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For cell-based biosensor applications, dissociated neurons have been cultured on planar microelectrode
arrays (MEAs) to measure the network activity with substrate-embedded microelectrodes. There has
been a need for a multi-well type platform to reduce the data collection time and increase the statistical
power for data analysis. This study presents a novel method to convert a conventional MEA into

a multi-well MEA with an array of micrometre-sized neuronal culture (‘neuronal micro-circuit array’).
An MEA was coated first with cell-adhesive layer (poly-D-lysine) which was subsequently patterned with
a cell-repulsive layer (agarose hydrogel) to both pattern the cell adhesive region and isolate neuronal
micro-circuits from each other. For a few weeks, primary hippocampal neurons were cultured on

the agarose microwell MEA and the development of spontaneous electrical activities were characterized
with extracellular action potentials. Using neurotransmission modulators, the simultaneous monitoring
of drug responses from neuronal micro-circuit arrays was also demonstrated. The proposed

approach will be powerful for neurobiological functional assay studies or neuron-based biosensor
fields which require repeated trials to obtain a single data point due to biological variations.

Introduction

A microelectrode array (MEA) is a planar substrate embedded
with an array of microelectrodes that are capable of measuring
extracellular action potentials from electrogenic tissues.’™ It has
been used to study the electrophysiological properties of in vitro
neural tissues such as brain slices and dissociated neuronal
cultures. Cultured neurons form an interconnected network on
an MEA and network dynamics including synaptic connections,
signal propagations, and plasticity have been extensively
studied.>® In addition, there have been advances in MEA plat-
forms based on state-of-the-art nano- and micro-technology
for the purpose of improving electrode quality,'®!! increasing the
spatial resolution,'? enhancing the selectivity of neural inter-
faces,'>!* and patterning cultured neuronal networks.'>:1
Researchers have tried to use the dissociated neuronal cultures
as a cell-based biosensor using the signals detected by MEAs for
past decades. Gross et al. first showed that in vitro non-sensory
neuronal networks on MEAs can be used as biological sensors
which can recognize specific chemical changes.'” In addition,
dissociated neuronal networks out of various neural tissues—
hippocampus, cortex, suprachiasmatic nucleus, dorsal root
ganglion, and embryonic stem cell—were tested using MEAs to
characterize network responses to pharmacological agents and
toxic compounds.*®*?? The most common and convenient prac-
tice to quantify the network response is to find the average spike
rate or burst rate of all available channels and use either or both
of them as an activity index of one neuronal network cultured on
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an MEA.'"®%2* The spike rate stands for single neuron level
activity in the network, while the burst rate represents the
network-level activity.

Multiple MEA experiments under various conditions are often
performed to collect sufficient data points that are necessary for
the statistical analysis. Unlike common cell culture substrates
such as coverslip or Petri-dish, the supply of an MEA is limited
due to its cost and life cycle, thus the number of MEAs that can
be used at a time is limited accordingly. Under these constraints,
it is very difficult to gather large sets of data points readily
from multiple MEA experiments. In addition, repeated MEA
experiments may take days, weeks, or months depending on the
experimental conditions such as cell culture techniques and
culture ages. Thus, a multi-well approach for an MEA based
biosensing applications can improve the statistical analysis
power to estimate network responses more reliably and greatly
enhance the throughput of a single MEA experiment. To this
end, some commercial multi-well or multi-chamber type MEAs
are available with a limited number of wells from MEA supplier,
such as Multi Channel Systems (Reutlingen, Germany), Ayanda
Biosystems (Lausanne, Switzerland) and Alpha MED Sciences
(Osaka, Japan).

The goal of this work is to convert the conventional MEA
platform into a multi-well MEA platform without redesigning
either the MEA or the neural recording system. The main idea is
to form an array of micrometre-sized neuronal networks on an
MEA and record network responses from them simultaneously.
To this end, we adopted the ‘micro-island culture technique’
which grows neurons in a micrometre-sized confined area by
spotting poly-lysine or collagen on an agarose hydrogel layer.?
The formed micrometre-sized neuronal networks have been
proposed as a miniaturized neuronal circuit model due to dense
synapse formation and bursting electrical activity.>>*'"The
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technical challenge is to fabricate an array of isolated neuronal
micro-circuit whose size is in the order of 100~200 micrometres
in diameter on an MEA so that they can be coupled to individual
microelectrodes and multiple networks can be monitored
simultaneously.

Here, we report the fabrication and verification of an agarose
hydrogel based multi-well MEA. Micrometre-sized wells were
fabricated on an MEA using micro-molding in capillary
(MIMIC) method and dissociated hippocampal neurons were
cultured on the MEA. An array of isolated neuronal micro-
circuit was coupled to microelectrodes and the development of
extracellular neural signals was investigated for a few weeks.
The new MEA platform was further verified by collecting tens
of independent drug responses from multiple neuronal micro-
circuits simultaneously.

Experimental
Fabrication of PDMS mold

A PDMS (poly(dimethylsiloxane)) mold was fabricated by
soft-lithography (Fig. 1). First, SU-8-2025 (MicroChem, MA)
was spin-coated on a 4-inch silicon wafer at 500 rpm for 10 sec
and 1600 rpm for 30 sec to obtain 50 um thickness. Then the
coated wafer was baked at 65 °C for 3 min and 95 °C for 7 min in
a convection oven. The soft-baked SU-8-2025 was exposed to
UV light for 20 sec at 20.3 mW/cm? under the photofilm mask
and was baked at 65 °C for 1 min and at 95 °C for 3 min in
a convection oven. After the hard baking, SU-8-2025 was
developed in SU-8 developer for 3 min followed by thorough
rinse with de-ionized (DI) water. The developed SU-8 master was
blow-dried with nitrogen gas.
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To cast a PDMS mold, the mixture of PDMS prepolymer and
curing agent (10 : 1 (w/w), Sylgard 184 silicone elastomer Kkit,
Dow Corning Corp., MI) was poured on the master and cured at
60 °C in a convection oven for 2-3 hours. Cured PDMS was
peeled off from the master and cut into pieces of 7 mm x 7 mm
square. The PDMS mold was consisted of 100 um in diameter
circular positive features with 200 pm pitch in a square array.

Substrate preparation

Planar-type microelectrode arrays (MEAs) purchased from
MultiChannel Systems (Reutlingen, Germany) had 59 micro-
electrodes (TiN, 30 pm in diameter, 200 um spacing, SizNy
insulation, electrode impedance of 30 kQ at 1 kHz) for extra-
cellular neural recording and one large TiN electrode for
grounding.*

The surface of MEA was sonicated with acetone, isopropyl
alcohol (IPA), and DI water for 5 min per each and blow-dried
by air stream. MEAs were coated with poly-D-lysine (PDL, MW
70,000-150,000, Sigma-Aldrich, MO) by applying a few drops of
PDL solution (0.1 mg/ml in borate buffer, pH 8.5) on the MEA
surface at 37 °C. After overnight PDL adsorption, PDL solution
was aspirated and the MEAs were soaked in DI water for 6 hrs to
remove PDL residues. The substrates were finally dried by
air-stream and ready to be assembled with a PDMS mold.

Microwell array fabrication by agarose hydrogel

Microwell arrays were fabricated by patterning agarose hydrogel
using a soft-lithographic technique known as MIMIC (micro-
molding in capillary). MIMIC utilizes a capillary force to fill the
microchannels with molding solutions. Both cured PDMS

Selective air plasma Align to microelectrodes

agarose gel
(background)

microelectrod

Mutil-microwell array
1 on an MEA

BcomN

-

Electrical sensing of neuronal circuit activity

Fig.1 Schematicillustration of multi-well MEA fabrication and neural signal recording process. A PDMS mold was replicated from a SU-8 master and
its internal walls were selectively treated by air plasma. The PDMS mold was aligned and attached with an MEA and agarose hydrogel microwells were
replicated by MIMIC process. Neuronal micro-circuits were formed only inside the wells.
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surfaces and PDL coated MEA surfaces were not so hydrophilic
to generate capillary force needed for the MIMIC. Thus, the
PDMS mold was attached to a dummy glass slide and oxidized in
an air plasma cleaner (6 min at 30 W, = 200 mTorr, model:
PDC-001, Harrick Plasma, NY) to render the exposed PDMS
surface hydrophilic (Fig. 1). Through this process, only the side
walls of the PDMS molds were selectively oxidized, while the
bottom side that made a contact with the dummy glass slide
remained hydrophobic, which eliminated any undesirable
permanent bonding problem between the hydrophilic PDMS
surface and silicon nitride insulator surface of an MEA.3>* The
plasma-treated PDMS mold was aligned with an MEA under an
inverted transmitted-light microscope and brought in contact
with the MEA surface to form a reversible bonding and it was
transferred onto a hotplate at 55 °C.

Agarose (gel strength > 12 000 g/cm?, gelling range: 36-39 °C,
melting range: 87-89 °C, Amresco Inc., Ohio) was dissolved in
90 °C DI water and 2% (w/v) agarose solution was formed. After
placing the PDMS-MEA assembly on the hotplate, the PDMS
mold was filled with the agarose solution by applying the 20 ul of
agarose solution to two sides of the PDMS mold (Fig. 1). The
filled PDMS-MEA assembly was placed at room temperature
for 8 hrs. Once the agarose hydrogel was completely dried, the
PDMS mold was detached manually with care and the agarose-
microwell was completed (Fig. 1). The dried MEAs with agarose
microwells were kept in a plastic container until future usage.

The fabricated thin agarose microwell structures were stable
for over 3 weeks in culture medium without any detachment,
which was reportedly a problem in long-term culture condition.?*
The fabricated multi-well MEAs could be stored in dried state for
a week and still be used without the compromise of its functions,
which would be advantageous for commercial development.

To confirm the formation of the microwell structure, we
measured the surface profile of dried agarose microwell using
White Light Interferometry (Pemtron, Korea). Next, we esti-
mated the actual thickness of the microwell when it was swollen
in solution. Since the White Light Interferometry apparatus was
not operable in solution, the following procedure was used: The
molded agarose microwell was soaked in poly-L-lysine-FITC
(PLL-FITC; Sigma-Aldrich) solution and the laser-scanning
confocal microscope (LSM510, Car Zeiss, Germany) was used to
collect z-stacked images.

To use the substrates for cell culture experiments, they were
sterilized by immersing them in 70% ethanol solution for 3 min
and dried thoroughly in a sterile cell culture hood. A PDMS ring
(1 cm inner radius, 5 cm outer radius, and 2 cm height) was
attached on the MEA and the ring formed a cell culture chamber
to hold approximately 1 ml of culture medium.

Cell culture

Primary hippocampal neurons were cultured in serum-free
condition. Hippocampus dissected from E-18 Sprague-Dawley
rat embryos were treated with 0.25% trypsin for 15 min at 37 °C.
After rinsing residual trypsin with Hank‘s Balanced Salt Solution
(HBSS), the hippocampus was triturated using a fire-polished
Pasteur pipette in 1 ml of HBSS. The cell suspension was
centrifuged at 1000 rpm for 3 min and cell pellet was extracted by
aspirating supernatant. The cell pellet was suspended in

Neurobasal media (Invitrogen, MD) supplemented with B-27
(Invitrogen, MD), 2 mM Glutamax (Invitrogen, MD), 12.5 uM
L-glutamic acid (Sigma-Aldrich, MO) and Penicillin-Strepto-
mycin (Invitrogen, MD). Dissociated cells were plated at the
density of 800 cells/mm?.

Cultures were maintained under 5% CO, in an incubator at
37 °C. After 1 DIV (days in vitro), the substrate surface was
gently washed by exchanging media few times to remove floating
cells from the non-adhesive agarose region, which covered the
large portion of the surface. To supply fresh nutrient, the half of
media was replaced with new maintenance media (plating media
without L-glutamic acid) every 3~4 days till the termination of
the culture.

At the completion of these experiments, the agarose hydrogel
was removed by dipping the MEA in boiling water for 2-3 min.
The MEA was further sonicated in 1% Terg-a-zyme® enzyme
detergent (Sigma-Aldrich, MO) solution for 15 min, rinsed in
running DI water, and dried under an air stream. We reused the
MEAs for further experiments.

Neural signal recording and analysis

To record neural signals from the cultured neurons on multi-well
MEAs, they were connected with an MEA 1060 amplifier
(Gain: 1200, bandwidth: 10 Hz — 5 kHz, MultiChannel Systems,
Germany) (Fig. 1). The recording was done under the following
condition: the substrate temperature was set at 37 °C and the
water-impermeable plastic membrane (ALA Scientific Instru-
ments Inc., NY) was installed to prevent water evaporation.
Humidified 5% CO, gas was continuously streamed to maintain
the media pH.

Multichannel neural signals were digitized at 40 kHz and
stored in PC using MC Rack (MultiChannel Systems, Germany).
Recorded raw data stream were filtered with 200 Hz digital high
pass filter and spikes were detected by setting the threshold level
at —6 times the standard deviation of the background noise of
each channel. Spike time stamps were imported from a spike-
train analysis program NeuroExplorer (Nex Technologies, MA)
and spike rate and burst rate was calculated. The spike bursting
was analyzed using surprise based algorithm with a minimum
surprise parameter of 2.

Spike rate (spikes/sec) and burst rate (bursts/min) were used as
measures of neural activity. A channel was classified as an active
channel if the average spike rate was greater than 0.1 spikes/sec
from 10 min recording data.’s Spike-rate histogram was con-
structed by counting the number of spikes in specific time bin
(10 sec). For a channel to be included in the burst rate count, the
average burst rate should be greater than 0.5 bursts/min in
10 min recording data. Statistical data was presented in mean +
S.D. (standard deviation).

Drug response test

Drug response test was performed at 7 DIV. After 10 min of
stabilization period (‘baseline’), 20 pL of fresh culture medium
was directly applied to the existing medium and the activity was
measured for 10 min (‘control’). The control activity served as
a negative control for the following drug responses. Then, the
same volume of bicuculline (14340, Sigma-Aldrich, MO)
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solution was applied to the medium twice every 10 min while
recording the activity. This allowed us to test two different
concentration level of bicuculline, which was calculated to be
20 uM and 40 pM, respectively. Using the same protocol, AP5
(A8054, Sigma-Aldrich, MO) with the final concentration of
25 uM and 50 pM and NMDA (N-methyl-D-asparitic acid,
M3262, Sigma-Aldrich, MO) with 20 uM and 40 uM were also
tested.

Results
Fabrication of agarose microwells

Fig. 2(a) shows a phase contrast image of agarose microwell
fabricated on an MEA using the MIMC technique. Each
microwell was centred over a single microelectrode of the MEA
and the bottom of each microwell was a cell adhesive PDL
surface. The remainder of the surface was covered with the non-
adhesive agarose hydrogel. Measured electrode impedance was
73.9kQ +8.2kQ (mean + S.D.,n =56, V=100 mV, f =1 kHz).
To minimize any structural defects while casting the microwells,
it was necessary to wait for the agarose hydrogel to dry
completely before removing the PDMS mold. The fabrication
process was reliable and reproducible to integrate microwells up
to 2500 wells per 1 cm? The selective air plasma treatment inside
the channel allowed a rapid filling of the boiled agarose solution
without any other measures such as negative pressure®® or
ethanol solvent.?®3*

The surface profile of dried microwell is shown in figure
2(b). The measured diameter of the microwell was 100 pm
and the average thickness was 796.6 + 75.5 nm (n = 4) at

Height (nm)

X profile (pm)

dried state. The estimated thickness of the hydrated agarose
hydrogel was 13.3 um. This was thinner than the height of the
PDMS mold (50 pm) that was used to cast the microwell
structure.

Neuronal micro-circuit formation in agarose microwells

Fig. 2(c) shows neuronal micro-circuit array formed on an MEA
at 7 DIV. Neuronal growth was confined inside the agarose
microwells and there was no neuron or neurite growing on the
background agarose region. There were no neurites bridging the
space between the wells.

Fig. 2(d) shows the distribution of the number of neurons in
each well at 1 DIV with the cell plating density of 800 cells/mm?.
Nearly all of the microwells (over 99%) had at least one neuron
at 1 DIV and the average number of neurons in each well was
11.4 + 6.8 cells (n = 354 microwells from 6 MEAs). The average
number was higher than the expected number (6.3 cells/well) of
neurons calculated from the plating density and the microwell
size. The discrepancy could be due to the migration of non-
adhered neurons on the background non-adhesive area into
nearby microwells.3¢

Fig. 2(e) shows the development of a neuronal micro-circuit in
a same microwell over three weeks. At 1 DIV, neurons were
localized in the microwell and adhered to the MEA surface. At
3 DIV, neurite extensions were prominent and neurites were
entangled in the well. The neurites could not escape from the well
due to the background agarose layer. Thus, the neurite
outgrowth was successfully confined to the 100 um wide circular
area. After 7 DIV, neurites started to unravel and somata seemed

35
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number of wells

(d)
0

5 10 15 20 25 30 35

number of neurons / well

Fig. 2 Multi-well MEA. (a) A phase contrast microscopic image of agarose microwells on an MEA. One agarose microwell is composed of a micro-
electrode, poly-D-lysine coated surface, and agarose hydrogel wall. Scale bar: 200 um. (b) Surface profile of dried agarose microwell measured using
white light interferometry. Measured diameter: 100 um, depth: 860 nm. (c) A phase contrast microscopic image of neuronal micro-circuits on a multi-
well MEA at 7 DIV. Scale bar: 50 um. (d) Distribution of the number of neurons in a well at 1 DIV. (n = 354 wells from 6 MEAs) (e) The growth of
a same neuronal micro-circuit for three weeks. This well is from the 3rd row, 1st column in (c). Scale bar: 50 pm.
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to form a small cluster on the electrode. When there were more
than three neurons in a microwell, neurons frequently formed
a neural cluster and its size increased by time.

Characterization of neural signals

Neural recordings were carried out from 6 different MEAs at
S, 7, and 14 DIV. Extracellular spikes generated by neuronal
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Fig. 3 (a) Extracellular neural signal traces recorded simultaneously
from 5 different neuronal micro-circuits on a same MEA at 7 DIV. Scale
bar: 500 ms, 100 pV. (b) Overlay plot of 20 spike waveforms from
56 microelectrodes. Scale bar: 3 ms, 100 pV. (c) Raster plot of spiking
activity from an MEA.

micro-circuits in each microwell were measured by the 30 pm
TiN microelectrode located at the centre of the microwell.
Spontaneous neural activities developed from each neuronal
micro-circuit were successfully measured after 5 DIV. Fig. 3(a)
shows the representative traces recorded from MEAs at 7 DIV.
Individual neuronal micro-circuits exhibited various patterns of
activity including low frequency spike activity, high frequency
spike activity, single spike activity, and burst activity, which were
also reported in in vitro massive neuronal cultures and micro
neuronal cultures.??%%” Fig. 3(b) shows the overlay of spike
waveforms from each channel. The background noise level was
about 10 pV,, and the average spike amplitude was 152 pV,,
(n = 21,638) and it ranged from 30 to 697 uVy,. Occasionally,
more than two different spike waveforms were detected from one
channel. Fig. 3(c) shows the raster plot of spike trains from
a single MEA. Cross correlation analysis of the spike activity in
individual micro-circuits confirmed that the micro-circuits were
functionally decoupled from each other (data not shown).

Development of spontaneous activity

To investigate the development of spontaneous network activity,
neural recording data from 6 MEAs were analyzed.

Fig. 4(a) shows spike rate and burst rate at different devel-
opmental stages: 5 DIV, 7 DIV and 14 DIV. Both measures
increased from 5 to 7 DIV as neurons matured. The number of
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Fig. 4 (a) Spike rates and bursts rates of neuronal micro-circuits on
multi-well MEAs at 5, 7 and 14 DIV. Both spike rate and burst rate were
significantly high at 7 DIV compared to 5 DIV and 14 DIV. Mean +
S.E.M. p < 0.0001 (b) Percentage of active microwells according to
number of neurons in an agarose microwell at 7 DIV. (n = 350 wells at
5 DIV, 348 wells at 7 DIV and 334 wells at 14 DIV from same multi-well
MEAs. Among 354 wells, 4 wells at 5 DIV, 6 wells at 7 DIV and 20 wells
at 14 DIV did not have neuronal micro-circuits.)
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microwells that generated electrical activity (‘active’) also
increased. The percentage of microwells per MEA that were
active was as follows: 51.7 £ 15.0% (5 DIV), 66.4 + 20.6%
(7 DIV), and 31.9 + 18.5% (14 DIV). The percentage of micro-
wells that generated burst was 15.8 +8.9% (5 DIV), 51.1 +21.6%
(7 DIV), and 24.9 £+ 12.3% (14 DIV).

The number of neurons in microwells affected the activity of
the microwells. Fig. 4(b) shows the percentage of microwells that
were determined to be active from the detected spiking activity at

Time [min]
(a)
40 uM Washout

25 uM

Control

[HZ] Baseline

) ) 30 7
Time [min] 40
(c)

Fig. 5 Drug responses collected from neuronal micro-circuit arrays in
a single MEA trial. (a) NMDA, (b) APS5, (c) bicuculline. Each trace
represents a spike rate histogram (bin size: 10 sec).

7 DIV. When there were more than 10 neurons in a microwell, it
was very likely be active. In contrast, microwells were mostly
inactive when there were less than 3 neurons in a microwell. The
lack of the activity with few neurons could be due to the insuf-
ficient coupling between neurons and the microelectrode. The
microwells tend to generate bursting activity when there were
more than 9 neurons seeded in the microwells.

Drug response tests

Fig. 5 shows individual multi-well MEA responses to bath
application of NMDA (Fig. 5(a)), AP5 (Fig. 5(b)), and bicu-
culline (Fig. 5(c)) which activate or inhibit chemical synapses.
The traces in Fig. 5 are the spike-rate histograms obtained
from each well of the MEA sorted by the baseline activity
level. NMDA, which activates excitatory glutamate receptors,
increased the activity level and the increase of the dose of NMDA
also increased the spike rate accordingly (Fig. 5(a)). Some of the
microwells that were inactive at the baseline and control condi-
tion also responded to NMDA. Next, we tested with AP5 which
blocks the NMDA receptors. At the concentrations used here,
APS5 essentially abolished spike activity in all neuronal micro-
circuits (Fig 5(b)). This effect was reversible, as spike activity
reinitiated upon AP5 washout. Moreover, some micro-circuits
that were silent under baseline conditions exhibited spike activity
after AP5 washout. Bicuculline, which blocks inhibitory GABA
receptors, dramatically affected the temporal pattern of micro-
circuit activity (Fig. 5(c)). All of the well activity changed into
regular bursts with higher burst rates. The cross-correlation of
microwell activities were nearly zero implying that the induced
change of network activity was solely isolated from well to well.
The similarity of resulting drug responses of each microwell to
conventional MEA experiments implies that each microwell
activity recorded by a single microelectrode could be a single trial
that represents one MEA experiment with a massive cultured
neuronal network.'®

It was noticeable that the neuronal micro-circuits were
responsive to neurotransmission modulators at relatively early
stage of the culture (7 DIV). According to previous reports,33°
the increase of neuron density accelerates maturation of neuron
and increases synaptic protein level and glutamate level. A
confined neuronal growth in microwells locally increased the
neuron density (about 1400 cell/mm?) and it seemed to accelerate
the maturation process. This could be advantageous for neuron-
based sensor applications in a sense that one can obtain ‘func-
tional and responsive’ neuronal cultures at an earlier period.

Summary and Conclusions

In this work, a novel agarose hydrogel based multi-well type
MEA platform for a neuron-based biosensor has been proposed.
It provided a high-density array of neuronal micro-circuits on
a single MEA and simultaneous neural recordings from indi-
vidual circuits. This can be used as a substitute for repeated MEA
trials to obtain a single data point for statistical purposes. In
combination with the state-of-the-art microfluidic platforms, the
current platform can be a powerful tool for high-throughput
neuron-based drug screening systems.
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