheless, these
systems show great promise in more closely representing the
diseased human tissue microenvironment in vitro compared
with standard tissue culture tests. Resolving the aforementioned
critical features as well as mimicking blood flow and the
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BBB, or neurovascular unit, will be important steps toward
advancing clinically relevant brain-on-a-chip models. The
next sections will describe an idealized schematic of a brain-
on-a-chip concept, which details its desired physiological
features. Moreover, we address novel assay development routes
that exploit 3D engineered tissue architecture and provide a
market outlook.

Nano- and Microfabrication Challenges
With Brain-On-a-Chip Technology

Essentially, a brain-on-a-chip is a miniaturized dish-type
construct placed on a microscope slide, which hosts neuronal
tissue supported by a medium replenishment unit and integrated
microfluidics. To produce such a device, the appropriate cells
must first be selected. This step is critical because brain tissue
consists of many different neuronal subtypes (Brodal, 2010).
Moreover, a plethora of supporting glial cell types, including
microglia, astrocytes and oligodendrocytes, are also required to
design advanced brain-on-a-chip models. To further complicate
matters, cellular network bio-architecture significantly varies
throughout different brain regions, forming complex structures
and circuitries. Importantly, different cell types appear in precise
ratios in different brain regions, where, for example, glial cells
influence apoptosis and repair mechanisms and can accumulate
following brain trauma (Eskes et al., 2003; Giordano et al., 2009;
Kuegler et al., 2012). Glial cells also determine the overall reaction
of tissue to injury by phagocytosing dying neurons and neurite
debris (Hirt and Leist, 2003). Therefore, brain injury models
need to reflect these altered conditions instead of only modeling
healthy brain function. In addition, several metabolic pathways
in the brain involve different cell types. For example, astrocytes
take up glutamate, transform it to glutamine, and provide it to
neurons. Astrocytes also provide neurons with specific energy
substrates or essential thiols. Therefore, co-culturing of different
cells must be performed in diseased or healthy brain-on-a-
chip models.

For the brain model to be functional, all cell types
must be present and supported by the engineered construct
(Figure 5). This may be achieved by combining engineered
microsystems with hiPSC technology. HiPSC-derived neuronal
cell cultures are beneficial in this respect because they can
contribute to a specific tissue architecture based on their
level of differentiation. Differentiation can be induced within
particular compartmentalized microenvironments specifically
designed within the microphysiological cell culture system to
fulfill the requirements of a given application. Preliminary
successes in this area have been recently demonstrated, amongst
others, by Fleming and his team who utilized the Mimetas
platform (Moreno et al., 2015). However, in that system, the 3D
space was limited to a few hundred micrometers and there was
no electrical readout.

Unlike organoid culture in flasks (Lancaster et al., 2013),
brain-on-a-chip models have only been developed with a
maximum of two or three cell types, which is not sufficient to
achieve fully functional brain tissue. In addition to cell type
and complexity issues, the host environment must allow for

sufficient medium exchange with different cell types that may
require dedicated media and growth factors. For example, neuron
and astrocyte culture media differ during differentiation, which
often requires a flow barrier that prevents direct co-culture
and connection between the two cell types. Future micro- and
nanofluidic systems of the brain should specifically address
these technical challenges to obtain representative physiological
behavior within brain-on-a-chip models and, thus, advance their
clinical relevance.

3D Engineered Tissue Architecture-Based

Assays

In brain-on-a-chip models, the cell construct architecture should
resemble the spatial distribution of cells within tissue, allowing
for 3D culture instead of the conventional 2D conformation
produced by many high-throughput cell culture screening
platforms (Frimat et al., 2010; Hardelauf et al., 2011). A 3D
conformation will affect the neuronal network (i.e., connectivity)
and consequently, the signals sent between cells (Frega et al.,
2014). This, in turn, would lead to changes in metabolism
and neuron activity. Three-dimensional models often result
in improved structure, which is demonstrated by cellular
outgrowths (i.e.,, neuronal processes) and enhanced cell-to-
cell connectivity. Moreover, 3D cultures often show enhanced
survival and richer neuronal differentiation compared with
traditional monolayer cultures (Peretz et al, 2007). Local
secretion and paracrine signaling of neurotrophic factors (e.g.,
nerve growth factor and brain-derived neurotrophic factor)
together with other intercellular communication events are also
desired features that are important for recreating brain function
within a model (Maurel and Salzer, 2000; Michailov et al.,
2004). Designing 3D in vitro models to enable this type of bio-
architecture is therefore an important consideration for brain-
on-a-chip development. Functional synapses have been observed
earlier in 3D neuronal cultures in collagen hydrogel compared
with 2D models (O’Shaughnessy et al., 2003). Furthermore,
stem cell-derived neurons cultured in 3D showed increased
differentiation compared with 2D cultures (Paavilainen et al.,
2018). Morphology at the single-cell level is also different in 3D,
where cells adopt a round shape compared with cells that spread
on 2D surfaces, which influences cells at the genetic level (Li
et al.,, 2007). For example, genetic and morphological microarray
analysis of neurons growing in gels (3D) compared with those
cultured on standard tissue culture plates (2D) demonstrated that
cells cultured in 3D exhibited differential expression of 1,766
genes, including those relevant to cytoskeleton, extracellular
matrix, and neurite outgrowth (e.g., filamin A, actinin lal,
capping protein a2, fibronectin 1, and midkine; Li et al,
2007). In addition, when 3D cultured in gels (e.g., collagen,
Matrigel, or Puramatrix), neurons and other cell types adopted
a more in vivo-like phenotype, including more branched and
thicker neuronal processes compared with those cultured in
2D (Yld-Outinen et al., 2014). The in vivo structural features
of brain tissue bio-architecture support network formation
and regionally compartmentalize the brain to connect different
regions and allow for cognitive processing (Honegger et al.,
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FIGURE 5 | Schematic side view of the ideal brain model. This model has a cell composition of 10% neurons and 90% glial cells. The 3D architecture, which includes
the blood-brain barrier (BBB), is interfaced with a microelectrode array (MEA). Additional output measurements can be made using external electrodes.

* Glial cells (astrocytes, etc)
3% Neuron
2 Neurites

. Endothelial cells (BBB)

D Impedance electrodes
[l Neuron electrodes
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2016). Therefore, the architecture of the brain is not random, and
during development, 3D structural modification occurs inside
the brain. Moreover, brain architecture is highly heterogeneous
and does not have repeating units or exhibit clear structural
patterns. Therefore, to generate a brain model in vitro, different
brain regions (e.g., the medulla, pons, hypothalamus, thalamus,
cerebellum, optic tectum, pallium, hippocampus, basal ganglia,
and olfactory bulb) should be modeled separately at first
to develop minimal brain model concepts. These regionally
specified brain-on-a-chip models should be arranged and
interconnected in a way resembling a real brain to permit cross-
talk between regions, which could potentially be facilitated by an
electronic link (Panuccio et al., 2016).

Considering the above issues, 3D assays must be developed.
Nano- and microfabrication technologies can help to reach this
goal with nano-patterning (e.g., nanoimprint and microcontact
printing; Martinez et al., 2012), additive manufacturing routes
(e.g., microprinting; Marga et al., 2012; Ye et al, 2018), and
hydrogel templating (Matsusaki et al., 2007) approaches. These
techniques can subsequently assist in deriving the desired
3D assemblies for augmenting cell-to-cell and cell-to-substrate
interactions. Our research has shown that nanogroove substrates
produced by replica molding from a nanoimprint lithography
template can impact culture organization in 3D (Frimat et al.,
2015). Moreover, self-assembly of cell-laden hydrogel beads,
produced by flow-focusing microfluidics, can yield novel 3D cell
culture arrangements, which can facilitate assay development due
to the regular ordering of neurons in culture (Bastiaens, 2019).

Potential for Micro-Nanofluidics Systems

of the Brain

BBB devices are often considered to be brain-on-a-chip models;
however, they are not. BBB-type devices monitor what enters and
exits the brain and, although BBB function can be mimicked in
vitro (Griep et al., 2013; van der Helm et al., 2016), it is usually not
coupled with a brain model. Given that the BBB is essential for the

brain and its functions, it should be included in brain models as
a building block for the compartmentalization of different brain
regions. A stand-alone human BBB-on-a-chip, or neurovascular
unit, was recently developed and serves as a first step toward
improving drug development (Heidari and Taylor, 2018). The
structural components of BBB blood vessels can serve as feeding
channels for more advanced culture models including immune
system cells. Optimizing the 3D in vitro brain microenvironment,
which should include extracellular matrix (ECM) modeling
to recreate in vivo brain physiology better than that of the
current state-of-the art, can be achieved by including micro-
and nanofluidic technology in addition to the appropriate cell
types. Continuous medium supply and realistic 3D conformation
are prerequisites for differentiating multiple cell types within a
model and sustaining 3D cultures for prolonged time periods.
A vascular ECM-type scaffold design may allow for highly
specific cellular niches to be established by providing continuous
or local access to growth factors, correct cell matrix adhesion
(i.e., polarity), nutrition, cell-to-cell junction formation, and
immune system (i.e., T-cell) modeling (Kipnis and Schwartz,
2005). With exquisite mimicking facilitated by micro- and
nanofluidics, such 3D reconstructions could eventually provide
an economical platform to model stem cell niches, which
would enable specific cell compositions and signaling molecule
gradients. These developments would provide a highly defined
environment (e.g., enriched or deprived of certain signaling
molecules) for the development and functioning of cultured
brain tissues, which could overcome current difficulties in
securing scarcely available brain tissue slices. During neuronal
development, signaling molecule gradients are particularly
important for cell migration and differentiation and, thus, overall
brain structure patterning. From a clinical perspective, 3D cell
culture systems have obvious advantages over 2D systems when
modeling for a specific research question is the major objective
(Fuchs et al., 2004; Morrison and Spradling, 2008). However, if a
3D cell culture model is not engineered properly or its matrix
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(typically hydrogels) is not porous enough, there can be limited
diffusion of chemicals and nutrients and signals can be lost. In the
brain, a cell is never more than 200 pum away from a blood vessel.
This feature should be replicated in brain-on-a-chip applications
to create marketable products and services with highly robust
experimental designs.

CONCLUSION

Although the union of micro- and nanotechnologies with
neuroscience has been demonstrated by a number of microfluidic
devices, the lack of a deeper understanding of the brain
still hampers the selection of appropriate design criteria.
To overcome these design bottlenecks, it is important to
understand the clinical and pharmaceutical requirements for
organ-on-a-chip technologies, which can revolutionize biology
and personal medicine. Conventional neuronal cell culture
methods have limited relevance for brain disease modeling. The
combination of microfluidic, MEA, and iPSC technologies has
had a significant impact on the development of brain-on-a-
chip technology. We have discussed microfluidic technologies
that emulate the BBB, or neurovascular unit, and establish
nutrient replenishment routes with distinguishable growth
factor gradients as well as compartmentalized culture systems.
Furthermore, current brain-on-a-chip models are limited to
immunostaining or 2D MEA readouts. Therefore, 3D culture
could benefit from the integration of advanced neuroprobe
technology and 3D cultures. In addition, stem cell technology
must improve the differentiation methods for multicellular tissue
constructs. Overall, on-chip integration methods have already

REFERENCES

Achyuta, A. K., Conway, A.]., Crouse, R. B., Bannister, E. C., Lee, R. N., Katnik, C.
P., etal. (2013). A modular approach to create a neurovascular unit-on-a-chip.
Lab Chip 13, 542-553. doi: 10.1039/C2LC41033H

Alépée, N., Bahinski, A., Daneshian, M., De Wever, B., Fritsche, E., Goldberg,
A, et al. (2014). State-of-the-art of 3D cultures (organs-on-a-chip) in
safety testing and pathophysiology. ALTEX 31, 441-477. doi: 10.14573/altex
1406111

Andlin-Sobocki, P., Jonsson, B., Wittchen, H. U, and Olesen, J. (2005).
Costs of disorders of the brain in Europe. Eur. J. Neurol. 12, 1-27.
doi: 10.1111/j.1468-1331.2005.01202.x

Ban, J., Bonifazi, P., Pinato, G., Broccard, F. D., Studer, L., Torre, V., et al. (2007).
Embryonic stem cell-derived neurons form functional networks in vitro. Stem
Cells 25, 738-749. doi: 10.1634/stemcells.2006-0246

Banks, W. A. (2016). From blood-brain barrier to blood-brain interface: new
opportunities for CNS drug delivery. Nat. Rev. Drug Dis. 15, 275-292.
doi: 10.1038/nrd.2015.21

Bart Schurink, B., and Luttge, R. (2013). Hydrogel/poly-dimethylsiloxane hybrid
bioreactor facilitating 3D cell culturing. J. Vac. Sci. Technol. B. 31:06F903.
doi: 10.1116/1.4831762

Bastiaens, A. J. (2019). Nano- and Microengineered Neuronal Cell Networks for
Brain-on-Chip Technology, PhD thesis. Eindhoven: Eindhoven University of
Technology. ISBN: 978-90-386-4676-3.

Bastiaens, A. J., Frimat, J. P, van Nunen, T., Schurink, B., Homburg, E., and
Luttge, R. (2018). Advancing a MEMS-based 3D cell culture system for
in vitro neuro-electrophysiological recordings. Front. Cell. Neurosci. 12:415.
doi: 10.3389/fncel.2018.00415

enabled advances in AD, PD, and epilepsy modeling. In AD
modeling, microfluidic approaches have provided drug screening
advantages. Moreover, cell soma and axon compartmentalization
and visualization have been greatly improved in PD models.
In epilepsy, electrode integration and genetic manipulation
will allow for new insights into specific disease mechanisms.
Integrating different features into one compact brain-on-a-chip
model is a major technical challenge in this field. For actual
brain models, the integration of microfluidic neurovascular
units and electrophysiological readouts in 3D multicellular tissue
constructs will be important steps forward.

AUTHOR CONTRIBUTIONS

J-PF and RL: conceptualization and design of the review,
preparation of manuscript, and final approval of the version to
be published. RL: acquired the funding.

FUNDING

This work was financially supported by the European Research
Council (ERC), MESOTAS Grant No. 280281, MESOTAS-
SIEVE, Grant No. 713732, and ZONMW Oft road Grant No. 40-
0812598160.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the many fruitful discussions
on this topic with biomedical experts working in the Organ-on-
a-Chip community.

Berger, E., Magliaro, C., Paczia, N., Monzel, A. S., Antony, P., Linster, C. L., et al.
(2018). Millifluidic culture improves human midbrain organoid vitality and
differentiation. Lab Chip 18, 3172-3183. doi: 10.1039/C8LC00206A

Brodal, P. (2010). The Central Nervous System: Structure and Function, 4th Ed.
Oslo: Oxford University Press.

Cheng, S. Y., Heilman, S., Wasserman, M., Archer, S., Shuler, M. L., and Wu, M.
(2007). A hydrogel-based microfluidic device for the studies of directed cell
migration. Lab Chip 7, 763-769. doi: 10.1039/b618463d

Cho, H., Hashimoto, T., Wong, E., Hori, Y., Wood, L. B., Zhao, L., et al.
(2013). Microfluidic chemotaxis platform for differentiating the roles of
soluble and bound amyloid-beta on microglial accumulation. Sci. Rep. 3:1823.
doi: 10.1038/srep01823

Choi, Y. J., Park, J., and Lee, S. H. (2013). Size-controllable networked
neurospheres as a 3D neuronal tissue model for Alzheimer’s disease studies.
Biomaterials 34, 2938-2946. doi: 10.1016/j.biomaterials.2013.01.038

Choi, Y. Y., Chung, B. G, Lee, D. H., Khademhosseini, A., Kim, J. H., and Lee, S. H.
(2010). Controlled-size embryoid body formation in concave microwell arrays.
Biomaterials 31, 4296-4303. doi: 10.1016/j.biomaterials.2010.01.115

Deleglise, B., Magnifico, S., Duplus, E., Vaur, P., Soubeyre, V., Belle, M., et al.
(2014). B-Amyloid induces a dying-back process and remote trans-synaptic
alterations in a microfluidic-based reconstructed neuronal network. Acta
Neuropathol. Commun. 2:145. doi: 10.1186/PREACCEPT-4848873741397798

Dinh, N. D., Chiang, Y. Y., Hardelauf, H., Baumann, J., Jackson, E., Waide, S.,
et al. (2013). Microfluidic construction of minimalistic neuronal co-cultures.
Lab Chip 13, 1402-1412. doi: 10.1039/c31c41224e

Dolmetsch, R., and Geschwind, D. H. (2011). The human brain in
a dish: the promise of iPSC-derived neurons. Cell 145, 831-834.
doi: 10.1016/j.cell.2011.05.034

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

May 2019 | Volume 7 | Article 100


https://doi.org/10.1039/C2LC41033H
https://doi.org/10.14573/altex1406111
https://doi.org/10.1111/j.1468-1331.2005.01202.x
https://doi.org/10.1634/stemcells.2006-0246
https://doi.org/10.1038/nrd.2015.21
https://doi.org/10.1116/1.4831762
https://doi.org/10.3389/fncel.2018.00415
https://doi.org/10.1039/C8LC00206A
https://doi.org/10.1039/b618463d
https://doi.org/10.1038/srep01823
https://doi.org/10.1016/j.biomaterials.2013.01.038
https://doi.org/10.1016/j.biomaterials.2010.01.115
https://doi.org/10.1186/PREACCEPT-4848873741397798
https://doi.org/10.1039/c3lc41224e
https://doi.org/10.1016/j.cell.2011.05.034
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Frimat and Luttge

Microphysiological Model of the Brain

Dua, T, Janca, A., and Muscetta, A. (2006). Neurological Disorders: Public Health
Challenges. World Health Organization. ISBN 92 4 156 336 2.

Dujardin, S., Lecolle, K., Caillierez, R., Begard, S., Zommer, N., Lachaud, C., et al.
(2014). Neuron-to-neuron wild-type Tau protein transfer through a trans-
synaptic mechanism: relevance to sporadic tauopathies. Acta Neuropathol.
Commun. 30:14. doi: 10.1186/2051-5960-2-14

Eskes, C., Juillerat-Jeanneret, L., Leuba, G., Honegger, P., and Monnet-Tschudi,
F. (2003). Involvement of microglia-neuron interactions in the tumor necrosis
factor-alpha release, microglial activation, and neurodegeneration induced by
trimethyltin. J. Neurosci. Res. 71, 583-590. doi: 10.1002/jnr.10508

Festing, S., and Wilkinson, R. (2007). The ethics of animal research. Talking
point on the use of animals in scientific research. EMBO Rep. 8, 526-530.
doi: 10.1038/sj.embor.7400993

Francisco, H., Yellen, B. B., Halverson, D. S., Friedman, G., and Gallo, G. (2007).
Regulation of axon guidance and extension by three-dimensional constraints.
Biomaterials 28, 3398-3407. doi: 10.1016/j.biomaterials.2007.04.015

Frega, M., Tedesco, M., Massobrio, P., Pesce, M., and Martinoia, S. (2014). Network
dynamics of 3D engineered neuronal cultures: a new experimental model for
in-vitro electrophysiology. Sci. Rep. 4:5489. doi: 10.1038/srep05489

Frimat, J. P., Sisnaiske, J., Subbiah, S., Menne, K., Godoy, P., Lampen, P,
et al. (2010). The network formation assay: a spatially standardized neurite
outgrowth analytical display for neurotoxicity screening. Lab Chip 10, 701-709.
doi: 10.1039/b922193j

Frimat, J. P, Xie, S., Bastiaens, A., Schurink, B., Wolbers, F., den Toonder, J. M.
J., et al. (2015). Advances in 3D neuronal cell culture. J. Vac. Sci. Technol. B
Nanotechnol. Microelectron. 33:06F902. doi: 10.1116/1.4931636

Fuchs, E., Tumbar, T., and Guasch, G. (2004). Socializing with the neighbors: stem
cells and their niche. Cell 116, 769-778. doi: 10.1016/50092-8674(04)00255-7

Giordano, G., Kavanagh, T. J., and Costa, L. G. (2009). Mouse cerebellar astrocytes
protect cerebellar granule neurons against toxicity of the polybrominated
diphenyl ether (PBDE) mixture DE-71. Neurotoxicology 30, 326-329.
doi: 10.1016/j.neuro.2008.12.009

Griep, L. M., Wolbers, F., de Wagenaar, B., ter Braak, P. M., Weksler, B. B., Romero,
1. A, et al. (2013). BBB on chip: microfluidic platform to mechanically and
biochemically modulate blood-brain barrier function. Biomed. Microdev. 15,
145-150. doi: 10.1007/s10544-012-9699-7

Gullo, F., Manfredi, I, Lecchi, M., Casari, G., Wanke, E., and Becchetti, A.
(2014). Multi-electrode array study of neuronal cultures expressing nicotinic
beta2-V287L subunits, linked to autosomal dominant nocturnal frontal lobe
epilepsy. An in vitro model of spontaneous epilepsy. Front. Neural Circuits 8:87.
doi: 10.3389/fncir.2014.00087

Hai, A., Shappir, J., and Spira, M. E. (2010). In-cell recordings by extracellular
micro-electrodes. Nat. Methods 7, 200-202. doi: 10.1038/nmeth.1420

Hardelauf, H., Frimat, J. P., Stewart, J. D., Schormann, W., Chiang, Y. Y., Lampen,
P., et al. (2011). Microarrays for the scalable production of metabolically-
relevant tumour spheroids: a tool for modulating chemosensitivity traits. Lab
Chip 11, 419-428. doi: 10.1039/COLC00089B

Heidari, H., and Taylor, H. (2018). Review article: capturing the physiological
complexity of the brain’s neuro-vascular unit in vitro. Biomicrofluidics
12:051502. doi: 10.1063/1.5045126

Hirt, U. A,, and Leist, M. (2003). Rapid, noninflammatory and PS-dependent
phagocytic clearance of necrotic cells. Cell Death Differ. 10, 1156-1164.
doi: 10.1038/sj.cdd.4401286

Honegger, T., Thielen, M. L, Feizi, S., Sanjana, N. E., and Voldman, J. (2016).
Microfluidic neurite guidance to study structure-function relationships in
topologically-complex population-based neural networks. Sci. Rep. 22, 28384.
doi: 10.1038/srep28384

Huh, D., Matthews, B. D., Mammoto, A., Montoya-Zavala, M., Hsin, H. Y., and
Ingber, D. E. (2010). Reconstituting organ-level lung functions on a chip.
Science 328, 1662-1668. doi: 10.1126/science.1188302

Jang, K., Mehr, A. P., Hamilton, G. A., McPartlin, L. A., Chung, S., Suh, K. Y,,
et al. (2013). Human kidney proximal tubule-on-a-chip for drug transport and
nephrotoxicity assessment. Integr. Biol. 5:1119. doi: 10.1039/c3ib40049b

Jensen, J. B., and Parmar, M. (2006). Strengths and limitations of the neurosphere
culture system. Mol. Neurobiol. 34, 153-161. doi: 10.1385/MN:34:3:153

Kilic, O., Pamies, D., Lavell, E., Schiapparelli, P., Feng, Y., Hartung, T., et al. (2016).
Brain-on-a-chip model enables analysis of human neuronal differentiation and
chemotaxis. Lab Chip 16, 4152-4162. doi: 10.1039/C6LC00946H

Kipnis, J., and Schwartz, M. (2005). Controlled autoimmunity in CNS
maintenance and repair: naturally occurring CD4+CD25+ regulatory T-cells
at the crossroads of health and disease. Neuromolecular Med. 7, 197-206.
doi: 10.1385/NMM.:7:3:197

Kohling, R., Melani, R., Koch, U., Speckmann, E. J., Koudelka-Hep, M., Thiébaud,
P., etal. (2005). Detection of electrophysiological indicators of neurotoxicity in
human and rat brain slices by a three-dimensional microelectrode array. Altern.
Lab. Anim. 33, 579-589. doi: 10.1177/026119290503300613

Kuegler, P. B., Baumann, B. A., Zimmer, B., Keller, S., Marx, A., Kadereit, S., et al.
(2012). GFAP-independent inflammatory competence and trophic functions
of astrocytes generated from murine embryonic stem cells. Glia 60, 218-228.
doi: 10.1002/glia.21257

Kunze, A., Giugliano, M., Valero, A., and Renaud, P. (2011a). Micropatterning
neural cell cultures in 3D with a multi-layered scaffold. Biomaterials 32,
2088-2098. doi: 10.1016/j.biomaterials.2010.11.047

Kunze, A., Meissner, R., Brando, S., and Renaud, P. (2011b). Co-pathological
connected primary neurons in a microfluidic device for Alzheimer studies.
Biotechnol. Bioeng. 108, 2241-2245. doi: 10.1002/bit.23128

Kunze, A., Valero, A., Zosso, D., and Renaud, P. (2011c). Synergistic NGF/B27
gradients position synapses heterogeneously in 3D micropatterned neural
cultures. PLoS ONE. 6:¢26187. doi: 10.1371/journal.pone.0026187

Lancaster, M. A., Renner, M., Martin, C. A., Wenzel, D., Bicknell, L. S., Hurles,
M. E,, et al. (2013). Cerebral organoids model human brain development and
microcephaly. Nature 501, 373-379. doi: 10.1038/nature12517

Lee, G., Papapetrou, E. P.,, Kim, H., Chambers, S. M., Tomishima, M. J,,
Fasano, C. A., et al. (2009). Modelling pathogenesis and treatment of
familial dysautonomia using patient-specific iPSCs. Nature 461, 402-406.
doi: 10.1038/nature08320

Li, G. N, Livi, L. L, Gourd, C. M., Deweerd, E. S., and Hoffman-Kim,
D. (2007). Genomic and morphological changes of neuroblastoma cells
in response to three-dimensional matrices. Tissue Eng. 13, 1035-1047.
doi: 10.1089/ten.2006.0251

Lu, X, Kim-Han, J. S, OMalley, K. L, and Sakiyama-Elbert, S. E.
(2012). A microdevice platform for visualizing mitochondrial transport
in aligned dopaminergic axons. J. Neurosci. Methods 209, 35-39.
doi: 10.1016/j.jneumeth.2012.05.021

Marga, F., Jakab, K., Khatiwala, C., Shepherd, B., Dorfman, S., Hubbard,
B., et al. (2012). Toward engineering functional organ modules by
additive manufacturing. Biofabrication 4:022001. doi: 10.1088/1758-5082/4/2/
022001

Martinez, E., Pla-Roca, M., and Samitier, J. (2012). Micro/nanopatterning of
proteins using a nanoimprint-based contact printing technique. Methods Mol.
Biol. 811, 79-87. doi: 10.1007/978-1-61779-388-2_5

Massobrio, P., Massobrio, G., and Martinoia, S. (2016). Interfacing cultured
neurons to microtransducers arrays: a review of the neuro-electronic junction
models. Front. Neurosci. 10:282. doi: 10.3389/fnins.2016.00282

Matsusaki, M., Yoshida, H., and Akashi, M. (2007).
of 3D-engineered tissues composed of cells
matrices by hydrogel template approach. Biomaterials 28, 2729-2737.
doi: 10.1016/j.biomaterials.2007.02.015

Maurel, P., and Salzer, J. L. (2000). Axonal regulation of Schwann cell proliferation
and survival and the initial events of myelination requires PI 3-kinase activity.
J. Neurosci. 20, 4635-4645. doi: 10.1523/JNEUROSCI.20-12-04635.2000

Michailov, G. V., Sereda, M. W., Brinkmann, B. G., Fischer, T. M., Haug, B,
Birchmeier, C., et al. (2004). Axonal neuregulin-1 regulates myelin sheath
thickness. Science 304, 700-703. doi: 10.1126/science.1095862

Moonen, E., Luttge, R., and Frimat, J. P. (2018). Single cell trapping by capillary
pumping using NOA8I replica moulded stencils. Microelectron Eng. 197, 1-7.
doi: 10.1016/ j.mee.2018.04.010

Moreno, E., Hachi, S., Hemmer, K., Trietsch, S. J., Baumuratov, A. S., Hankemeier,
T., et al. (2015). Differentiation of neuroepithelial stem cells into functional
dopaminergic neurons in 3D microfluidic cell culture. Lab Chip 15, 2419-2428.
doi: 10.1039/C5LC00180C

Morin, F., Nishimura, N., Griscom, L., Le Pioufle, B., Fujita, H., Takamura,
Y., et al. (2006). Constraining the connectivity of neuronal networks
cultured on microelectrode arrays with microfluidic techniques: a step
towards neuron-based functional chips. Biosens. Bioelectron. 21, 1093-1100.
doi: 10.1016/j.bios.2005.04.020

The construction

and  extracellular

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

May 2019 | Volume 7 | Article 100


https://doi.org/10.1186/2051-5960-2-14
https://doi.org/10.1002/jnr.10508
https://doi.org/10.1038/sj.embor.7400993
https://doi.org/10.1016/j.biomaterials.2007.04.015
https://doi.org/10.1038/srep05489
https://doi.org/10.1039/b922193j
https://doi.org/10.1116/1.4931636
https://doi.org/10.1016/S0092-8674(04)00255-7
https://doi.org/10.1016/j.neuro.2008.12.009
https://doi.org/10.1007/s10544-012-9699-7
https://doi.org/10.3389/fncir.2014.00087
https://doi.org/10.1038/nmeth.1420
https://doi.org/10.1039/C0LC00089B
https://doi.org/10.1063/1.5045126
https://doi.org/10.1038/sj.cdd.4401286
https://doi.org/10.1038/srep28384
https://doi.org/10.1126/science.1188302
https://doi.org/10.1039/c3ib40049b
https://doi.org/10.1385/MN:34:3:153
https://doi.org/10.1039/C6LC00946H
https://doi.org/10.1385/NMM:7:3:197
https://doi.org/10.1177/026119290503300613
https://doi.org/10.1002/glia.21257
https://doi.org/10.1016/j.biomaterials.2010.11.047
https://doi.org/10.1002/bit.23128
https://doi.org/10.1371/journal.pone.0026187
https://doi.org/10.1038/nature12517
https://doi.org/10.1038/nature08320
https://doi.org/10.1089/ten.2006.0251
https://doi.org/10.1016/j.jneumeth.2012.05.021
https://doi.org/10.1088/1758-5082/4/2/022001
https://doi.org/10.1007/978-1-61779-388-2_5
https://doi.org/10.3389/fnins.2016.00282
https://doi.org/10.1016/j.biomaterials.2007.02.015
https://doi.org/10.1523/JNEUROSCI.20-12-04635.2000
https://doi.org/10.1126/science.1095862
https://doi.org/10.1016/~j.mee.2018.04.010
https://doi.org/10.1039/C5LC00180C
https://doi.org/10.1016/j.bios.2005.04.020
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Frimat and Luttge

Microphysiological Model of the Brain

Morrison, S. J., and Spradling, A. C. (2008). Stem cells and niches: mechanisms
that promote stem cell maintenance throughout life. Cell 132, 598-611.
doi: 10.1016/j.cell.2008.01.038

Musick, K., Khatami, D., and Wheeler, B. C. (2009). Three-dimensional micro-
electrode array for recording dissociated neuronal cultures. Lab Chip 9,
2036-2042. doi: 10.1039/b820596¢

Odijk, M., van der Meer, A. D., Levener, D., Kim, H. J,, and van der Helm,
M. W., Segerink, et al. (2015). Measuring direct current trans-epithelial
electrical resistance in organ-on-a-chip microsystems. Lab Chip 7, 745-752.
doi: 10.1039/C4LC01219D

O’Shaughnessy, T. J., Lin, H. J, and Ma, W. (2003). Functional synapse
formation among rat cortical neurons grown on three-dimensional collagen
gels. Neurosci. Lett. 340, 169-172. doi: 10.1016/50304-3940(03)00083-1

Paavilainen, T., Pelkonen, A., Mikinen, M. E., Peltola, M., Huhtala, H., Fayuk,
D., et al. (2018). Effect of prolonged differentiation on functional maturation
of human pluripotent stem cell-derived neuronal cultures. Stem Cell Res. 27,
151-161. doi: 10.1016/j.scr.2018.01.018

Pancrazio, J. J., Gray, S. A, Shubin, Y. S., Kulagina, N., Cuttino, D. S., Shaffer, K. M.,
et al. (2003). A portable microelectrode array recording system incorporating
cultured neuronal networks for neurotoxin detection. Biosens. Bioelectron. 18,
1339-1347. doi: 10.1016/50956-5663(03)00092-7

Panuccio, G., Semprini, M., and Chiappalone, M. (2016). Intelligent biohybrid
systems for functional brain repair. Eur. J. Mol. Clin. Med. 3, 162-174.
doi: 10.1016/j.nhtm.2016.10.001

Park, I. H., Arora, N., Huo, H., Maherali, N., Ahfeldt, T., Shimamura, A., et al.
(2008). Disease-specific induced pluripotent stem cells. Cell 134, 877-886.
doi: 10.1016/j.cell.2008.07.041

Park, J., Kim, S., Park, S. I, Choe, Y. Li, J, and Han, A. (2014).
A microchip for quantitative analysis of CNS axon growth under
localized biomolecular treatments. J. Neurosci. Methods 221, 166-174.
doi: 10.1016/j.jneumeth.2013.09.018

Park, J., Lee, B. K, Jeong, G. S., Hyun, J. K,, Lee, C. J,, and Lee, S. H. (2015).
Three-dimensional brain-on-a-chip with an interstitial level of flow and its
application as an in vitro model of Alzheimer’s disease. Lab Chip 15, 141-150.
doi: 10.1039/C4LC00962B

Park, J. W., Vahidi, B., Taylor, A. M., Rhee, S. W., and Jeon, N. L. (2006).
Microfluidic culture platform for neuro-science research. Nat. Protoc. 1,
2128-2136. doi: 10.1038/nprot.2006.316

Pascoal, T. A., Mathotaarachchi, S., Mohades, S., Benedet, A. L., Chung, C. O,,
Shin, M., et al. (2016). Amyloid-p and hyperphosphorylated tau synergy drives
metabolic decline in preclinical Alzheimer’s disease. Mol. Psychiatry 22, 1-6.
doi: 10.1038/mp.2016.37

Patabendige, A., Skinner, R. A., and Abbott, N. J. (2013). Establishment
of a simplified in vitro porcine blood-brain barrier model with
high transendothelial electrical Res. 1521, 1-15.
doi: 10.1016/j.brainres.2012.06.057

Peretz, H., Talpalar, A. E., Vago, R, and Baranes, D. (2007). Superior survival and
durability of neurons and astrocytes on 3-dimensional aragonite biomatrices.
Tissue Eng. 13, 461-472. doi: 10.1089/ten.2005.0522

Perrin, S. (2014). Preclinical research: make mouse studies work. Nature 507,
423-425. doi: 10.1038/507423a

Prabhakarpandian, B., Shen, M. C. Nichols, J. B, Mills, I. R., Sidoryk-
Wegrzynowicz, M., Aschner, M., et al. (2013). SyM-BBB: a microfluidic blood
brain barrier model. Lab Chip 13, 1093-1101. doi: 10.1039/c21c41208;

Qi, X. R, Verwer, R. W. H.,, Bao, A. M., Balesar, R. A., Luchetti, S., Zhou, J.
N., et al. (2019). Human brain slice culture: a useful tool to study brain
disorders and potential therapeutic compounds. Neurosci. Bull. 35, 244-252.
doi: 10.1007/s12264-018-0328-1

Ravula, S. K., McClain, M. A, Wang, M. S, Glass, J. D., and Frazier,
A. B. (2006). A multielectrode microcompartment culture platform for
studying signal transduction in the nervous system. Lab Chip 6, 1530-1153.
doi: 10.1039/b612684g

Ronaldson-Bouchard, K., and Vunjak-Novakovic, G. (2018). Organs-on-a-chip: a
fast track for engineered human tissues in drug development. Cell Stem Cell. 22,
310-324. doi: 10.1016/j.stem.2018.02.011

Rowe, L., Almasri, M., Lee, K., Fogleman, N., Brewer, G. J., Nam, Y., et al. (2007).
Active 3-D microscaffold system with fluid perfusion for culturing in vitro
neuronal networks. Lab Chip 7, 475-482. doi: 10.1039/b700795g

resistance. Brain

Selmer, K. K., Eriksson, A. S., Brandal, K., Egeland, T., Tallaksen, C., and
Undlien, D. E. (2009). Parental SCN1A mutation mosaicism in familial Dravet
syndrome. Clin. Genet. 76, 398-403. doi: 10.1111/j.1399-0004.2009.01208.x

Seymour, J. P.,, Wu, F., Wise, K. D., and Yoon, E. (2017). State-of-the-art
MEMS and microsystem tools for brain research. Microsys. Nanoeng. 3:16066.
doi: 10.1038/micronano.2016.66

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al.
(2007). Induction of pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 131, 861-872. doi: 10.1016/j.cell.2007.11.019

Taylor, A. M., Blurton-Jones, M., Rhee, S. W., Cribbs, D. H., Cotman, C. W., and
Jeon, N. L. (2005). A microfluidic culture platform for CNS axonal injury,
regeneration and transport. Nat. Methods 2, 599-605. doi: 10.1038/nmeth777

Taylor, A. M., Dieterich, D. C,, Ito, H. T., Kim, S. A., and Schuman, E. M. (2010).
Microfluidic local perfusion chambers for the visualization and manipulation
of synapses. Neuron 66, 57-68. doi: 10.1016/j.neuron.2010.03.022

Taylor, A. M., Rhee, S. W., Tu, C. H., Cribbs, D. H., Cotman, C. W., and Jeon,
N. L. (2003). Microfluidic multicompartment device for neuroscience research.
Langmuir. 19, 1551-1556. doi: 10.1021/1a026417v

van der Helm, M. W., Odijk, M., Frimat, J. P., van der Meer, A. D., Eijkel, J.
C., van den Berg, A., et al. (2016). Direct quantification of transendothelial
electrical resistance in organs-on-chips. Biosens. Bioelectron. 15, 924-929.
doi: 10.1016/j.bios.2016.06.014

van Vliet, E., Stoppini, L., Balestrino, M., Eskes, C., Griesinger, C., Sobanski, T.,
etal. (2007). Electrophysiological recording of re-aggregating brain cell cultures
on multi-electrode arrays to detect acute neurotoxic effects. Neurotoxicology 28,
1136-1146. doi: 10.1016/j.neuro.2007.06.004

Vandenhaute, E., Sevin, E., Hallier-Vanuxeem, D., Dehouck, M. P., and
Cecchelli, R. (2012). Case study: adapting in vitro blood-brain barrier models
for use in early-stage drug discovery. Drug Discov. Today 17, 285-290.
doi: 10.1016/j.drudis.2011.10.006

Viviani, B. (2006). Preparation and coculture of neurons and glial cells. Curr.
Protoc. Cell Biol. 32, 2-7. doi: 10.1002/0471143030.cb0207s32

Wolfer, J., Bantel, C., Kohling, R., Speckmann, E. J., Wassmann, H., and Greiner,
C. (2006). Electrophysiology in ischemic neocortical brain slices: species
differences vs. influences of anaesthesia and preparation. Eur. J. Neurosci. 23,
1795-1800. doi: 10.1111/j.1460-9568.2006.04696.x

Wong, A. P., Perez-Castillejos, R., Christopher Love, J., and Whitesides, G.
M. (2008). Partitioning microfluidic channels with hydrogel to construct
tunable 3-D cellular microenvironments. Biomaterials 29, 1853-1861.
doi: 10.1016/j.biomaterials.2007.12.044

Xie, C., Liu, J., Fu, T. M., Dai, X., Zhou, W., and Lieber, C. M. (2015). Three-
dimensional macroporous nanoelectronic networks as minimally invasive
brain probes. Nat. Mater. 14, 1286-1292. doi: 10.1038/nmat4427

Xie, S., Gardeniers, J. G. E., and Luttge, R. (2018). Nanoscale membrane actuator
for in vitro mechano-stimuli responsive studies of neuronal cell networks on
chip. J. Micromech. Microeng. 28:085011. doi: 10.1088/1361-6439/aabf7e

Yamada, K. M., and Cukierman, E. (2007). Modeling tissue morphogenesis and
cancer in 3D. Cell 130, 601-610. doi: 10.1016/j.cell.2007.08.006

Ye, K., Kaplan, D. L., Bao, G., Bettinger, C., Forgacs, G., Dong, C., et al.
(2018). Advanced cell and tissue biomanufacturing. ACS Biomat. Sci. Eng. 4,
2292-2307. doi: 10.1021/acsbiomaterials.8b00650

Yla-Outinen, L., Joki, T., Varjola, M., Skottman, H., and Narkilahti, S. (2014).
Three-dimensional growth matrix for human embryonic stem cell-derived
neuronal cells. J. Tissue Eng. Regen. Med. 8, 186-194. doi: 10.1002/term.1512

Zhao, X., Zhou, Y., Weissmiller, A. M., Pearn, M. L., Mobley, W. C., and Wu, C.
(2014). Real-time imaging of axonal transport of quantum dot-labeled BDNF
in primary neurons. J. Vis. Exp. 15:51899. doi: 10.3791/51899

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Frimat and Luttge. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

May 2019 | Volume 7 | Article 100


https://doi.org/10.1016/j.cell.2008.01.038
https://doi.org/10.1039/b820596e
https://doi.org/10.1039/C4LC01219D
https://doi.org/10.1016/S0304-3940(03)00083-1
https://doi.org/10.1016/j.scr.2018.01.018
https://doi.org/10.1016/S0956-5663(03)00092-7
https://doi.org/10.1016/j.nhtm.2016.10.001
https://doi.org/10.1016/j.cell.2008.07.041
https://doi.org/10.1016/j.jneumeth.2013.09.018
https://doi.org/10.1039/C4LC00962B
https://doi.org/10.1038/nprot.2006.316
https://doi.org/10.1038/mp.2016.37
https://doi.org/10.1016/j.brainres.2012.06.057
https://doi.org/10.1089/ten.2005.0522
https://doi.org/10.1038/507423a
https://doi.org/10.1039/c2lc41208j
https://doi.org/10.1007/s12264-018-0328-1
https://doi.org/10.1039/b612684g
https://doi.org/10.1016/j.stem.2018.02.011
https://doi.org/10.1039/b700795g
https://doi.org/10.1111/j.1399-0004.2009.01208.x
https://doi.org/10.1038/micronano.2016.66
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1038/nmeth777
https://doi.org/10.1016/j.neuron.2010.03.022
https://doi.org/10.1021/la026417v
https://doi.org/10.1016/j.bios.2016.06.014
https://doi.org/10.1016/j.neuro.2007.06.004
https://doi.org/10.1016/j.drudis.2011.10.006
https://doi.org/10.1002/0471143030.cb0207s32
https://doi.org/10.1111/j.1460-9568.2006.04696.x
https://doi.org/10.1016/j.biomaterials.2007.12.044
https://doi.org/10.1038/nmat4427
https://doi.org/10.1088/1361-6439/aabf7e
https://doi.org/10.1016/j.cell.2007.08.006
https://doi.org/10.1021/acsbiomaterials.8b00650
https://doi.org/10.1002/term.1512
https://doi.org/10.3791/51899
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	The Need for Physiological Micro-Nanofluidic Systems of the Brain
	Introduction
	Brain-on-a-Chip Technology and Brain Models
	Conventional Methods for 3D Neuronal Cell Cultures
	Chip Technologies Using Various Combination of Microfluidics, Electrode Arrays, and 3D Cell Cultures
	Human Induced Pluripotent Stem Cell Technology
	Disease Models
	Alzheimer's Disease-On-A-Chip
	Parkinson's Disease-On-A-Chip
	Epilepsy


	Future Directions of Clinically Validated On-Chip Brain Models
	Nano- and Microfabrication Challenges With Brain-On-a-Chip Technology
	3D Engineered Tissue Architecture-Based Assays
	Potential for Micro-Nanofluidics Systems of the Brain

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


