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Three-dimensional brain-on-a-chip with an
interstitial level of flow and its application as
an in vitro model of Alzheimer's disease†

JiSoo Park,‡a Bo Kyeong Lee,‡b Gi Seok Jeong,b Jung Keun Hyun,cd C. Justin Leeae

and Sang-Hoon Lee*ab

There has been a growing need for in vitro models of neurodegenerative diseases such as Alzheimer's

disease that would enable a better understanding of etiology and faster development of treatment

strategies. However, meeting this demand has been held back by the limited ability to mimic the in vivo

microenvironment in an in vitro system. Here, we developed a microfluidic chip based on three-

dimensional (3D) neurospheroids that more closely mimics the in vivo brain microenvironment by providing

a constant flow of fluid that is readily observed in the interstitial space of the brain. Uniform

neurospheroids, with cell–cell interactions and contacts in all directions, were formed in concave microwell

arrays, and a slow interstitial level of flow was maintained using an osmotic micropump system. Using this

platform, we investigated the effect of flow on neurospheroid size, neural network, and neural differentia-

tion. Neurospheroids cultured with flow were larger and formed more robust and complex neural networks

than those cultured under static conditions, suggesting an effect of the interstitial level of slow and

diffusion-dominant flow on continuous nutrient, oxygen, and cytokine transport and removal of metabolic

wastes. We also tested the toxic effects of amyloid-β, which is generally considered to be the major

contributor in Alzheimer's disease. Amyloid-β treatment via an osmotic micropump significantly reduced

the viability of neurospheroids and caused a significantly more destruction of neural networks, compared

to the amyloid-β treatment under static conditions. By adding in vivo-like microenvironments, we propose

this 3D culture-based microfluidic chip as an in vitro brain model for neurodegenerative disease and

high-throughput drug screening.
1. Introduction

Alzheimer's disease (AD), classified as a serious brain disor-
der, is one of the most costly diseases to society and imposes
an enormous burden on caregivers. Because AD is an age-
related neurodegenerative disorder, it is a growing threat in
developed countries where the elderly segment of the
population is dramatically increasing. Because of its severity,
AD has been the subject of extensive studies of disease patho-
genesis and clinical trials of various compounds. However,
the main cause of AD has not been clearly established, and
treatments that effectively stop or reverse the progression
of the disease have not yet been developed. Although several
competing hypotheses for the cause of AD have been
suggested, including genetics, amyloid-β and tau proteins,
confirming the major cause of AD remains a challenge.
Among the hypotheses proposed, the accumulation of
amyloid-β is widely recognized as a major disease contributor,
and diverse studies of an amyloid-related mechanism involv-
ing pruning of neuronal connections in the brain have been
carried out using in vivo animal models and in vitro model
systems. Most research on neurologic diseases has been
performed in animal models. However, because of the high
costs of animal models, uncertain translation of their results
to humans and ethical concerns associated with human
studies, there is increasing demand for an in vitro brain
model that more faithfully mimics the in vivo microenviron-
ment of the brain. Despite the growing appreciation of the
Chip, 2015, 15, 141–150 | 141
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need for such an in vitro brain model for neurologic disease
studies, no satisfactory model exists.

To date, most in vitro studies of neurologic diseases are
based on two-dimensional (2D) culture methods, which lack
cell–cell contacts and interactions that are essential features
of three-dimensional (3D) brain tissue. Cell–cell contacts and
interactions are important not only for morphogenesis but
also for cell signaling. Many studies have demonstrated
differences between 2D and 3D cultures, highlighting the
importance of 3D culture effects on various neural cell
phenotypes.1–6 Since cells in a 3D culture maintain cell–cell
contacts and interactions in all directions that mimic the
in vivo cytoarchitecture, the extracellular environment of
these cells provides the possibility of spatiotemporal cell-
extrinsic stimuli, a situation quite different from that of cells
cultured using 2D culture methods. Mechanical cell signaling
properties, which recent studies have shown are key factors
in determining morphology and differentiation,7–11 also
differ between cells in 3D- and 2D-cultured cells. Another
factor that is overlooked in current in vitro brain models is
interstitial fluid flow. In brain tissue in vivo, the interstitial
fluid serves the critical function of delivering nutrients
through the brain tissue and clearing away metabolic
wastes.12,13 Interstitial flow in the brain is also known to
affect cell–cell communication between non-synaptic
neurons.14 For these reasons, in vitro brain models designed
to better represent the in vivo environment of the brain
should not neglect the 3D cytoarchitecture and interstitial flow.

With the development of microtechnologies, a myriad of
microsystems that provide in vivo-like microenvironments,
such as organ-on-a-chip and cell chips, have been suggested,
and several studies have presented 3D culture methods using
microfabrication technology.15–20 Among these systems, con-
cave microwell arrays offer the advantages of homogeneous
spheroidal micro-tissue formation and size control.15,16 Using
this system, we reported the effect of 3D culture on neural
tissue.15 Recent studies have reported the development of
microfluidic-based systems that provide an interstitial level
of flow on cells in vitro and described its effects on cultured
cells.21–25 Interstitial flow in the brain is very slow, with
speeds ranging from about 0.1 to 0.3 μL min−1;14 most pumps
capable of maintaining this range of flow rate are complicated
and expensive. However, an osmotic pump developed by
Park et al. provides such slow flow without using any com-
plicated devices. This relatively simple device can easily be
used to control the flow rate and can be operated in a cell
culture incubator for several weeks without an external
power source.15,21–23,25

Here, we developed an in vivo-mimicking microfluidic 3D
brain model with an interstitial level of flow by combining
concave microwell arrays with an osmotic micropump sys-
tem. Using this brain model, we investigated the effect of
flow on 3D micro-spheroidal neural tissue (neurospheroids).
The effect of flow on 2D neural cultures has been previously
reported,21 but there are no reports on the effect of intersti-
tial flow on in vitro-cultured 3D neurospheroids. The flow
142 | Lab Chip, 2015, 15, 141–150
provided by the osmotic micropump system was about
0.15 μL min−1, comparable to the level of interstitial flow. To
investigate flow effects, we prepared two types of brain
model: a static model (neurospheroids cultured without flow)
and a dynamic model (neurospheroids cultured with flow).
Changes in neurospheroid size and neural network formation
between neurospheroids were investigated in both static
and dynamic models. To demonstrate the potential of this
system as an in vitro brain model for neurologic disease
studies, we performed the first test of the effects of amyloid-β
on 3D neurospheroids cultured with interstitial flow in vitro.
By culturing neurospheroids in parallel with and without
amyloid-β, we were able to mimic the normal and
Alzheimer's disease brain simultaneously on a single plat-
form. The proposed 3D brain-on-a-chip provides an intersti-
tial level of flow that mimics the in vivo microenvironment
and enables long-term in vitro observation without the need
for peripheral devices. It could be a valuable in vitro brain
model for studies designed to achieve a better understanding
of neurologic disease pathology or develop strategies for
treating diseases such as Alzheimer's disease. This chip may
help to better understand or monitor specific pathways in
neurodegenerative diseases because of its simplicity with
limited variables in contrast to complex animal models.
Moreover, with further development, it could be a substitute
for animal models in drug development applications, sur-
passing the limits of animal models for drug screening.
2. Materials and methods
2.1 Design and operation

The design and operation of the microfluidic chip were
inspired by the previously reported artificial liver chip
(ALC).23 Fig. 1 illustrates the chip design concept. The chip
contains concave microwells for the formation of homoge-
neous 3D neurospheroids with a uniform size. The osmotic
micropump system is connected to the outlet to provide a
continuous flow of medium at a rate of 0.15 μL min−1. Osmo-
sis is driven by the concentration difference between pure
distilled water and 0.05 M poly(ethylene glycol) (PEG)
solution separated by a semipermeable cellophane film. A
tube coil of 3 cm diameter, wound with flexible poly-
tetrafluoroethylene (PTFE) tubing (inner diameter, 1.0 mm;
outer diameter, 1.5 mm), is connected at the outlet of the
chip to act as a reservoir of pure distilled water to sustain the
flow over time; ~4 mL of 0.05 M PEG solution in a 35 mm
Petri dish provided the osmosis effect (Fig. S1†). By providing
a 3D cytoarchitecture and interstitial flow, this chip approxi-
mates the microenvironment of normal and AD brains, facili-
tating the investigation of amyloid-β effects on 3D neural
tissue (Fig. 2).

2.2 Chip fabrication

The chip fabrication process also followed that of the ALC.23

First, the top chamber (height, 200 μm) and bottom layer,
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic diagram of a three-dimensional brain-on-a-chip
with an interstitial level of flow. The chip contains a concave microwell
array for the formation of homogeneous neurospheroids with a
uniform size with 3D cytoarchitecture. The osmotic micropump system
is connected to the outlet to provide a continuous flow of medium
at the level of interstitial flow. By providing a 3D cytoarchitecture and
interstitial flow, this chip approximates the microenvironment of
normal and AD brains, facilitating the investigation of amyloid-β effects
on 3D neural tissue.
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which contains an array structure containing 50 cylindrical
wells (diameter, 600 μm; height, 400 μm), were fabricated
using a standard soft lithography procedure. To fabricate the
This journal is © The Royal Society of Chemistry 2015

Fig. 2 Schematic diagrams of normal brain mimicking microfluidic chi
(a) Neurospheroids on normal brain mimicking microfluidic chip are culture
oxygen and nutrient for 10 days. (b) Neurospheroids on Alzheimer's dis
conditions with a flow of normal medium containing oxygen and nutrient f
amyloid-β (1–42) for 3 days.
concave microwell array, we used the surface tension of the
PDMS prepolymer as described in previous studies.17,26 A
polydimethylsiloxane (PDMS) prepolymer consisting of a
10 : 1 mixture of PDMS precursor (Sylgard 184) and curing
agent was poured into the cylindrical microwells and allowed
to completely fill all microwells. Thereafter, the prepolymer
was racked out with a glass slide, with application of slight
pressure to the soft PDMS microwell plate. The remaining
PDMS prepolymer in each microwell then formed a concave
meniscus through surface tension. The final concave struc-
ture was formed by thermal curing of the prepolymer in the
oven (80 °C for 2 h), after which inlet and outlet holes in
the top chamber were punched with a sharp needle. Finally,
the top and the bottom layer were bonded by treating
with oxygen plasma for 20 s. For the osmotic micropump,
cubic PDMS chambers (1 × 1 × 1 cm) with a cellulose mem-
brane window (5 × 5 mm) were fabricated; the cellulose
membrane was bonded to the PDMS chamber using the
PDMS prepolymer as an adhesive, following a previously
reported process.22
2.3 Isolation of prenatal rat cortical neurons

Primary cortical neurons were isolated from cerebral cortical
regions of embryonic day 16 rat embryos (DBL, Incheon,
South Korea) using a surgical procedure authorized by the
Institutional Animal Care and Use Committee (IACUC) of
Texas Southern University. Neural progenitor cells were
Lab Chip, 2015, 15, 141–150 | 143
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maintained in Neurobasal medium (Gibco) supplemented
with B-27 Supplement (Gibco), 0.5 mM L-glutamine, and 1%
antibiotic solution containing 10 000 units penicillin (Gibco)
and streptomycin. We call it ‘normal medium’ in this paper
to discriminate from the medium containing amyloid-β that
was treated in groups IA and IIA.

2.4 Cell seeding and culture of prenatal rat cortical neurons

A neural progenitor cell suspension (100 μL of 4 × 107 cells mL−1)
was loaded into the inlet of the chip using a micropipette.
The cells in the suspension medium sank into and were
trapped in concave wells by gravity and then were allowed to
stabilize by leaving undisturbed for about 5 min. This proce-
dure was repeated two times, after which a constant flow of
the medium from the inlet to the outlet was applied to wash
out untrapped cells. Finally, chips with concave microwells
containing nearly identical numbers of neural progenitor
cells were cultured for 10 days to allow neurospheroid forma-
tion. The following four groups of neurospheroids, providing
different culture conditions, were employed: group I,
neurospheroids cultured without flow (static conditions);
group IA, static conditions with added amyloid-β; group II,
neurospheroids cultured with flow (dynamic conditions);
group IIA, dynamic conditions with added amyloid-β. The
medium was changed every other day in the static condition
groups, group I and group IA. For treatment with amyloid-β,
neurospheroids were cultured in normal medium for 7 days
and then incubated with a medium containing 5 μM syn-
thetic amyloid-β (1–42) for 3 days.

2.5 Cell viability assay

The viability of neural cells cultured in the chip was assessed
using a Live/Dead assay kit (Invitrogen) as described by the
manufacturer. Briefly, cells were incubated in a solution of
Neurobasal medium containing 2 μL of calcein AM solution
and 5 μL of ethidium homodimer-1 solution at 37 °C for
40 min. Stained cells were observed using a confocal laser-
scanning microscope (Olympus, Japan). Also, a cell viability
test using a Cell Counting Kit-8 (CCK-8; Dojindo, Tabaru,
Japan) was conducted. Neurospheroids were harvested from
the chip and plated into a 96-well plate (100 μL medium per
microwell). Then, 10 μL of CCK-8 solution was added to each
well and the plate was incubated at 37 °C in a humidified 5%
CO2 atmosphere for 3 h. The absorbance of each well was
read at 450 nm using a microplate reader (PerkinElmer,
Akron, OH, USA).

2.6 Fixation and immunocytochemistry

Cultured neurospheroids in the four groups were fixed with
4% paraformaldehyde (PFA) for 20 min at 4 °C and then
washed with 0.1% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS). The cells were incubated in
0.1% Triton X-100 in PBS for 20 min at room temperature
and then washed with PBS containing 0.1% BSA. The cells
were blocked for 30 min at 4 °C to reduce non-specific
144 | Lab Chip, 2015, 15, 141–150
protein adsorption and then incubated overnight at 4 °C with
primary antibodies against the following proteins: β-III
tubulin (Santa Cruz Biotechnology), synapsin IIa (Santa Cruz
Biotechnology), and nestin (Santa Cruz Biotechnology). Cells
were rinsed with PBS containing 0.1% BSA and incubated
with Alexa Fluor 488- or 594-conjugated secondary antibody
(Invitrogen) for 90 min at 4 °C. Amyloid plaque staining was
done after fixation with 4% PFA. After the fixation, the
neurospheroids were washed with PBS three times and were
incubated in 1 mM thioflavin S (Sigma Aldrich) which had
been dissolved in 50% ethanol for 10 min. Then they
were rinsed with 80% ethanol twice and washed with PBS
three times. Fluorescence images were collected using a
confocal laser-scanning microscope (Olympus, Japan) after
counterstaining the cell nuclei with 4′,6-diamidino-2-
phenylindole dihydrochloride (DAPI, Invitrogen).

2.7 Scanning electron microscopy (SEM)

For SEM imaging, the culture medium was removed and the
neurospheroids formed in the concave microwells were
washed three times with 1 mL of PBS. Neurospheroids were
then fixed by incubating with 1 mL of 2.5% glutaraldehyde
solution in PBS for 10 min at room temperature. The fixed
spheroids were subsequently dehydrated with a series of
graded ethanol (75% and 95%, 1 time each; 100%, 3 times)
for 25 min each. After dehydration, the spheroids were
immersed in hexamethyldisilazane (Sigma-Aldrich) for
10 min. The spheroids were mounted on top of a sample
holder using carbon tape, coated with palladium alloy, and
observed under a scanning electron microscope (JEOL Ltd,
Tokyo, Japan).

2.8 Statistical analysis

All quantitative data were expressed as means ± standard
errors of the mean. All collected data were analyzed using
unpaired t tests using the statistical software SPSS, Version
10.0 (SPSS, Chicago, IL, USA). P values less than 0.05 were
considered statistically significant.

3. Results
3.1 Time course of the size distribution of neurospheroids
cultured with or without flow

To determine the effects of an interstitial level of flow on
neurospheroids, we cultured neurospheroids in two different
model systems: a static, no-flow model (group I) and a
dynamic, slow-flow model (group II). The neurospheroid size
was measured every day from day 0 (1 h after cell seeding)
to day 10. Fig. 3(a) and (b) show the size distribution of
neurospheroids over time. On day 0, the average size of
neurospheroids in group I and group II was 451.68 and
447.87 μm, respectively, indicating that similar numbers of
neural progenitor cells were seeded in both groups. During
the first 3 days after seeding, the sizes of neurospheroids in
both groups decreased due to aggregation, as previously
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Time course of the size distribution of neurospheroids cultured with (dynamic conditions, group II) or without flow (static conditions,
group I). (a) Daily optical images of neurospheroids of group I and group II from day 0 to day 10. (b) Size distribution analysis of neurospheroids
of group I and group II over time. Data represent means ± standard deviations of 40 independent experiments (**p < 0.01, two-tailed). (c) Cell
viability of group I and group II was quantified by CCK-8 assays on days 1, 4, and 10. Data represent means ± standard deviations of 6 independent
experiments (*p < 0.05, two-tailed).
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reported.15 However, thereafter (days 4 to 10), the changes in
spheroid size differed depending on the presence of flow. In
group II (with flow), the size of neurospheroids slightly
increased, whereas the size of neurospheroids in group I
(without flow) was essentially unchanged from day 4 to day
10. The average size of neurospheroids on day 10 in group I
and group II was 280.95 and 357.15 μm, respectively. Also,
the average size of neurospheroids over 10 days in culture
was greater in group II than that in group I.
3.2 Interstitial flow enhances synapse formation leading to
formation of a robust neural network

We next examined the formation of neural networks, which
are important for communication between neurons, and
thus brain function, in group I and group II. The pattern of
network formation on the chip was different between the
two groups. SEM images of neurospheroids in group I and
group II (Fig. 4a and c, respectively) revealed greater neurite
extension in neurospheroids in group II than that in group I,
leading to more robust neural network formation. Optical
images of the chip (Fig. 4b and d) show more active neural
network formation in group II as well. For quantitative anal-
ysis of these optical images, the chip was divided into ten
sections by column (each containing five microwells) from
inlet to outlet, and each section was analyzed by determin-
ing the total number of neurites that extended from micro-
wells and the average size of neurospheroids. In group II,
the number of neurites extending from microwells was high
near the inlet and decreased towards the outlet of the chip.
In contrast, no neurites were detected extending from group
This journal is © The Royal Society of Chemistry 2015
I microwells (Fig. 4e). Moreover, neurospheroids near the
inlet in group II were larger and become smaller toward
the outlet, whereas the sizes of neurospheroids are almost
the same throughout the chip in group I (Fig. 4f). To further
examine the formation of neural networks in neurospheroids,
we immunostained neurospheroids for the synaptic marker
synapsin IIa (Fig. 5). The intensity of synapsin IIa immuno-
staining was higher in the dynamic model than in the static
model, showing that interstitial flow enhances synapse
formation and leads to the development of a complex neural
network by providing continuous nutrient, cytokine, and
oxygen transport.

3.3 Interstitial flow enhances differentiation of neural
progenitor cells into neurons

We immunostained neurospheroids in the two groups for
the neural progenitor/stem cell marker nestin and the neu-
ronal marker β-III tubulin (Fig. 5 and 6). Nestin levels in
neurospheroids were higher in group I, whereas β-III tubulin
levels were higher in group II. These results indicate that
under static conditions, the stemness of neural progenitor
cells was maintained; in contrast, under dynamic conditions,
the differentiation of neural progenitor cells into neurons
was enhanced.

3.4 Neurotoxic effects of amyloid-β

To study how amyloid-β affects neurospheroids, we cultured
spheroids in the presence of amyloid-β under static condi-
tions (group IA) and dynamic conditions (group IIA);
neurospheroids cultured in the absence of amyloid-β (group I
Lab Chip, 2015, 15, 141–150 | 145
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Fig. 5 (a) Immunofluorescence images of neurospheroids of group I (static, normal medium), group IA (static, medium + amyloid-β (Aβ)),
group II (dynamic, normal medium), and group IIA (dynamic, medium + Aβ) immunostained against synaptic marker synapsin IIa (red) and neural
progenitor/stem cell marker nestin (green). (b and c) Quantified results of the immunofluorescence images by the intensity. Data represent
means ± standard deviations of 8 independent experiments (*p < 0.05, **p < 0.01, two-tailed).

Fig. 4 Neural network formation in group I and group II. (a and c) SEM images and (b and d) optical images of group I and group II. White arrows
indicate neurites. For quantitative analysis of their optical images (b and d), the chip was divided into ten sections by column (each containing five
concave microwells) from inlet to outlet. (e) Average number of neurites extending from microwells of each section from inlet to outlet of group I
and group II. (f) Average size of neurospheroids of each section from inlet to outlet of group I and group II.
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Fig. 6 (a) Immunofluorescence images of neurospheroids of group I (static, normal medium), group IA (static, medium + amyloid-β (Aβ)), group II
(dynamic, normal medium), and group IIA (dynamic, medium + Aβ) stained Aβ with thioflavin S (green) and immunostained against neuronal marker
β-III tubulin (red). (b and c) Quantified results of the immunofluorescence images by the intensity. Data represent means ± standard deviations of
8 independent experiments (**p < 0.01, two-tailed).
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and group II) served as controls. To assess the presence and
distribution of amyloid-β in neurospheroids, we stained
neurospheroids with thioflavin S, which binds β-sheet-rich
structures and thus stains amyloid-β. As shown in Fig. 6,
the fluorescence intensity increased after treatment of
neurospheroids with amyloid-β. We also observed that
the amount of amyloid-β remaining in the neurospheroids in
group IIA was greater than that in group IA. We next
performed a Live/Dead assay to assess the viability of cells in
neurospheroids in each group (Fig. 7). The intensity of red
fluorescence corresponding to dead cells was higher in
groups treated with amyloid-β regardless of the presence of
flow. Quantification of Live/Dead assay results showed that
the percentage of viable cells in group IA and group IIA
was lower than that in group I and group II, respectively, con-
sistent with previous reports of the apoptotic and neurotoxic
effects of amyloid-β.15,21,27,28 Neurospheroids were also
immunostained for synapsin IIa, nestin, and β-III tubulin.
Groups IA and IIA showed lower levels of synapsin IIa, indi-
cating greater destruction of neural networks in groups IA
and IIA than in groups I and II (Fig. 5). This result was
reinforced by β-III tubulin immunostaining results, which
showed lower levels of β-III tubulin in groups IA and IIA
(Fig. 6). Nestin immunostaining in groups IA and IIA was also
less intense than that in groups I and II (Fig. 5), consistent
This journal is © The Royal Society of Chemistry 2015
with previous reports.29–31 Collectively, these data indicate
that the neurotoxic effects of amyloid-β decreased cell via-
bility, destroyed neural networks, which would be predicted
to cause synaptic dysfunction, and reduced the level of nestin
in neurospheroids.

4. Discussion

In this study, we simultaneously realized two in vivo brain
conditions—3D cytoarchitecture and interstitial fluid flow—
and investigated the effects of an interstitial level of flow and
amyloid-β protein toxicity on neurospheroids, demonstrating
the potential of this in vitro brain model as a drug-screening
and cytotoxicity testing tool.

We first found that an interstitial level of flow influenced
the size distribution of neurospheroids. During the first
3 days after seeding, the size of neurospheroids cultured
under both static (group I) and dynamic (group II) conditions
decreased as a result of aggregation through cell–cell interac-
tions, as previously reported.15 However, there were consider-
able differences in the size distributions of the two groups.
Neurospheroids in group II were larger at all points during
culture than neurospheroids in group I and visibly
increased in size between day 4 and day 10, whereas the size
of neurospheroids in group I remained the same from day 3
Lab Chip, 2015, 15, 141–150 | 147
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Fig. 7 Cell viability of neurospheroids of group I (static, normal medium), group IA (static, medium + amyloid-β (Aβ)), group II (dynamic, normal
medium), and group IIA (dynamic, medium + Aβ) as a result of the live/dead assay on day 10. Calcein AM stains live cells (green) and ethidium
homodimer stains dead cells (red).
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to day 10. This difference suggests that an interstitial level
of flow is involved in accelerating differentiation of neural
progenitor cells into mature neurons, a process accompa-
nied by neuritogenesis, neurite outgrowth, and synaptogene-
sis,32 and thus increases the volume of neurospheroids.
Also, as Fig. 3(c) shows, the absorbance at 450 nm
increased gradually from day 1 to day 10 in group II, while
group I increased for the first 4 days a bit and decreased
again. Since the intensity result of the CCK-8 assay is pro-
portional to the number of cells, this data showed that the
number of cells in neurospheroids in group II gradually
increased from day 1 to day 10 and this might explain the
size distribution of neurospheroids. We confirmed this pos-
sibility by immunostaining neurospheroids with nestin, a
marker for neural progenitor cells, and β-III tubulin, a
marker for neurons. The results of these immunohisto-
chemistry analyses revealed greater expression of nestin in
neurospheroids in group I, indicating the presence of more
early-stage neural progenitor cells under these static culture
conditions. In contrast, β-III tubulin levels were higher in
neurospheroids cultured with flow. Since β-III tubulin is a
component of neurites, a higher level of β-III tubulin trans-
lates into more extended neurites—a characteristic of
mature neurons. This enhanced differentiation likely indi-
cates the effect of continuous nutrient, oxygen, and cytokine
transport and removal of metabolic wastes caused by inter-
stitial flow. These differences also show that interstitial flow
has the propensity to stimulate proliferation of neural pro-
genitor cells. We further found that interstitial flow
148 | Lab Chip, 2015, 15, 141–150
influenced neural network formation in neurospheroids
by providing a continuous medium in diffusion-dominant
laminar flow. Both qualitative and quantitative assessments
revealed more robust neural network formation in
neurospheroids cultured with flow, possibly because of the
continuous supply of fresh medium rich in oxygen and
nutrients and clearance of metabolic wastes by flow.33,34

One interesting aspect of neural network formation in our
system was the observation that the total number of
neurites extending from each microwell decreased from
inlet to outlet (Fig. 4). This phenomenon could be due to
the effect of the dilution of cytokines and the removal of
metabolic wastes and their interactions from the inlet to
the outlet. Although further investigations are required, the
reason seems to be from the insufficient supply of nutrients
and oxygen to the outlet. Generally, it is well known that
the flow rate should be higher or equal to the critical perfu-
sion rate to guarantee that cells receive enough nutrients
and oxygen in dynamic culture.35 The interstitial level of
slow flow that we demonstrated on this chip is extremely
slow flow, that is, diffusion-dominant laminar flow, that
provides continuous transport of nutrient, oxygen, and cyto-
kine and removal of metabolic wastes, which seemed to
have affected size distribution, neural network formation,
and synapse formation.

To confirm the applicability of this in vitro brain model for
drug screening or toxicity testing, we treated neurospheroids
with amyloid-β, which is generally considered a cause of AD,36

and tested neurotoxicity by fluorescence imaging and SEM.
This journal is © The Royal Society of Chemistry 2015
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We also assessed neural network formation by immuno-
staining for β-III tubulin and synapsin IIa, a pre-synaptic
nerve terminal-specific phosphoprotein that plays a key role
in modulating the release of neurotransmitters in the ner-
vous system.37 The reduction in synapsin IIa levels observed
after treatment suggests that amyloid-β induces neural net-
work destruction. Consistent with this interpretation, β-III
tubulin levels were also reduced by amyloid-β treatment, as
were the total numbers and lengths of neurites extending
from microwells.

We also noted the presence of more amyloid-β and dead
cells in neurospheroids cultured under flow conditions.
Under static conditions, the access of amyloid-β to the
interior of neurospheroids, and thus its ability to cause
neurospheroid degradation, is limited by simple diffusion.
However, with an interstitial level of flow, soluble amyloid-β
can infiltrate more deeply into neurospheroids causing
more neural cells to undergo apoptosis. This finding is
seemingly at odds with previous reports that interstitial
fluid movement contributes to the removal of interstitial
solutes through exchange with cerebrospinal fluid.33,34 How-
ever, in our experiments, a continuous supply of amyloid-β
was provided to neurospheroids during the last 3 days of
culture; thus, without a supply of fresh medium to serve
the function of cerebrospinal fluid, amyloid-β clearance
was not observed. Accordingly, rather than conflicting with
these previous studies, our results reinforce the importance
of the exchange of interstitial fluid with cerebrospinal fluid.
Additional studies, in which fresh medium is supplied after
amyloid-β treatment, will be needed to confirm that
amyloid-β is cleared by interstitial flow.
5. Conclusion

Using a biomimetic approach, we developed a brain-on-a-chip
that creates a 3D cytoarchitecture and interstitial flow. To
the best of our knowledge, there are no previous reports
describing a system that combines both of these important
features of the in vivo brain microenvironment. 3D culture is
essential for establishing normal cell–cell contacts and inter-
actions, and interstitial flow plays an important role not
only in nutrient delivery and metabolic waste clearance
but also in neural differentiation and morphogenesis by
providing a continuous supplement of medium containing
nutrient and oxygen. Consistent with this, neurospheroids
cultured under dynamic conditions were larger and showed
a more robust neural network than neurospheroids cultured
under static conditions. We also used this system to investi-
gate the neurotoxic effects of amyloid-β, demonstrating
decreased cell viability and increased neural destruction
and synaptic dysfunction, which are pathophysiological
features of Alzheimer's disease in vivo. The in vivo-like
microenvironment provided by this 3D culture-based micro-
fluidic chip has great potential as an in vitro brain model.
As such, this platform could fill the gap between traditional
This journal is © The Royal Society of Chemistry 2015
in vitro neural cell culture models and in vivo brain studies,
serving as a more reliable tool for studying neurologic
disease pathology and treatment strategies as well as drug
screening applications.
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