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Differentiation of neuroepithelial stem cells into
functional dopaminergic neurons in 3D
microfluidic cell culture†
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Aidos S. Baumuratov,a Thomas Hankemeier,bc Paul Vulto,bc Jens C. Schwamborna

and Ronan M. T. Fleming*a

A hallmark of Parkinson's disease is the progressive loss of nigrostriatal dopaminergic neurons. We derived

human neuroepithelial cells from induced pluripotent stem cells and successfully differentiated them into

dopaminergic neurons within phase-guided, three-dimensional microfluidic cell culture bioreactors. After

30 days of differentiation within the microfluidic bioreactors, in situ morphological, immunocytochemical

and calcium imaging confirmed the presence of dopaminergic neurons that were spontaneously electro-

physiologically active, a characteristic feature of nigrostriatal dopaminergic neurons in vivo. Differentiation

was as efficient as in macroscopic culture, with up to 19% of differentiated neurons immunoreactive for

tyrosine hydroxylase, the penultimate enzyme in the synthesis of dopamine. This new microfluidic cell culture

model integrates the latest innovations in developmental biology and microfluidic cell culture to generate a

biologically realistic and economically efficient route to personalised drug discovery for Parkinson's disease.
Introduction

Although our understanding of aetiopathogenesis of neuro-
degeneration has rapidly developed in the past two decades,
this has not yet been translated into any neuroprotective
treatment. The aetiological diversity of neurodegenerative dis-
eases and the estrangement of existing preclinical models
from clinical diseases are critical issues being addressed
within personalised biomedicine. Deriving cells with neuro-
nal phenotypes from patients with neurodegenerative disor-
ders through cellular reprogramming has the potential to rev-
olutionise preclinical disease modelling.1 Human terminally
differentiated cells can be reprogrammed to an embryonic-
like state through the ectopic expression of only four stem
cell transcription factors.2,3 The resulting induced pluripotent
stem cells (iPSCs) offer a new tool for in vitro disease modelling,4

especially relevant for neurodegenerative diseases as access to
human neuronal cells is otherwise difficult. However, develop-
ing in vitro cellular models to study neurodegenerative diseases
requires the use of appropriate neuronal cell types under
the right biological, chemical and physical conditions.5–7

Efficient neural induction of iPSCs can be achieved by
inhibiting the transforming growth factor beta and bone
morphogenetic protein signalling pathways.8 A combinatorial
activation of the antagonising neural plate border pathways
WNT and SHH enables the generation and long-term renewal
of these cells.

A key pathological feature of Parkinson's disease is the pro-
gressive loss of nigrostriatal dopaminergic neurons (DNs).9

Starting with fibroblasts obtained from familial or sporadic
Parkinson's disease patients, dysfunctional cellular pheno-
types are observed in macroscopic in vitro cultures of iPSC-
derived DNs,10–13 opening up the possibility of screening for
compounds that rescue dysfunctional cellular phenotypes.12

The aforementioned personalised in vitro disease models are
based on macroscopic, two dimensional cultures. Macro-
scopic culture in this context refers to the use of macroscopic-
scale cell culture devices (Petri dishes, flasks and multi-well
plates). Two dimensional culture cannot reproduce the nor-
mal anatomy and physiology of cells designed to live in a
three dimensional microenvironment.14 Moreover, macro-
scopic culture is inefficient with respect to the use of scarce
patient derived cellular materials and expensive reagents.
Medium requirements in such devices range from 20 mL for
large flasks to 200 μL for each well of a 96-well plate,15,16

requiring the use of proportionate amounts of growth factors.
Reinhardt et al. recently established a protocol, using only

small molecules, for derivation and expansion of human
, 2015, 15, 2419–2428 | 2419
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neuroepithelial stem cells from human induced pluripotent
stem cells or human embryonic stem cells.13 Using additional
growth factors, these neuroepithelial stem cells can be differ-
entiated into neural tube and neural crest lineages, including
midbrain-specific DNs that are electrophysiologically func-
tional and integrate after transplantation into the midbrain
of adult mice.13 Reinhardt et al.'s protocol is well suited for
large-scale in vitro disease modelling and phenotypic screen-
ing as it robustly generates a large and immortal population
of neuroepithelial stem cells, obviating the requirement for
costly growth factors or cumbersome manual steps. Neverthe-
less, the subsequent differentiation step does require costly
growth factors and to date, it has only been completed in two
dimensional macroscopic cell culture13 following transplanta-
tion in the brain of mice.17–19 Human dopaminergic neurons
derived from neural progenitor cells have been macroscopi-
cally cultured in 3D neurospheres,20,21 but to our knowledge,
3D microfluidic cell culture of iPSC-derived dopaminergic
neurons has not yet been reported.

Microfluidic cell culture offers a complementary approach
to study neuronal differentiation from induced pluripotent
stem cells under controlled experimental conditions.22 3D
microfluidic cell culture devices permit spatio-temporal con-
trol over the cellular microenvironment, monitoring of cellu-
lar events using current microscopy techniques and perfusion
culture to exchange nutrients, growth factors, signalling mol-
ecules, waste products and gasses at controlled rates.23–25

Microfluidic cell culture comes with many advantages and
challenges, determined by the quality of the match between
the microfluidic cell culture device and the cell culture phe-
notype desired.16 Biocompatibility aside, any macroscopic
cell culture protocol is the result of heuristic optimisation by
generations of biologists and cannot be assumed to be opti-
mal for microfluidic cell culture as the mechanisms of fluid
and gas exchange in a microfluidic device will deviate from
the exchange typical for macroscopic culture.16

Trietsch et al. recently described a stratified 3D cell culture
bioreactor.26 Each bioreactor contains a lane of hydrogel-
embedded cells and one or more adjacent lanes of laminarly
flowing liquid. Every pair of lanes is partially separated by a
phaseguide, which is a geometric feature introduced to pat-
tern liquids flowing into each bioreactor. Each phaseguide
induces a meniscus pinning effect that forces an advancing
liquid to align itself with the phaseguide instead of flowing
over it.27,28 To load a bioreactor, cells are mixed with a
liquified, surrogate extracellular matrix that is then dispensed
into a well connected to a phaseguide delimited lane. Upon gela-
tion this lane becomes the aforementioned lane of gel-embedded
cells. Next, fresh medium is added to another well that is
connected to a medium lane adjacent to the gel-embedded cells.

In a typical bioreactor,26 a phaseguide is not higher than
one fourth of the height of a lane, permitting diffusion
between the lane of gel-embedded cells and the fluid medium
lane(s). While diffusion will allow the supply of nutrients and
efflux of waste metabolites, cells embedded within the gel are
shielded from shear stress. Arrays of bioreactors are incorporated
2420 | Lab Chip, 2015, 15, 2419–2428
in a microtiter plate format, termed as OrganoPlate (Mimetas
BV, Leiden), which is fully compatible with standard labora-
tory automation equipment. The functionality of this plat-
form with respect to 3D culture of immortalised cell lines
with continuous perfusion, co-culture and invasion has
already been established,26 but not yet for differentiation of
induced pluripotent stem cell-derived cell lines.

Hydrogels are often used as a surrogate extracellular
matrix for 3D culture because of their biomechanical proper-
ties. They provide mechanical integrity, yet permit the diffu-
sion of signalling molecules, nutrients and metabolic wastes.29

Natural hydrogels, e.g., Matrigel, fibrin gel or alginate gel, are
composed of proteins and extracellular matrix components30

that provide a suitable extracellular matrix environment for 3D
cell culture and endogenous factors that promote prolifera-
tion and development. Synthetic hydrogels like poly(ethylene
glycol), poly(vinyl alcohol) and poly(2-hydroxy ethyl methacry-
late) act as a template for cell culture, but they lack endoge-
nous factors.29,30 A combination of natural and synthetic
polymers, e.g., poly(ethylene glycol) and collagen, can be used
as a cell entrapping material.29 A commonly used natural
hydrogel is BD Matrigel, a reconstituted basement membrane
preparation extracted from the Engelbreth–Holm–Swarm
(EHS) mouse sarcoma, a tumour rich in extracellular matrix
proteins. Matrigel is composed of 60% laminin, 30% type IV
collagen and 8% entactin, in addition to growth factors and
other molecules. Entactin acts as a bridging molecule that
interacts with laminin and collagen IV contributing to the
structural organisation of Matrigel as an extracellular matrix.
The interaction of cells in culture with the surrounding extra-
cellular matrix is an active process. Cultured cells may
respond to their local environment remodelling the extracel-
lular matrix by synthesising a new extracellular matrix or
degrading it by the action of extracellular enzymes.31

In this paper, we report the successful integration of
advanced developmental cell biology and microfluidic cell
culture technology. We efficiently differentiated human iPSC-
derived neuroepithelial stem cells13 into functional DNs
within phase-guided 3D cell culture bioreactors.26 After 30
days in culture, we confirmed known phenotypic characteris-
tics of DNs by calcium imaging and immunofluorescence. 3D
image analysis revealed mature neurons that possessed long
neurites showing an interconnected neuronal population. This
paper establishes that phase-guided 3D cell culture bioreactors
can be successfully integrated with cellular reprogramming of
neuroepithelial stem cells to produce an in vitro dopaminergic
neuronal cell culture model. This model is robust, cost effi-
cient, physiologically proximal and ready for parallelism by lab-
oratory automation and personalisation by supply of patient
derived iPSCs from dedicated bio-banks.

Materials and methods
Microfluidic device

Cells were cultured in 2-lane and 3-lane OrganoPlates
(Mimetas BV, Leiden, The Netherlands) consisting of arrays
This journal is © The Royal Society of Chemistry 2015
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of microfluidic bioreactors in a microtiter plate format,
detailed previously26 (Fig. 1). In brief, a 2-lane OrganoPlate
consists of an array of 96 bioreactors. Each culture chamber
is juxtaposed to 4 wells of a 384 well plate with one gel inlet
well (Fig. 1b, 1) for loading gel-embedded cells into the cul-
ture lane and one readout window (Fig. 1b, 3) for monitoring
the culture lane by inverted light microscopy. In addition,
each bioreactor has a perfusion inlet well (Fig. 1b, 2)
connected to a perfusion outlet well (Fig. 1b, 4) via a medium
perfusion lane, where the flow of fluid is driven by gravity. In
each culture chamber, during cell loading a phaseguide pre-
vents liquefied gel-embedded cells from leaving the culture
lane and entering the medium lane (Fig. 1c–e). A phaseguide
is a patterned pinning barrier that controls the liquid–air
interface by forcing it to align with the ridge and therefore
allowing the filling of microfluidic structures27 (ESI† movie 1).
2- and 3-lane OrganoPlates are the same, except that the latter
consists of an array of 40 bioreactors, each of which contains
one culture chamber, composed of three lanes separated by
two phaseguides (Fig. 1f–h). This gives more options for strati-
fied culture as only one lane must be used for medium perfu-
sion and only one culture lane must be used for gel-embedded
cells, the third can be used for either purpose.
Human neuroepithelial stem cell culture

Human neuroepithelial stem cells (hNESCs) derived from
iPSCs were maintained and differentiated into DNs by
adapting an existing protocol described in detail by Rein-
hardt et al.13 We summarise this protocol and highlight any
This journal is © The Royal Society of Chemistry 2015

Fig. 1 OrganoPlate concept and filling procedure: (a) top and bottom vie
plate format, while the bottom consists of 40 microfluidic bioreactors eac
composed of a gel inlet (1), a perfusion inlet (2), an optical readout window
dow and its cross section. The 2-lane culture chamber is separated by a p
the liquefied gel and selectively patterned in the culture lane by the phaseg
and perfusion is driven by gravitational leveling between the perfusion inle
two perfusion lanes and one culture lane; (g) gel-embedded cells are perfus
adaption for microfluidic cell culture. Small molecules
(ascorbic acid, CHIR, PMA and dbcAMP) and specific growth
factors (BDNF, GDNF and TGFβ3) are used to differentiate
hNESCs into midbrain specific DNs. The culture preparation
medium N2B27 medium consisted of equal amounts of
neurobasal medium (Life Technologies) and DMEM/F12
medium (Life Technologies) supplemented with 1% penicil-
lin/streptomycin (Life Technologies), 2 mM L-glutamine (Life
Technologies), 1 : 100 B27 supplement without vitamin A (Life
Technologies) and 1 : 200 N2 supplement (Life Technologies).
hNESCs were maintained and proliferated in N2B27 medium
up to 70% confluence to have enough cell material to load
into the wells of the OrganoPlate.
Dopaminergic neuronal differentiation

The maintenance medium used to maintain the hNESCs in
culture consisted of N2B27 medium with 0.5 μM PMA (Enzo
Life Sciences), 3 μM CHIR (Axon Medchem) and 150 μM
ascorbic acid (Sigma Aldrich). This medium was used to pre-
pare the hNESCs at an average cell density of 7 million cells
per ml. Corning Matrigel hESC-qualified matrix catalogue
number 354277, lot number 3318549 (Discovery Labware) at
50% from the reconstituted stock, with the cell suspension in
maintenance medium, was used as the extracellular matrix.
hNESCs in the maintenance medium were mixed with an
equal amount of Matrigel and 1 μL of this mixture was
loaded into each inlet wells of the 2-lane (2 μL in the 3-lane)
microfluidic bioreactors in an OrganoPlate, using a repeating
pipette (Eppendorf) following the plate loading protocol
Lab Chip, 2015, 15, 2419–2428 | 2421

ws of a 3-lane OrganoPlate. The top is based on a 384-well microtiter
h with one culture chamber. (b) Scheme of a single 2-lane bioreactor
(3) and a perfusion outlet (4). (c) A horizontal view of the readout win-
haseguide to allow selective gel patterning. (d) Cells are loaded within
uide. (e) Upon gelation, the medium is introduced in the perfusion lane
t well and the perfusion outlet well. (f) 3-lane bioreactor consisting of
ed from two sides; (h) vertical cross sectional view of (g).
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previously described by Trietsch et al.26 In each microfluidic
bioreactor, the hNESCs are embedded within the Matrigel
adjacent to one or more perfusion lanes, rather than seeded
on top of the Matrigel with media above, as in the macro-
scopic culture protocol reported by Reinhardt et al.13 After
loading the cells into the culture chambers of the
OrganoPlate, the plate was incubated at 37 °C and 5% CO2

for 10 min to allow initial gelation of the Matrigel. To start
medium perfusion by gravity, the maintenance medium was
added to the perfusion inlet and outlet wells where an aver-
age fluid flow of 1.5 μL h−1 is achieved.26

The differentiation medium with PMA used to induce the
differentiation of hNESCs towards DNs consisted of N2B27
medium with 200 μM ascorbic acid, 0.01 ng μL−1 BDNF
(Peprotech), 0.01 ng μL−1 GDNF (Peprotech), 0.001 ng μL−1

TGFβ3 (Peprotech), 2.5 μM dbcAMP (Sigma Aldrich) and
1 μM PMA. The differentiation medium with PMA was
changed every 2 days during the first 6 days of culture in the
differentiation process.

For the maturation of differentiated neurons, PMA was no
longer added to the differentiation medium, differentiation
medium without PMA, from day 7 onwards; this differentia-
tion medium without PMA was changed every 2 days for 3
weeks. Exchange of the differentiation medium with and
without PMA was done 3 times a week to ensure the stability of
the small molecules used during the differentiation process.

To monitor cellular morphology during differentiation,
bright field images were acquired using a Zeiss Axiovert 40
CFL microscope equipped with a cooled CCD camera (Zeiss
AxioCam Mrm, Zeiss).

Calcium imaging

A calcium imaging assay was performed on representative
wells. 80 μL of 5 μM cell permeant Fluo-4 AM (Life Technolo-
gies) in neurobasal medium was added to inlet wells of
microfluidic bioreactors at room temperature. Fluorescence
images were acquired using an epifluorescence microscope
(Leica DMI6000B) equipped with a cooled sCMOS camera
(Neo 5.5, Andor Technology) with both apparatus controlled
with Micro-manager (version 1.4).32 Images were sampled at
a rate of 8.4 Hz for ~2 min, stored as image stacks and
analysed using custom Matlab (version 2013b; MathWorks)
scripts. Fluorescence traces were extracted from manually
segmented regions of interest corresponding to neuronal cell
bodies and were presented as relative changes in fluores-
cence (ΔF/F). Thereafter, the most probable spike train was
inferred from fluorescence observations using a fast non-
negative deconvolution algorithm described by Vogelstein
et al.33 The output of this algorithm is the probability that a
spike occurred in a given time frame. In order to binarise the
resulting spike train (1 for neuron activated and 0 for neuron
not activated), we thresholded the vector of probabilities v
such that the spikes with a probability below 2/3 ĲminĲv) +
maxĲv)) were set to 0 and the remaining ones were set to 1.
Thus, spikes with the highest probabilities indicated the acti-
vation of the neuron.
2422 | Lab Chip, 2015, 15, 2419–2428
Immunofluorescence staining

The in vitro dopaminergic phenotype is characterised by the
expression of specific neuronal markers, TUBβIII and tyro-
sine hydroxylase (TH), the rate limiting enzyme in the biosyn-
thesis of dopamine.13,34,35 Immunostaining for TH positive
cells was performed on representative wells at day 30 of dif-
ferentiation. Differentiated cells were fixed with 4% parafor-
maldehyde (PFA) in 1× phosphate-buffered saline (PBS) for
15 min, followed by permeabilisation with 0.05% Triton-X
100 in 1× PBS (3 min on ice), and blocking with 10% fetal
calf serum (FCS) in 1× PBS (1 h). After washing with 1× PBS,
the primary antibodies mouse anti-TUBβIII (1 : 2000,
Covance) and rabbit anti-TH (1 : 2000, Santa Cruz Biotechnol-
ogy) were incubated for 90 min at room temperature. After
washing with 1× PBS, the secondary antibodies Alexa Fluor
488 Goat Anti-Rabbit and Alexa Fluor 568 Goat Anti-Mouse
together with a stain DNA (Hoechst 33342, Invitrogen)
were incubated overnight at 4 °C on a rotary shaker. After
washing with 1× PBS, confocal images of representative
culture chambers were acquired using a confocal microscope
(Zeiss LSM 710). After the confocal images were acquired, a
spot detection algorithm (Imaris software, Bitplane) was used
to detect and count the nuclei in order to be able to calculate
the efficiency of differentiation (see the ESI† for more
details).
Results
Differentiation of human neuroepithelial stem cells into
neurons in microfluidic cell culture

The protocol used to differentiate hNESCs into DNs was suc-
cessfully implemented in 2-lane and 3-lane OrganoPlates
using maintenance and differentiation media as depicted in
Fig. 2a. Three hours after loading Matrigel-embedded hNESCs
into the OrganoPlate, small cellular aggregates started to
form. Cells in these aggregates started to project plasma
membrane protrusions (filopodia)36 to probe their new
microenvironment, during perfusion with the maintenance
medium and incubation at 37 °C (Fig. 2b). During the days
of exposure to the differentiation medium with PMA (day 3
to 10), the morphology of hNESCs was mainly characterised
by the extension of those protrusions into more neurite-like
structures. In addition to a more defined polarisation (unipo-
lar and bipolar)37 of the differentiated hNESCs, growth cones
and additional filopodia arise from the main neurite38(ESI†
Fig. S1). Furthermore, proliferating and dead hNESCs can be
observed in the culture chamber (Fig. 2c). Maturation of dif-
ferentiating hNESCs into a more robust neuron like pheno-
type was started by using the differentiation medium without
PMA (Fig. 2d). Differentiating neurons were allowed to
mature and differentiate for 21 additional days. Throughout
this maturation stage, the differentiated neurons had more
defined bipolar morphology, growth cones, varicosities and
larger neurites, typical of a more mature neuronal phenotype
(Fig. 2e) (ESI† Fig. S1).
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Differentiation of hNESCs into DNs. (a) Medium components. Bright field images of hNESCs in the 2-lane OrganoPlate: (b) 1 day, (c) 4 days,
and (d) 10 days after seeding. (e) hNESCs differentiated into neurons in the 2 lane microfluidic culture chamber after 1 month of differentiation.
Scale bars: 100 μm and 20 μm. The blue, red and green arrows on the left indicate the medium lane, phaseguide and culture lane in the
OrganoPlate, respectively.
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Characterisation of differentiated neurons

2-lane OrganoPlate. In 2-lane bioreactors, differentiated
neurons were identified by immunoreactivity for the marker
TUBβIII (red, Fig. 3). The staining of differentiated neurons
positive for TUBβIII showing the neurite distribution, out-
reach and ramification in a selected area of the culture lane
can be seen in Fig. 3c. Dopaminergic neurons exhibited a
spatially homogeneous distribution along the length and
breadth of the lane (Fig. 3a). A closer look into the selected
This journal is © The Royal Society of Chemistry 2015

Fig. 3 Differentiation of hNESCs into neurons in a 2-lane microfluidic biore
in the 2-lane microfluidic chamber after 1 month of differentiation; scale b
with Hoechst in blue, (c) TUBβIII in red, and (d) TH in green; scale bar 50 μ

ciency of survival and differentiation of hNESCs into neurons. (g) Efficiency
from 3 different bioreactors of the 2-lane OrganoPlate.
area highlighted in Fig. 3a shows the staining of nuclei with
Hoechst (blue, Fig. 3b). Differentiated neurons positive for
TH confirmed the presence of DNs as shown in Fig. 3d. An
enlarged view of the merged image of stained neurons in the
selected area of the culture lane is shown in Fig. 3e.

The 2- and 3-lane Organoplates consist of 96 and 40 biore-
actors, respectively. Once the hNESCs were loaded to the cul-
ture chamber, they had to adapt to the new 3D microenviron-
ment. After 48 hours in culture, approximately 70% of 2- and
3-lane bioreactors had culture chambers with viable cells. A
Lab Chip, 2015, 15, 2419–2428 | 2423

actor of the OrganoPlate. (a) Immunostaining of differentiated neurons
ar 200 μm. Section of the microfluidic chamber stained for: (b) nuclei
m. (e) Merged nuclei, TUBβIII and TH stains; scale bar 100 μm. (f) Effi-
of TH positive neurons (DNs); error bars show the standard deviation

https://doi.org/10.1039/c5lc00180c


Lab on a ChipPaper

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ite

it 
L

ei
de

n 
/ L

U
M

C
 o

n 
8/

4/
20

21
 1

0:
39

:2
6 

A
M

. 
View Article Online
possible factor contributing to this decrease in bioreactors
with viable cells could be the temperature changes experi-
enced by the cells during the sample preparation step, pre-
mature gelation of the Matrigel and medium evaporation
from wells located at the edge of the plate. In this study, we
used cell counts for 3 typical bioreactors in the 2-lane
OrganoPlate to calculate the average survival rate in bioreac-
tors with viable cells during the differentiation process.
Approximately half of all the cells die in a typical culture
lane. Of the live cells, 91% differentiated into TUBβIII posi-
tive cells, indicating highly efficient neuronal differentiation
(Fig. 3f). 9% of the live cells were negative for both TUBβIII
and TH, indicating either a failure to differentiate or differen-
tiation into non-neuronal lineages. Of the live cells, 72% were
positive only for TUBβIII and 19% were positive for both
TUBβIII and TH (Fig. 3f), indicating efficient differentiation
into dopaminergic neurons (Fig. 3g).

3-Lane OrganoPlate. In 3-lane bioreactors, Matrigel-
embedded cells were flanked by two medium perfusion lanes.
A homogeneous distribution of differentiated neurons was
observed throughout the length and breadth of typical cul-
ture lanes (Fig. 4a). Similar to Fig. 3b, the spatial distribution
of cell nuclei (Hoechst staining) in a selected area of the cul-
ture lane is illustrated in Fig. 4b, neurites (TUBβIII staining)
in Fig. 4c, and neurons positive for TH in Fig. 4d; an
enlarged view of the selected area in the culture lane showing
the merged distribution of used cellular markers of differen-
tiated neurons is shown in Fig. 4e.
2424 | Lab Chip, 2015, 15, 2419–2428

Fig. 4 Differentiation of hNESCs into neurons in a 3-lane microfluidic biore
in the 3-lane microfluidic chamber after 1 month of differentiation; scale b
with Hoechst, (c) TUBβIII, and (d) TH; scale bar 50 μm. (e) Merged nuclei,
cells regarding differentiation of hNESCs into neurons and efficiency of diffe
the standard deviation from 3 different bioreactors of the 3 lane OrganoPla
In the cell culture lanes of the 3-lane OrganoPlate, 65% of
the cells died during the differentiation process. Out of the
35% surviving cells, 11% were negative for TUBβIII and TH
(undifferentiated remaining neural stem cells). Among the
remaining 89% of cells differentiated into neurons, 78% were
only positive for TUBβIII and 11% were positive for TUBβIII
and TH as shown in Fig. 4f. The efficiency of TH positive
neuronal differentiation in the bioreactors of the 3-lane
OrganoPlate was therefore 11% (Fig. 4g).
3D distribution of differentiated dopaminergic neurons

A 3D reconstruction of the differentiated neurons in a repre-
sentative culture chamber of the 2-lane OrganoPlate revealed
the distribution of differentiated neurons positive for TUBβIII
and TH (Fig. 5a). Both medium perfusion and cell culture
lanes can be seen, separated by a phaseguide, demonstrating
that cells are confined to the culture lane. A longitudinal view
along the same culture lane revealed that many cells had
migrated toward the top of the Matrigel (Fig. 5b). Further-
more the upper surface of the Matrigel no longer reached the
top of the culture lane, rather it had contracted to create an
apparently concave upper surface. A side view of the same
culture lane shows the spatial localisation of neurite projec-
tions relative to the height of the channel (Fig. 5c). The top
side view orientation of the differentiated cells in the chan-
nels shows the level of connectivity among TUBβIII and TH
positive neurons (Fig. 5d).
This journal is © The Royal Society of Chemistry 2015

actor of the OrganoPlate. (a) Immunostaining of differentiated neurons
ar 200 μm. Section of the microfluidic chamber stained for: (b) nuclei
TUBβIII and TH stains; scale bar is 100 μm. (f) Correlation of live–dead
rentiation. (g) Efficiency of TH positive (mDN) neurons; error bars show
te.

https://doi.org/10.1039/c5lc00180c


Fig. 5 3D representation and distribution of TH positive differentiated neurons in the 2-lane microfluidic culture chamber of the OrganoPlate. (a)
Top view of the entire culture chamber; scale bar 200 μm. (b) Inside view and (c) side view of a selected area of the culture lane; scale bar 50 μm.
(d) Top view of the selected area, (e) reconstruction of neuronal filaments of TH and TUBβIII-positive neurons in the selected area, and (f) overlap
of (d) and (e); scale bar 50 μm.
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Surface reconstruction and filament tracing revealed a
truly three-dimensional distribution of differentiated cells in
the culture lane, as shown in Fig. 5e and ESI† movie 2. An
overlay of the neuronal distribution and the filament recon-
struction of neurons located in this area of the plate shows
the high level of branching, interconnectivity and the length
of neurites of differentiated neurons (Fig. 5f).
Electrophysiological activity of differentiated neurons

Analysis of calcium imaging time-series of representative cul-
ture chambers revealed spontaneous neuronal activity in sev-
eral differentiated neurons. A calcium transient, evoked by
an action potential, is characterised by a fast rise in intracel-
lular calcium concentration due to neuronal depolarisation
followed by a slower exponential decay corresponding to the
slow unbinding rate of calcium ions from the fluorescent
probe.39,40 Fig. 6 shows the somatic fluorescence signals
extracted from spontaneously active neurons in the 3-lane
OrganoPlate, where calcium transients evoked by action
potentials were visible (see also ESI† movie 3).

Fig. 6a depicts the mean fluorescence image of a TH
immunoreactive differentiated neuron. Using the Fluo-4 fluo-
rescence trace of this neuron, we applied the algorithm
reported by Vogelstein et al.33 to infer the most probable
spike train underlying the trace (Fig. 6b). Interestingly, the
This journal is © The Royal Society of Chemistry 2015
resulting spontaneous calcium transients and the underlying
spikes tend to be regular and this is consistent with previous
in vitro studies on the tonic electrophysiological activity of
DNs.41,42 Fig. 6c–e illustrate the fluorescence traces and
inferred spike trains from three different TH-negative neu-
rons. These results show that TH-negative neurons tend to
depolarise in more irregular temporal patterns than TH-
positive cells. Fig. 7 shows the calcium signals extracted from
the soma, neurite and neurite terminal of a typical electro-
physiologically active neuron in the culture chamber of the
2-lane OrganoPlate. At our sampling rate of 8.4 Hz, calcium
transients appeared to be synchronised between these three
regions, indicating that each action potential does propagate
along neurites.

Discussion

The degeneration of substantia nigra dopaminergic neurons
is one of the hallmarks of Parkinson's disease.43 The efficient
generation of iPSC-derived dopaminergic neuronal in vitro
cultures with phenotypic properties proximal to those
observed in vivo in patients and matched controls is therefore
an important goal for personalised biomedicine approaches
to Parkinson's disease. We successfully differentiated human
neuroepithelial stem cells (hNESCs) into dopaminergic neu-
rons within established microfluidic cell culture bioreactors.26
Lab Chip, 2015, 15, 2419–2428 | 2425
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Fig. 6 Monitoring of spontaneous neuronal activity of differentiated
neurons in the culture chamber of the 3-lane OrganoPlate. (a) Mean
frame of a field of view representing an electrophysiologically active
TH immunoreactive neuron; scale bar 20 μm. (b) Fluorescence trace
(blue line) and the inferred spike train corresponding to the neuron in
(a) (black bars using the fast non-negative deconvolution filter and red
bars after thresholding). (c–e) Fluorescence traces corresponding to
three different non-TH positive neurons and the underlying spike trains.

Fig. 7 Fluorescence traces (blue lines) and the inferred spike trains
corresponding to different regions of a differentiated neuron in the
culture chamber of the 2-lane OrganoPlate (black bars using the fast
non-negative deconvolution filter and red bars after thresholding): (a)
soma, (b) neurite, and (c) neurite terminal.
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In each bioreactor, a 3D lane of Matrigel-embedded cells is
flanked by bulk flow of fluid medium on one or both sides.
2426 | Lab Chip, 2015, 15, 2419–2428
Human neuroepithelial stem cells (hNESCs) were derived
from iPSCs using an established macroscopic cell culture pro-
tocol that only requires small molecules.13 Differentiation of
hNESCs into midbrain-specific dopaminergic neurons
requires the use of expensive reagents. Our use of these
reagents in microfluidic cell culture is approximately 10 times
less than in macroscopic culture, making microfluidic culture
more economical.

The calculation of the percentage of dead cells in the cul-
ture is based on counting the nuclei (Hoechst stain) in the
culture lane. The percentage of dead cells reflects the preva-
lence of cell death after a 30 day culture period, because dead
gel-embedded cells are not flushed out by renewal of media.
This is in contrast to two dimensional macroscopic culture
where one typically measures the incidence of cell death
between medium renewals, each of which flushes away
dead cells that detach from the underlying culture surface.
Differentiation efficiency has been observed to increase in a
sigmoidal fashion with time.13 After a 30 day exposure to dif-
ferentiation media, we achieved an immunocytologically con-
firmed neuronal differentiation efficiency of 91%, which
compares favourably with the 50% efficiency observed in
macroscopic culture after 21 days.13 The remaining cells
(TUBβIII negative, TH negative) are either undifferentiated
hNESCs or astrocytes as observed in macroscopic culture and
as suggested by phase contrast images indicating an astrocytic
morphology (data not shown). Of the immunocytologically
confirmed neurons, the dopaminergic neuronal differentia-
tion efficiency was 19% and 11% within the 2- and 3-lane
microfluidic bioreactors, respectively, as compared to the 30%
efficiency observed in macroscopic culture after 21 days.13

Gel-embedded cells in a 3-lane bioreactor are flanked by
medium perfusion on two sides, as opposed to one side in a
2-lane bioreactor. The lower differentiation efficiency in
3-lane bioreactors may be due to increased dilution of para-
crine factors suggesting that modulation of the medium per-
fusion rate could lead to higher differentiation efficiency.

In mouse41 and guinea pig42 brain slices, nigrostriatal
dopaminergic neurons exhibit spontaneous firing, at a highly
regular rate. Our calcium imaging, performed in situ, con-
firmed the spontaneous electrophysiological activity in differ-
entiated neurons, with action potentials propagating along
neurites. A more regular firing pattern was observed in dopa-
minergic neurons (TUBβIII and TH positive cells) as opposed
to other neurons (TUBβIII positive, TH negative) indicating
that these cells are electrophysiologically more proximal to
nigrostriatal dopaminergic neurons in vivo. We employed a
deconvolution algorithm33 to infer the probability of a
depolarisation event underlying successive intervals of the
calcium signal. Patch clamp recordings, in parallel to calcium
imaging from individual hNESC-derived dopaminergic neu-
rons, would be required to tune the free parameters of the
deconvolution algorithm and express greater confidence in
the predicted depolarisation events since nigrostriatal dopa-
minergic neurons are known to exhibit atypically broad
action potentials.44
This journal is © The Royal Society of Chemistry 2015
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Our results reinforce the previously observed biocompati-
bility of the materials used in our phase-guided 3D cell cul-
ture bioreactors (OrganoPlate, Mimetas BV). This is impor-
tant because assays of biocompatibility must be completed
with a range of cell types as different cell types do respond
differently to the same cell culture device.45 This is especially
so with microfluidic cell culture, where the ratio between cel-
lular volume and culture device surface area (in diffusive con-
tact with cells) is typically much lower than for macroscopic
culture.46 We use a phaseguide to separate the medium and
culture lanes, measuring 1/4 of the height of the lane; there-
fore at least 3/4 of the surface area of the gel in the culture
lane is in diffusive contact with fresh media. This provides
ample supply of fresh nutrients and dissolved gasses and
avoids any requirement for microfabricated pillar arrays or
other barriers to nutrient exchange.

Reinhardt et al.13 used Matrigel to coat the surface of
macroscopic culture plates in which hNESCs were cultured.
In contrast, we first mixed hNESCs with fluid Matrigel at
4 °C, and then dispensed this mixture from a pipette into a
cooled bioreactor. This mixture gelates when the temperature
of the bioreactor rises above 10 °C. This loading step requires
careful control over temperature to ensure that the mixture
remains fluid until lane loading is complete. We have
observed that premature gelation lowers cell viability. This
may be due to increased viscosity of the partially gelated mix-
ture which would result in sheer stress to embedded cells
during loading. After gelation, hNESCs should have an isotro-
pic cellular morphology with any anisotropy indicative of
sheer stress during loading. Regarding the ratio of live : dead
cells, it is hard to obtain comparable data from macroscopic
2D culture where dead cells detach and are flushed away by
medium replacement. In contrast, dead cells continue to
reside in situ in our 3D culture.

While maintaining the Matrigel at 4 °C keeps it fluid,
37 °C is the optimal temperature for culture of most human
cells. Mixing hNESCs with fluid Matrigel at 4 °C does expose
them to a cold shock47 which must be as long as the loading
of all desired bioreactors on a single microfluidic plate. Of
the microfluidic bioreactors loaded with hNESCs, approxi-
mately 7 out of 10 culture chambers had aggregates of viable
cells after 48 h in culture. It may be that the cold shock expe-
rienced by the hNESCs contributes to the collective loss of
viability in non-viable chambers, though some loss of collec-
tive viability is also normally expected amongst any set of
macroscopic culture wells. Future experiments are required
with alternatives to Matrigel that can suspend cells in fluid
during loading and gelate in a controlled manner without
harming embedded cells yet act as a biocompatible extracel-
lular matrix upon gelation.

Conclusions

We successfully differentiated human neuroepithelial stem
cells into dopaminergic neurons within phase-guided, three
dimensional microfluidic cell culture bioreactors. After 30
This journal is © The Royal Society of Chemistry 2015
days of differentiation, in situ morphological, immunocytological
and electrophysiological characterisation of dopaminergic
neurons confirmed the biological fidelity of this new in vitro
model and emphasised the biocompatibility of this phase-
guided microfluidic device.

Each microfluidic bioreactor requires a fraction of the
expensive reagents typically used for macroscopic culture and
our arrays of microfluidic bioreactors are arranged in a
microtiter plate format that is compatible with standard labo-
ratory automation. These features, combined with the estab-
lishment of biobanks of patient-derived induced pluripotent
stem cells, provide an efficient route to personalise industrial-
scale drug discovery.
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