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Understanding how the information is coded in large neuronal networks is one of the major challenges for neuroscience. A possib
o investigate the information processing capabilities of the neuronal ensembles is given by the use of dissociated neuronal cultu
o microelectrode arrays (MEAs).

Here, we describe a new strategy, based on MEAs, for studying in vitro neuronal network dynamics in interconnected sub-pop
ortical neurons. The rationale is to sub-divide the neuronal network into communicating clusters while preserving a high degree of
onnectivity within each confined sub-population, i.e. to achieve a compromise between a completely random large neuronal pop
patterned network, such as currently used with conventional MEAs.
To this end, we have realized and functionally characterized a Pt microelectrode array with an integrated EPON SU-8 clusterin

llowing to confine five relatively large yet interconnected spontaneously developing neuronal networks (i.e. thousands of cells). The
tructure consists of five chambers of 3 mm in diameter interconnected via 800�m long and 300�m wide microchannels and is integrated
he MEA of 60 thin-film Pt electrodes of 30�m diameter. Tests of the Pt microelectrodes’ stability under stimulation showed a stable b
p to 35,000 voltage stimuli and the biocompatibility was assessed with the cultures of dissociated rat’s cortical neurons achievin
iability up to 60 days in vitro.
Compared to conventional MEAs, the monitoring of spontaneous and evoked activity and the computation of the Post-Stim
istogram (PSTH) within the clusters clearly demonstrates: (i) the capability to selectively activate (through poly-synaptic pathway
etwork regions and (ii) the confinement of the network dynamics mainly in the highly connected sub-networks.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The understanding of the underlying principles of the
unctional plasticity of the brain is a current research chal-
enge in neurophysiology and constitutes a necessary step
oward implementing these same principles in physical

∗ Corresponding author. Tel.: +41 32 720 55 20; fax: +41 32 720 57 11.
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devices. Performing this research at the brain level introd
a very high degree of complexity due to the grand degre
connectivity. Conversely, the level of a single or a few n
rons does not provide a sufficient functional connectivity
this sense, small neuronal ensembles become an inter
intermediate level for this research and could allow acqu
a low-level, basic understanding of the network functiona

Nowadays, nervous tissues can be cultured in vitro
kept alive for several months, while preserving their ad
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tive properties[1–6]. Furthermore, microelectrode arrays
(MEAs), initiated by Pine[7] and Gross et al.[8], have
become now a reliable interfacing technique capable of estab-
lishing a bidirectional communication between a population
of connected neurons and the external world[9]. Current state
of the art MEAs grant low impedance electrodes (lower than
1 M� at 1 kHz), a good cellular sealing[10–13]and a high
charge injection capacity for an efficient stimulation[14–16].

The functional characteristics of the MEAs permit mid- to
long-term recordings of both spontaneous and evoked neu-
ronal network activity patterns and of their spatio-temporal
evolution. This allows investigating learning processes and
memory[17,18] and more recently also the network devel-
opment[19]. However, due to the network complexity and
to the fact that spontaneous activity as well as stimulations
tend to exhibit complex patterns synchronized over the whole
network, the identification of plasticity changes (reinforce-
ment or inhibition) is rather difficult. In this case, it could
be of fundamental importance to design neural networks at
will. This complexity can be alleviated by network pattern-
ing, using adhesion promoters/inhibitors[20–27], structured
PDMS layers[28,29], agar-based microchambers[30,31]and
neurocages[32]. In this case, however, the random nature of

the network and its functional plasticity become relatively
limited.

We have chosen a different approach to direct the orga-
nization of the neuronal network in order to facilitate the
identification of interconnected pathways. This approach is
based on physical barriers for clustering the network into
a number of random sub-networks while preserving a high
degree of functional connectivity within and among the sub-
populations. The sub-networks are interconnected via inte-
grated microchannels. An additional anticipated function-
ality of the clustering structure is that it might also allow
localizing the stimulation in a given cluster, i.e. neuronal
sub-network. In this way, a spatial segregation of network
responsiveness can be promoted and functional areas can be
elicited and monitored.

Among different materials that could be used for realiz-
ing the clustering structures, we have opted for EPON SU-8.
This material has been used for a wide range of Bio-MEMs
devices, as the insulator for a microelectrode array[33], for
fabricating 3D structures in contact with neuronal cells[34]
and as packaging material[35]. It shows a reduced biofouling
compared to other MEMs materials and appears to be bio-
compatible[36]. Moreover, from the technological point of

F
1
1

ig. 1. Design of the microelectrodes array with the integrated clustering stru
microelectrode in each channel. Two temperature sensors (Pt-RTDs of 1 k�) are
4 mm× 14 mm. (b) Microelectrodes location in the lateral and (c) in the cen
ctures. (a) Chip layout; 60 microelectrodes are distributed in the five clusters and
integrated outside the clustering structure. The overall chip dimensions are

tral clusters.
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view, EPON SU-8 is a convenient material for the patterning
of structures with a high aspect ratio in a single photolitho-
graphic process.

This article describes the realization and functional eval-
uation of a Pt-based MEA with integrated SU-8 clustering
structures, so called clustered MEAs, aimed at the investi-
gation of the functional plasticity of neuronal networks. The
MEA consists of 60 thin-film Pt microelectrodes of 30�m
in diameter realized on a Pyrex substrate. The five cluster-
ing chambers interconnected via microchannels, realized in
EPON SU-8, are 350�m in height and, respectively, 3 mm
in diameter and 300�m wide. A schematic representation of
the device is shown inFig. 1a.

In the following sections, the microfabrication of the
clustered MEA is described to begin with. This is followed
by the evaluation of the functional lifetime of both the micro-
electrodes and of the clustering structures (namely the SU-8
adhesion on a Pyrex substrate). Given that the investigation
of the network functional plasticity requires a long-term (up
to several months) stimulation/recording of the electrophysi-
ological activity, therefore an adequate functional lifetime of
the MEAs is a prerequisite. Previous studies have shown that
large amplitude biphasic potentials that are typically used
in the in vitro stimulation[9,37–39]can lead to undesired
electrochemical reactions, which may cause mechanical or
chemical degradation of the microelectrode surface affecting
t the
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or 800�m in length and 300�m in width. Additionally, for
a future integration within a micro-incubation chamber, two
platinum resistive temperature devices (Pt-RTDs) are inte-
grated on chip outside the clustering structure. These sensors
are designed at 1 k� with a serpentine structure of 10�m in
width and a total length of 10 mm.

The overall chip dimensions are 14 mm× 14 mm and fit
into a glass reservoir of 2 cm of internal diameter.

2.2. Chip fabrication

The thin-film process requires three mask layers to pattern:
(i) the metallic layer for the microelectrodes, the connect-
ing leads, the bonding pads and the temperature sensors,
(ii) the insulation layer to define the electrodes and contact
pads and (iii) the SU-8 clustering structures. The fabrica-
tion process is summarized inFig. 2. The 4 in. diameter
substrates (Pyrex 7740 wafers, 500�m thick from Sensor
Prep Services, Elburn) were initially cleaned by successive
immersions in fuming HNO3, in buffered hydrofluoric acid
(BHF) and rinsed in deionized water. The metal layers were
patterned by a lift-off process by using a two layer pho-

Fig. 2. Cross-section view of the microfabrication process. (1) Cleaning
of the Pyrex 7740 wafer, (2) patterning of the metal layer by lift-off, (3)
deposition of the silicon nitride insulation layer by PECVD, (4 and 5) pho-
tolithography and opening by SF6/O2 plasma etching of the microelectrode
and contact pad areas, (6) silanization and spin-coating of the SU-8 adhe-
sion layer, (7 and 8) spin-coating and patterning of the 350�m thick layer
of SU-8.
he stimulation/recording capabilities and therefore
unctional lifetime of the MEAs[40,41]. The results of th
valuation of the Pt microelectrodes during 35,000 stim
ion cycles illustrating their good functional stability are p
ented. Concerning the second aspect of the functiona
ime assessment, clustering structure adhesion onto a
ubstrate, we show that the SU-8 adhesion can be g
mproved by using an EPON 825-based adhesion layer

The biological functional evaluation was performed w
ultures of rat’s embryo cortical neurons in order to asce
he device biocompatibility, the stimulation/recording ca
ilities of the microelectrodes and the functionality of
lusters for plasticity research on neuronal networks.
esults demonstrate clearly such a functionality.

. Methods

.1. Chip design

The MEA with clustering structure (Fig. 1) was designe
y using a MEMs CAD design software (Expert, Silvac
he MEA provides a total of 60 microelectrodes with a di
ter of 30�m distributed as follows: 11 microelectrodes

ateral cluster, 1 microelectrode per open-channel an
icroelectrodes in the central cluster. The microelectr
re numbered and the clusters are identified by a letter
to E).
The clustering structures define five clustering cham

f 3 mm in diameter, connected by open-channels of 500�m
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toresist technology. It consists in spin-coating the first pho-
toresist layer (LOR3B from MicroChem Corp., USA) and
a thermal treatment at 170◦C for 10 min. Then, a second
positive photoresist (AZ1813 from Shipley) is spin-coated
and pre-baked at 110◦C for 1 min. The wafers were then
exposed in a vacuum-contact mode (mask aligner Ma-6, Karl-
Süss) at 365 nm (45 mJ/cm2) and, without a post-bake, the
exposed layer developed in a 1:4 aqueous solution of AZ400K
(Hoechst). This results in a photoresist structure with the
second layer acting as an integrated mask for the metal evap-
oration. Then, a layer of 200̊A of titanium was deposited
by evaporation as an adhesion layer for a 1300Å layer of
platinum. The lift-off process was performed in a solution of
Remover PG (MicroChem) at 60◦C for 1 h.

The insulation layer (4000̊A thick silicon nitride) was
deposited by plasma enhanced chemical vapor deposition
(PECVD) and the microelectrodes and bonding pads were
opened by a second photolithography followed by SF6/O2
plasma etching. The photoresist (AZ1518, Shipley) was
stripped in acetone and the wafer rinsed with isopropanol.
Finally, the wafer was cleaned in a piranha solution (5 min in
concentrated H2SO4 and 5 min after adding a drop of H2O2).

The wafers were then processed with a photostructurable
epoxy, the EPON SU-8 100 (MicroChem) to define the
350�m high clustering structures. Prior to the spin-coating
of SU-8, the wafers were: (i) silanized in a 10% solution of
3 of
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with the commercially available Multichannel pre-amplifier.
It is realized on a standard epoxy substrate (FR-4) with a
single metal layer (copper 18�m thick) insulated with Taiyo
PSR-4000.

After the chip mounting, a culture chamber of 2 cm inter-
nal diameter was glued onto the PCB. The areas of the PCB
inside the glass chamber were additionally covered by a thick
layer of PDMS (Sylgard 185, Dow Corning) in order to avoid
any potential toxic effects that might arise from the insula-
tion layer of the PCB. The PDMS was prepared by mixing
1 part of catalyst with 10 parts of Sylgard and polymerized
at 120◦C for 1 h. This thermal treatment has the additional
benefit of acting as a hard-baking step for the SU-8 layer.

2.4. Set-up for evaluating the microelectrode stability
under stimulation

A waveform generator (Hewlett-Packard, HP33120A) to
apply a biphasic rectangular pulse with an amplitude of
1.5 Vp–p, a period of 500�s and a duty cycle of 50% was used.
To accelerate the tests, the voltage stimuli were applied each
2 s. The microelectrodes were connected to a sensing resistor
(Rsens) and to a digital oscilloscope (Tektronix TDS360). The
sensing resistor was used to convert the current signal passing
through the microelectrode–electrolyte interface in a voltage
signal. Ideally, using a sensing resistor (shunt amperometer),
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-glycidoxypropyltrimethoxysilane in toluene with 0.5%
ater, rinsed with isopropanol and dried with nitrogen

ii) spin-coated with an adhesion layer based on EPON
ollowing a large series of tests for optimizing the adhe

ayer, the best results so far were obtained by mixing
f EPON 825, 100 mg of photo-acid-generator (triarylsu
ium hexafluoroantimonate salt, Aldrich), 10 mg of silan

ng agent (3-glycidoxypropyltrimethoxysilane, Aldrich) a
ml of the solvent�-butyrolactone (Aldrich). Next, SU-8 10
as spin-coated, pre-baked on a hot-plate (ramp tempe

rom 35 to 95◦C and total time 105 min) and exposed (wa
ength 365 nm and dose 1800 mJ/cm2) using a mask aligne
AL-6, Electronic Vision) in proximity mode (separation
0�m). Following a post-bake (65◦C for 10 min and 95◦C

or 15 min), the SU-8 was developed in PGMEA (15 m
nd rinsed in isopropanol and deionized water. The adh

ayer was developed during the development of the SU-
Finally, the wafers were diced and the chips were cle

n deionized water and oxygen plasma (at room temper
or 20 min) in order to remove all remaining traces of solve
nd non-reticulated polymers.

.3. Chip packaging

The chips were mounted on printed circuit boards (M
CB AG, Thundorf, Switzerland) that has a 12 mm in dia

er aperture in the centre to provide backside light acces
ulture imaging with an inverted microscope, wire-bon
nd the wires insulated with an epoxy resin. The PCB
imensions of 49 mm× 49 mm and its design is compatib
sensshould value 0�, but in this case an amplifier wou
e needed. In order to keep the set-up simple, a higher
esistor, which has been defined empirically after meas
he applied voltage (Uapplied) with respect to the stimula
ion voltage (Ustim) for different resistors and minimizin
he error between them was used. It has been found tha
sens= 3.3 k� the applied voltage practically fitted the id
iphasic pulse of the waveform generator.

The experiments were performed in a physiological s
ion (Neurobasal Medium withoutl-glutamine and withou
henol red from GIBCO) allowing to neglect the Ohmic d

n the solution.
The measuring system was automated by using LabV

from National Instruments) and the GPIB instruments in
ace. In addition to the measurement of the transient cur
(t), the long-term stability of the injection current versus
umber of applied stimuli was also evaluated and expre
s the root-mean-square (rms) value of the injection cu
computed in Matlab environment from the measured t
ient current acquired each 10 stimuli).

.5. Cortical neuronal cultures

Dissociated neuronal cultures were obtained from cer
ortices of embryonic rats at gestational day 18 (E18).
erebral cortices of four to five rat embryos were chop
nto small pieces, dissociated by enzymatic digestio
rypsin 0.125% – 20 min at 37◦C – and finally triturate
ith a fire-polished Pasteur pipette. Dissociated neurons
lated onto poly-d-lysine and laminin coated MEAs, in
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100 (l drop covering the electrode region (≈1200 cells/mm2);
1 h later, when cells adhered to the substrate, 1 ml of
medium was added. The cells were incubated with 1% peni-
cillin/streptomycin, 1% glutamax, 2% B-27 supplemented
Neurobasal Medium (Invitrogen), in a humidified atmosphere
5% CO2, 95% air at 37◦C [42]. Fifty percent of the medium
was changed twice a week.

2.6. Electrophysiological experimental set-up

The experimental set-up is based on the MEA 60 System
(Multichannel System, MCS, Reutlingen, Germany), con-
sisting of a mounting support with integrated 60 channels
pre- and filter amplifier (gain 1200×), a personal computer
equipped with a PCI data acquisition board for real-time
signal monitoring and recording, an inverted optical micro-
scope, an anti-vibration table and a Faraday cage. The culture
chamber was sealed using silicone rings and a perfusion sys-
tem as well as a temperature control were installed allowing
long-time experiments. Signals were recorded and monitored
by using an in-house developed software for real-time spike
detection and a commercial software, MCRack (MCS) for
on-line visualizations and raw data storage. Commercially
available MEAs (MEA 200/30, MCS) were used for valida-
tion and comparison.
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Fig. 3. (a) Optical views of a single chip (14 mm× 14 mm) and (b) of the
packaged device (50 mm× 50 mm).

mainly limited by defects introduced during opening the sil-
icon nitride passivation layer. This technological problem is
often associated with large chip areas. On the other hand, the
use of the two photoresist layers lift-off technique allowed
achieving an excellent reproducibility and well-defined metal
structure contours. Residues of SU-8, observed occasionally
on the electrodes after the SU-8 development, could be effi-
ciently removed by introducing the oxygen plasma cleaning
step. Finally, the average thickness of the SU-8 structures of
346± 8�m, with a typical error in dimensions referred to
the designed one, lower than 3% confirms a good fabrication
process control.

The first clustering structures were realized without an
adhesion layer for the SU-8. It was found that albeit the SU-8
adhesion was good and passed the scotch test after process-
ing, the structures lifted-off after 2–3 days in physiological
solution. As observed also by Voskerician et al.[36], the
loss of adhesion started from the sides of the structures. This
.7. Data analysis

The typical observed electrophysiological activity in n
orks of dissociated neurons usually ranges from stoch
piking to organized population bursting. A population b
onsists of episodes of activity (i.e. densely packed sp
ccurring at many channels and spread over the entire
ork. These packages generally last from hundreds of

iseconds up to seconds and are time divided by long “si
hases. To investigate the network behavior in spontan
i.e. not stimulated) conditions, we used algorithms for s
nd burst detection. The spike detection algorithm con

n a hard-threshold crossing, computed using five time
tandard deviation of the raw signal. The bursts were de
s sequences of three spikes occurring in less than 100
isual control of the automatic detection results corrobo
he reliability of these methods (see Section3).

To evaluate the responsiveness of the network to elec
timulation, we computed the Post-Stimulus Time Histog
PSTH), which represents the probability to evoke a resp
pon a stimulus delivered from specific site[43].

. Results and discussion

.1. Pt-MEA with thick SU-8 clustering structure and
t-RTDs

The clustered MEA and a ready-to-use device are sh
n Fig. 3. A fabrication yield of 85% was achieved and w
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Fig. 4. (a) Measured injection current on one microelectrode, 30�m in diameter, upon 100 and 35,000 voltage stimulations of 1.5 Vp–p and 500�s in period.
(b) Calculated injected rms current during a stimuli versus the number of applied stimuli on one microelectrode.

F
d

ig. 5. Pictures of in vitro E18 cortical neurons. (a) On a conventional MEA,
iv. The metal at the microelectrode sites is 40�m in diameter.
at 2 div and (b–d) on the clustered MEA: (b) at 2 div, (c) at 11 div and (d) at 11
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Fig. 6. Two culture health indicators on conventional and clustered MEAs. (a) Average cell culture life duration computed on the five best results fromtwo
batches. (b) Mean cell densities computed on 10 2-div samples.

Fig. 7. Effect of the clustered organization on the mean spiking (a) and bursting (b) spontaneous activities; computed using active channel recordings of,
respectively, 8 clustered MEA and 10 conventional MEA batches of 21–34 div. The corresponding recorded raw signals are shown on the right and the line
stands for the detection threshold.
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Fig. 8. Spontaneous bursting activity raster plot recorded on 21–30 div cultures for 60 s on the (a and b) clustered and (c) conventional MEAs. Raster plot spots
are sorted by clusters on the clustered MEA and the burst summation is shown in the lower part. (d) Close-ups of the bursting activity on the clustered MEA
showing consistent time lags.
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result motivated the development of an adhesion layer able to
establish a chemical bonding between the silicon nitride and
the SU-8. Devices fabricated with the adhesion layer based
on the EPON 825 allowed to achieve good SU-8 adhesion
onto Pyrex substrates in physiological solution up to several
months.

The Pt-RTD temperature sensors, although not used in
this work, were characterized by measuring their resistivity at
22.4◦C before and after the PECVD silicon nitride deposition
and patterning. A homogenous decrease of the resistivity of
15% was measured for a total metal thickness of 1495Å.
This resulted in an average resistivity (five points per wafer;
10 wafers measured),ρTi–Pt, of 1.87× 10−7 �m and in an
average resistance of the Pt-RTDs of 1.0534 k� ± 38� at
22.4◦C. The measured temperature coefficient of resistance
(TCR),α, was 2.8364± 0.16× 10−3 C−1.

3.2. Microelectrode evaluation under long-term
stimulation

As already emphasized, the microelectrode functional sta-
bility under long-term voltage stimulation is of crucial impor-
tance for studying plasticity in neuronal networks.Fig. 4a
shows a typical example of the recorded injection currents
after 100 and 35,000 biphasic voltage stimuli with the ampli-
t ation
p mulus
t odic
( per-
p ate an
a des.

pon
c with
r
s root-

mean-square current of 13.3± 0.35�A per microelectrode
(rms current density 1.88 A/cm2) over 35,000 stimuli of
1.5 Vp–p.

The average injected charge densities over 35,000 stim-
uli for each phase of the stimulus train (1–3) are, respec-
tively, Q1 = 4.62× 10−4 C/cm2, Q2 =−4.53× 10−4 C/cm2

andQ3 =−1.47× 10−4 C/cm2. A dissymmetry between the
positive and negative phase is observed in terms of the
injected charge (0.9× 10−5 C/cm2) and is not, as might be
expected for a 50% duty cycle high-amplitude voltage stim-
uli, compensated for in the discharge phase[44–46]. How-
ever, the stability of the injection current demonstrates that
this does not affect the electrodes’ functional reliability. This
has been further confirmed by cyclic voltammetry, where
practically unchanged voltammograms were obtained prior
to and after the functional stability experiments (results not
shown). Moreover, the charge injection dissymmetry does
not seem to induce any problems in the electrophysiological
recordings (see below).

3.3. Functional experiments with rat’s cortical neuronal
cultures

The effects of the clustering structure on the spontaneous
and evoked network activities were evaluated by comparing
t eu-
r ept
a
m ith
l d on
c

ctiv-
i clus-
t e
o r, a

F A and ll
r longing che
i tered M cording to
b , built a array
i cale is
ude and duty cycle corresponding to the neuronal stimul
rotocol used subsequently. The three phases of the sti

rain correspond, respectively, to the anodic (1) and cath
2) pulses followed by a discharge (3). The practically su
osed responses after 100 and 35,000 stimuli demonstr
dequate stimulation functionality of the Pt microelectro

The stability of the charge injection is more evident u
omputing the root-mean-square of the injection current
espect to the number of delivered stimuli (Fig. 4b). It can be
een that Pt microelectrodes show a stable injection

ig. 9. Post-Stimulus Time Histogram (PSTH) on (a) a clustered ME
epresents the PSTH computed for the recording microelectrodes, be
ndicated by the letters of the connected clusters. Note how the clus
elonging clusters. Cluster B is not active. (b) The graph reports a 8× 8 grid

t is not possible to distinguish different features of the PSTH. TheX-axis s
he recordings on clustered and conventional MEAs. N
onal cultures on the clustered MEAs were routinely k
ctive and healthy up to 45–60 days (Figs. 5 and 6). Further-
ore, the distributed organization was fully compatible w

ong-term cell cultures and comparable to that observe
onventional MEAs.

Comparing the spontaneous spiking and bursting a
ty rates recorded on, respectively, conventional and
ered MEAs, as shown inFig. 7, no apparent differenc
f the mean level of activity was observed. Howeve

(b) a conventional MEA. (a) The graph reports a 10× 6 grid where each ce
to different clusters as indicated by the five labels. Electrodes in theannels ar
EA is able to evoke responses of different shapes and features acthe
ccording to the conventional MEA layout. Note that within the entire
[0, 400] ms, while theY-axis scale is [0, 1].
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more detailed examination of the bursting activity patterns
between and within the clusters revealed certain differences.
In comparison with conventional MEA, where cultures tend
rapidly toward a synchronized bursting activity distributed
over the entire microelectrode array, on the clustered MEAs
the recordings exhibited a distribution of synchronous bursts
in the clusters and asynchronous bursts between the clus-
ters (Fig. 8b and c). This is even more evident when all the
burst occurrences from all the microelectrodes are consid-
ered (Fig. 8b and c, lower part). The asynchronous bursting
between the clusters resulted in a sequential pattern of bursts
with consistent time lags (Fig. 8d) and was routinely found
from one culture to another. Thus, asynchronous bursting
areas might be linked to the distributed organization of the
culture.

The behavior of the network in interconnected sub-
populations was even more evident looking at the evoked
activity patterns. The network responsiveness to localized
stimulations was evaluated by means of the Post-Stimulus
Time Histogram as shown inFig. 9. It can be seen that the
clustered MEA imparts a distinct variability on the network
responses to a single stimulation (i.e. a train of 50 pulses at
0.2 Hz and 1.5 Vp–pfrom a single electrode): the PSTH shape
was different for separated clusters, while it maintained the
same features within the same cluster. The sub-population in
the stimulated cluster (cluster D inFig. 9a) shows a higher
probability of evoked response, yet the evoked activity clearly
propagates to the connected clusters. This variability of the
network responsiveness is not observed on a conventional
MEA (Fig. 9b), where the network freely grows in the avail-
Fig. 10. Mean latency of the evoked responses computed from
 data ofFig. 9on (a) a clustered MEA and (b) a conventional MEA.
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able space, producing a dense layer of strongly connected
cells. Upon stimulation in this condition, each site of the
array shows a very similar response.

Fig. 10 presents the computed mean latency of the
responses to the delivered stimuli. Compared to the stimu-
lated cluster, the other clusters show a longer latency and
a larger variability in the response time, demonstrating the
sub-populations interconnections and the different pathways
involved in the network dynamics. It is worthwhile to note
that a very similar behavior is observed between the network
in the stimulated cluster and the whole network on a conven-
tional MEA.

4. Conclusions

In this paper, the fabrication, the functional evaluation
and the biological validation of a microelectrode array with
an integrated SU-8 clustering structure were described. The
purpose of the interconnected cluster structure is to reduce
the isotropic network distribution, as well as to discern local
relations between cell growth, activity and their involvement
according to their use as input, output or processing areas.

The recording of the spontaneous activity demonstrated
a clear difference in the distribution of the bursting activ-
ity between the conventional and clustered MEAs. Thus,
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