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Functional coupling of reconstructed neuronal networks with microelectronic circuits has
potential for the development of bioelectronic devices, pharmacological assays and medical
engineering. Modulation of the signal processing properties of on-chip reconstructed
neuronal networks is an important aspect in such applications. It may be achieved by
controlling the biochemical environment, preferably with cellular resolution. In this work,
we attempt to design cell–cell and cell–medium interactions in confined geometries with the
aim to manipulate non-invasively the activity pattern of an individual neuron in neuronal
networks for long-term modulation. Therefore, we have developed a biohybrid system in
which neuronal networks are reconstructed on microstructured silicon chips and interfaced
to a microfluidic system. A high degree of geometrical control over the network architecture
and alignment of the network with the substrate features has been achieved by means of
aligned microcontact printing. Localized non-invasive on-chip chemical stimulation of
micropatterned rat cortical neurons within a network has been demonstrated with an
excitatory neurotransmitter glutamate. Our system will be useful for the investigation of
the influence of localized chemical gradients on network formation and long-term
modulation.

Keywords: microfluidics; reconstructed neuronal networks;
aligned microcontact printing (AmCP); silicon; impedance
1. INTRODUCTION

Functional coupling of nerve cells with microelectronic
circuits is an important aspect of information proces-
sing and storage in bioelectronic devices, drug screen-
ing, medical engineering and biosensors. The ability to
process and store large amounts of information is the
most fundamental feature of the mammalian central
nervous system (CNS). To accomplish this feat, the
brain uses activity-dependent long-lasting modifi-
cations in synaptic strength (synaptic plasticity)
(Bliss & Collingridge 1993; Kandel et al. 2000).
Examples of such activity-dependent changes are
different phases of short-term and long-term poten-
tiation (LTP) and short-term and long-term
depression. The fine organization of signal processing
in neuronal circuits is not only of fundamental interest
in neuroscience but also one of the key approaches for
information technologies. Examples are biohybrid
address for correspondence: Institute of Thin Films
es, Research Center Jülich, Jülich 52425, Germany
fz-juelich.de).
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systems, where defined reconstructed neuronal net-
works are interfaced to semiconductor-based transistor
devices (Offenhäusser & Knoll 2001; Fromherz 2003). It
has been shown that two-way communication by means
of electrical signals between external electronics and
individual neurons cultured on neurochips as well as
multi-site long-term monitoring of cultured neuronal
activity is possible in biohybrid systems (Pine 1980;
Gross et al. 1997; Claverol-Tinture & Pine 2002; Merz
& Fromherz 2005).

One side of this interface, the electronic circuitry,
has witnessed substantial progress. Planar arrays with
large number of electrodes or field-effect transistors per
unit area (Eversmann 2003; Kaul 2004) as well as new
electrode and gate materials (Egert 1998) have been
put into practice. On the biological side, studies on
reconstruction, modulation (geometry, polarity (Oliva
2003; Vogt 2004), synaptic strengths of individual
synapses) and signal processing properties of recon-
structed neuronal networks are essential prerequisites
for the realization of a neuroelectronic concept (Neher
2001). Investigations of these phenomena can be
J. R. Soc. Interface (2006) 3, 333–343

doi:10.1098/rsif.2005.0099
Published online 29 November 2005
q 2005 The Royal Society

http://rsif.royalsocietypublishing.org/


334 Spatially resolved chemical stimulation Y. Mourzina and others

 rsif.royalsocietypublishing.orgDownloaded from 
approached by employing miniaturized systems for cell
molecular biology studies and cell manipulations.
Examples are:

(i) in vitro electrophysiological experiments. On-
chip stimulation and activity recording of
neuronal cells as well as studies on ion-channels
expressed in cell lines (Gross et al. 1997;
Offenhäusser & Knoll 2001; Claverol-Tinture &
Pine 2002; Brüggemann et al. 2003; Fromherz
2003; Otto et al. 2003; Stetts et al. 2003;
Berdondini et al. in press) have been demon-
strated;

(ii) cell culture and cell manipulations in micro-
fluidic systems. In particular, cell guiding and
reconstruction of neuronal circuits on solid
substrates have been achieved by means of
chemical (Folch & Toner 2000; Chang et al.
2001; Vogt et al. 2005), topographical (Maher
et al. 1999; Folch & Toner 2000; Sugio et al.
2004), magnetic field (Eguchi et al. 2003) and
optical (Mohanty et al. 2005) guidance. Also the
formation of in vitro neuronal circuits has been
demonstrated by combining topographical bar-
riers (microfluidic structures) with the immobil-
ization of cell adhesive substances inside
microfluidic channels (Morin et al. 2005; Rhee
et al. 2005). Most studies on cell positioning in
microfluidic systems have been performed with
non-adherent cells from cell lines due to easier
handling; and

(iii) genomics/proteomics/metabolomics cellular
analysis (Li et al. 2002; Aebersold & Mann
2003; Lion et al. 2003; Lu et al. 2004; Peng et al.
2004; Issaq et al. 2005; Mourzina et al. 2005) and
transfection assays (Szili et al. 2004; Matsue
2005; Nagamine et al. 2005). These biochemical
approaches will help to correlate the alterations
at the electrophysiological level with those at the
biochemical level. For example, the action of a
modulation factor for feedback connections and
molecular engineering of cellular signal amplifi-
cation cascades can be investigated (Neher
2001).

Signal processing pathways in the central nervous
system can be modified through persistent alterations
in the efficacy of synaptic connections, which are based
on the activity patterns. In 1973, the effect of brief
trains of high frequency stimulation on the monosy-
naptic excitatory pathway in the hippocampus was
found to cause a sustained increase in the efficiency of
synaptic transmission (Bliss & Gardner-Medwin 1973).
This effect is referred to as LTP, and is accompanied by
‘some growth or metabolic changes’ (Hebb 1949;
Kandel et al. 2000). Later on, biochemical modulation
of the efficacy of synaptic communication by agonists
and antagonists of membrane receptors was shown
(Bortolotto et al. 1994; O’Connor et al. 1994). There-
fore, long-term activity-dependent modifications of
synaptic connections of neighbouring cells might
allow the modulation of signalling in reconstructed
networks of biohybrid systems. It is desirable to
J. R. Soc. Interface (2006)
perform this task in an addressable manner and with
spatial resolution on a single cell level. Additionally, it
is important to reproduce non-invasive natural bio-
chemical stimulation/inhibition conditions to study
plasticity over time periods of days and longer. Patch
clamp analysis is generally necessary at different stages
of the system development and validation. This method
remains the most precise technique for electrophysio-
logical investigation of ion-channels. However, large
micromanipulators required to hold a pipette and
perfusion system make simultaneous recordings of
more than one neuron difficult. Therefore, it is also
advantageous to integrate a system for the delivery of
substances in the substrate upon which neurons are
cultured.

The first devices for the manipulation of the
extracellular environment of neuronal cells were
designed as implantable probes for in vivo studies
(Ludvig et al. 1994). However, they are not applicable
to interface reconstructed neuronal networks on planar
substrates. Nevertheless, the microfluidic approach can
be adopted to design on-chip delivery systems. A solid-
state silicon microchip that can provide a controlled
release of single or multiple chemical substances on
demand has been described by Santini et al. (1999). The
release mechanism is based on the electrochemical
dissolution of thin anode membranes (50!50 mm2 area)
covering microreservoirs. The reservoirs extended
completely through the wafer and were filled with
chemicals in liquid, gel or solid form. Release from a
particular reservoir was initiated by applying an
electrical potential between the anode membrane
covering that reservoir and a cathode. The system
was tested with a prototype microchip using gold and
saline solution as a model electrode material and release
medium. However, it was noted that the presence of
small amounts of chloride could create an electric
potential, which favoured the formation of soluble gold
chloride complexes. This circumstance is not favour-
able for applications of the device in real cell culture
media, which contain millimolar concentrations of
chloride ions. Other metals such as copper and titanium
were reported to be unsuitable under the conditions of
the experiment.

The concept mentioned above has been advanced by
Peterman et al. (2004) and Takoh et al. (2005). They
developed a porous membrane-based substrate to
provide localized chemical release of substances to
cultured cells via a microfluidic interface from below.
Intercellular communications of cardiac myocytes
cultured on porous polycarbonate membranes (Takoh
et al. 2005) were detected by observing cytosolic Ca2C

transients using fluo-4. The same detection method was
employed to observe repeated stimulation of PC12 cells
with bradykinin (Peterman et al. 2004). In these
experiments, the PC12 cells were cultured on silicon
nitride membranes integrated into silicon chips.

An on-chip gradient generating microfluidic device
for pharmacological profiling has been described by
Pihl et al. (2005). The device allows generation of
concentration gradients spanning nearly five orders of
magnitude and demonstrates the integration of on-chip
gradient generation with the concept of open-volume
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Figure 1. Fabrication process of silicon substrates with
suspended membranes containing microapertures: (a) depo-
sition of silicon oxide and silicon nitride layers on a double-
side polished silicon wafer followed by photolithography, (b)

Spatially resolved chemical stimulation Y. Mourzina and others 335

 rsif.royalsocietypublishing.orgDownloaded from 
microfluidics. The performance of the system is
demonstrated by pharmacological screening of the
voltage-gated KC channels (hERG) and ligand-gated
GABAA receptors expressed in cell lines. A disadvan-
tage of the system for neuronal cell studies is that each
cell should be translated to the exit of the channels after
it is patch-clamped in the open-volume. Such manip-
ulations are not adequate for cortical neurons, which
are connected in networks and adhere with their cell
bodies and branched trees of neurites to polylysine/
extracellular matrix (PL/ECM) coated patterns.

In this work, we attempt to design cell–cell and cell–
medium interactions in confined geometries with the
aim to manipulate the activity patterns of individual
neurons in on-chip reconstructed neuronal networks.
This approach may be adapted to induce long-term
activity-dependent changes at a particular synapse in
the network. We describe a biohybrid microfluidic
system with geometrically defined reconstruction of
neuronal networks on silicon chips. The cells are aligned
with the features on the chip surface, where a
neurotransmitter solution can be applied to the
micropatterned cell culture in a controlled way. A
planar on-chip concept also allows for the integration of
further functional elements within a device (e.g. liquid
actuation, additional electrical stimulation and record-
ing functions) by means of standard semiconductor
technologies. Silicon substrates, although preventing
observation by many techniques of microscopy, allow
for miniaturization and integration of electronic
circuits, which is important for the development of
bioelectronic, biosensor and neuroprosthetic devices.
We present the design and fabrication of the chip as
well as results of the experiments with reconstructed
networks of embryonic rat cortical neurons.
reactive ion etching (RIE) of silicon nitride, silicon oxide, and
photoresist, (c) double-side alignment photolithography, (d )
RIE of silicon nitride, silicon oxide, and photoresist and (e)
anisotropic wet chemical etching.
2. MATERIALS AND METHODS

2.1. Preparation of silicon substrates

The structures were prepared in a class 100 clean room
by means of double-side alignment photolithography in
combination with anisotropic wet chemical etching, as
schematically shown in figure 1. Silicon wafers were
cleaned using the RCA protocol. Subsequently, silicon
oxide and silicon nitride layers were deposited by
thermal oxidation and low-pressure chemical vapour
deposition, respectively. At first, one sides of the wafer
was patterned by means of photolithography with a
positive photoresist UV 6-06. Reactive ion etching was
used to remove the exposed silicon nitride and oxide
patterns as well as the remaining photoresist. The
second side of the wafer was structured following the
same procedure. Afterwards, anisotropic chemical wet
etching in 22% potassium hydroxide at 80 8C was
employed to create suspended silicon nitride mem-
branes with microapertures, figure 1e. Silicon nitride
layers grown on silicon were not stable enough to serve
as a mask layer during chemical wet etching of silicon
due to the mechanical stress of the material. Therefore,
a silicon oxide layer was required to compensate the
mechanical stress of silicon nitride, thereby improving
stability and adhesion of the mask layer. The size of the
J. R. Soc. Interface (2006)
microapertures varied from 1 to 9 mm, both circular and
quadrangular geometries of the microapertures were
tested, figure 2. Each chip contained apertures, which
were uniform in size and geometry. The chips were used
for culturing neuronal cells.
2.2. Preparation of the microfluidic system
based on poly(dimethylsiloxane)

A microfluidic system of poly(dimethylsiloxane)
(PDMS) elastomer was prepared by soft lithography
(Mourzina et al. 2005). Masters for soft lithography
were fabricated mechanically with different materials:
Teflon, aluminium, steel. However, no dependence of
the mould materials on microreplication was observed.
The height of the raised structure on the master, which
corresponds to the channel pattern, was 500 mm.
A mixture (Sylgard 184) of elastomer precursor and
its curing agent were degassed, poured over the master
and cured at 65 8C for 4 h. After curing, a soft elastomer
copy was peeled-off the master and could be sealed to
the planar surface of a non-structured PDMS plate.
A flat PDMS plate was prepared as described above

http://rsif.royalsocietypublishing.org/
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Figure 2. SEM images of the silicon chips with suspended membranes containing microapertures: (a, b) single microapertures in a
suspended membrane, cmultiple microapertures in a suspended membrane, (a, c) view from the top of the chip, (b) view from the
bottom of the chip.
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using a non-structured silicon wafer as a master. To
make the connections of the microfluidic system to the
pump, the syringe needles were inserted into the PDMS
channels before irreversibly bonding two PDMS plates.
The opposite side of the cannula was cut and inserted
into the tubes. The tubes were connected to the syringe
pump (World Precision Instruments). Syringe needles
of 450 mm diameter were used.
to syringe
pump

to waste

microfluidic system

PDMS

(b)

Figure 3. (a) Schematic of the interface between a PDMS
microfluidic system and neuronal networks reconstructed on
silicon chips and (b) a photograph of the assembled device.
2.3. Preparation of the device

The final device was assembled of three parts. The
bottompartwas aPDMSmicrofluidic system (figure 3a)
connected to a syringe pump and a waste reservoir,
as described in §2.2. The chip (without cell culture for
microfluidic experiment or with cell culture) was placed
on the microfluidic part and covered with a 24!24 mm2

printed circuit board (PCB) of 1 mm thickness. The
PCB has an opening of 9 mm diameter in the middle.
A glass ringwith a diameter of 17 mmwas glued onto the
upper surface of the PCB by means of a thin PDMS
layer. The whole assembly was aligned and fixed. The
device was able to hold 1 ml of extracellular solution for
patch-clamp experiments. A photograph of the chips
(1 cm2) and the assembled device is shown in figure 3b.
2.4. Characterization of the structures (optical,
electrochemical, microfluidic)

The structural features and geometry of silicon chips
were characterized by reflected and transmission light
microscopy (POLYVAR MET, Leica), and scanning
electron microscopy (‘GEMINI 1550’, LEO). Scanning
electron microscopy (SEM) images of silicon chips are
shown in figure 2.

Impedance characterization of the structures was
performed by means of dc (283 Potentiostat/Galvano-
stat, EG&G Princeton Applied Research) and ac (1260
Impedance/Gain Phase Analyzer, Solartron) measure-
ments. For the measurements, the backside of the chip
was contacted via liquid junction to an Ag/AgCl
electrode. The measurements were performed in extra-
cellular electrolyte solution 1 (ES1) (see §2.5 for the
composition), figure 4a–c. The data were fitted using
the equivalent circuit model presented in figure 4d.

Flow via microapertures in the assembled devices
was characterized by: (i) optical microscopy with a
solution of a brilliant blue dye, and (ii) measuring the
changes of the bulk potassium ion concentration on the
J. R. Soc. Interface (2006)
chip surface due to the delivery of potassium ions via
the microfluidic system.

For the latter experiment, a KC-ion-selective
electrode (KC-ISE) was prepared using the membrane
composition described earlier (Mourzina et al. 2003).
The diameter of the KC-ISE membrane was 7 mm.
As a reference electrode, an Ag/AgCl wire electrode
was prepared. The sensitivity of the KC-ISE
was 56 mV (lgCKC)K1 in the concentration range
3!10K3–10K1 M KC. As background electrolyte for
the sensitivity measurement we used ES1 (see §2.5 for
the composition). For the characterization of flow, 1 ml
of ES1 (containing 3 mM KCl and constant concen-
tration of chloride ions of 129 mM) was placed on the
chip surface of the assembled device. The extracellular
solution (ES1) with a higher concentration of potass-
ium ions (100 mM) was prepared by addition of
potassium nitrate to keep the concentration of chloride
ions constant. The latter solution was delivered onto
the chip surface of the assembled device via the
microfluidic system and the microapertures. Increase
in the bulk concentration of potassium ions could be
followed by changes in the response of the KC-ISE.

http://rsif.royalsocietypublishing.org/
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Figure 4. Impedance characterization of the structures: (a) a direct current experiment, (b, c) alternating current measurements,
(d ) an equivalent scheme to calculate the resistance and capacitance of the structures. The measurements for the structure
containing one square 7!7 mm2 (AZ49 mm2) aperture are shown. The measurements have been performed in extracellular
solution (ES1). R1 corresponds to the resistance of the electrolyte filled measurement cell; R2 is the resistance of the chip
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membrane. R1 was measured to be 460 U.
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2.5. Reconstruction of neuronal networks on
silicon chips by means of aligned
microcontact printing technique (AmCP)

Before culturing cells on the chip surfaces, the chips
were made hydrophilic and cleaned. A hydrophilic chip
surface was achieved by treatment with H2O2 : H2SO4

(1 : 2 vol.parts) for 20 min followed by intensive rinsing
with deionized water. The chips were then immersed in
a solution of 70% ethanol or alternatively heated to
200 8C for 3 h. Both procedures were found to be
adequate for sterilization.

Geometrically controlled reconstruction of neuronal
networks was achieved by microcontact printing as
described in detail before (Vogt et al. 2004). For this
purpose, microstamps with grid structures were fabri-
cated by curing PDMS in 2 ml Eppendorf tubes upside
down on a master stamp produced by photolithogra-
phy. Alternatively, flat PDMS stamps of about 1–2 mm
thickness were prepared using the same master mould.
The grid structures had meshes of 50 mm!100 mm,
somal adhesion sites of 22 mm diameter, and lines of
4 mmwidth. Patterning was performed with the aid of a
J. R. Soc. Interface (2006)
xy-positioning system (Fineplacer 96, Finetech,
Germany) by first inking the microstamp for 30 s in a
1 : 100 dilution of ECM-gel (Sigma, Germany) in
Dulbecco Modified Eagle’s Medium (Invitrogen,
Germany) containing 25 mg mlK1 poly-D-lysine (PL),
molecular weight 70.000–150.000 t (Sigma, Germany).
Then the surface of the stamp was dried in a stream of
nitrogen. The stamp was immediately attached to the
stamp holder of the xy-positioning system, and after
alignment of the stamp micropattern with the micro-
apertures of the silicon chip, pressed to the chip for 20 s.
Embryonic rat cortical neurons were subsequently
plated on the patterned substrates and cultured as
described below.

Rat embryonic cortical neurons were obtained as
described previously (Brewer et al. 1993). Briefly,
embryos were recovered from pregnant Wistar rats at
18 days gestation (E18). The cortex was dissected from
the embryonic brain, cells were mechanically disso-
ciated by trituration in Hank’s Balanced Salt Solution
(HBSS) (without Mg2C and Ca2C, GIBCO 14170-088),
0.035% sodium bicarbonate, 1 mM sodium pyruvate,
10 mM HEPES, 20 mM glucose, pH 7.4 with a fire

http://rsif.royalsocietypublishing.org/
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polished siliconized Pasteur pipette. Two volumes
HBSS (GIBCO 24020-091) 0.035% sodium bicarbonate,
1 mM sodium private, 10 mM HEPES, 20 mM glucose,
pH 7.4 were added. Non-dispersed tissue was allowed to
settle for 3 min. The supernatant was centrifuged at
1100g for 2 min. The pellet was resuspended in 1 ml
Neurobasal (NB) Medium (GIBCO 21103-049), 1!
B27 (GIBCO 17504-044), 0.5 mM L-glutamine (GIBCO
35050-038) per hemisphere isolated. An aliquot was
diluted with trypan blue solution and dye-excluding
cells were counted in a Neubauer chamber. The
remaining cells were diluted in NB medium with the
above supplements and plated onto the AmCP silicon
substrates at a density of 16 000 cells cmK2. Half of the
culture medium was replaced with fresh growth
medium every 3–4 days. The cells were maintained in
a 37 8C humidified incubator with 95% air and 5% CO2.

Electrophysiological characterizations were per-
formed using a patch-clamp set-up (HEKA Elektronik,
Germany) in the whole-cell configuration in current-
clamp mode and voltage-clamp mode, typically at
10–14 days in vitro (DIV). Borosilicate micropipettes
(Hilgenberg, Germany) with a resistance of ca 8 MU
were pulled using a micropipette puller (P-97, Sutter
Instrument Company, CA, USA). In the case of
electrical stimulation, both voltage-clamp and cur-
rent-clamp recordings were performed. In the voltage-
clamp mode, the cells were stimulated with 50 or
100 ms voltage changes from K100 toC100 mV with a
step of C10 mV. The voltage-clamp recordings were
made at a holding potential of K70 or K65 mV. In
current-clamp mode, the cells were stimulated with
K100–700 pA current pulses with a step of 50 pA. For
the experiments on chemical stimulation, the protocol
was changed, so that only recordings of the membrane
potential were performed and no electrical stimulus was
applied. The ES1 contained, mM: 120 NaCl, 3 KCl, 1
MgCl2, 2 CaCl2, 10 HEPES, pH 7.3 adjusted with 1 M
NaOH. The extracellular solution 2 (ES2) was prepared
using the same formulation without addition of
magnesium, instead, glucose and glycine were added
at 1 mM and 5 mM, respectively. The intracellular
solution contained, mM: 2 NaCl, 17.5 KCl, 0.5 MgCl2, 5
HEPES, EGTA 0.2, 118 potassium gluconate, 4 ATP,
pH 7.3 adjusted with 1 M KOH.
2.6. Cell–medium interactions in confined
geometries: chemical stimulation of
neuronal cells on microfluidic devices

Patch-clamp recordings have been performed to
observe the response of cells to the chemical stimulus
delivered via the microfluidic system using recording
protocols without electrical stimulation. Stimulation
solutions of glutamate 1 and 10 mM were prepared
using ES2 as a background solution. pH of the solutions
was controlled and adjusted with sodium hydroxide, if
necessary. After delivery of the stimulation solution,
the inward syringe needle of the microfluidic system
was connected to the supply of the extracellular
solution (ES1). The extracellular solution was delivered
onto the chip surface replacing the glutamate contain-
ing solution, which was simultaneously sucked from the
J. R. Soc. Interface (2006)
chip surface. Afterwards, normal patch-clamp record-
ings of the cells were performed to examine that the
cells on-chips did not die due to excitotoxic effect of
glutamate.
3. RESULTS

Images in figure 2 demonstrate that a good precision in
positioning the structural features on the opposite sides
of the wafers can be achieved by means of double-side
alignment photolithography and anisotropic wet
chemical etching of silicon (figure 2). No differences in
the quality of the structures have been observed for two
different geometries of the microapertures (circular or
square). In the initial design of the chip, the neighbour-
ing distance between the larger apertures was 1–3 mm
(figure 2a,b) to guarantee the stability of the suspended
membrane. Only one aperture was structured on each
suspended membrane. We found that suspended
membranes with a higher density of apertures were
also stable. An example of such an array of apertures on
a suspended membrane is shown in figure 2c, where the
distance between the smaller apertures is less than
10 mm. These multiple apertures cannot be addressed
individually and provide multiple chemical ejection
sites. In the present work, we used the structures with
one microaperture in each suspended membrane, which
can provide a single chemical ejection site. A higher
density of the individual stimulation sites can be
achieved by using thinner silicon wafers.

To guarantee normal conditions for cell culture, the
cell culture substrate is detachable from the micro-
fluidic part of the device and the PCB cover. An
additional advantage of such a modular assembly is
that no epoxy gluing and encapsulation processes of the
PCB are necessary. Culturing cells on the chips can be
performed following standard protocols without mini-
mizing the volume of cell–medium.

Characterization of the impedance of the structures
is shown in figure 4 for the device assembly containing
one square 7!7 mm2 (AZ49 mm2) aperture. The data
were used to calculate the resistance and capacitance of
the chip using an equivalent circuit model shown in
figure 4d. R1 was found from I–V measurements carried
out in the measurement cell without a chip and kept as
a constant parameter in the fitting procedure. The
relative standard deviation of measurements for chips
with the same size and geometry of the apertures was
found to be less than or equal to 6% (nZ5 and pZ0.95,
where n is the number of chips tested and p is the
confidence coefficient). In table 1, the data for two chips
with different aperture numbers and geometries are
compared. In extracellular medium, the resistance of
the structure was found to be tens of kiloohms and the
capacitance was about 2 nF. Good correlation between
the data is observed.

Experiments were performed to characterize and
estimate the velocity of the transfer of the substance
from the microfluidic part onto the chip surface, as
exemplified in figures 5 and 6. Figure 5 shows
microscope images taken at a rate of 1 per second.
The flow rate was 0.03 ml minK1 (controlled by a
syringe pump). It is important to notice that the

http://rsif.royalsocietypublishing.org/
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1 s

Figure 5. Optical visualization of flow via the microfluidic
system: (a) flow rate of a syringe pump was 0.03 ml minK1,
diameter of the aperture was 9 mm. A dye (saturated solution
of brilliant blue filtered through a 0.2 mm filter) was used for
visualization of the flow.

Table 1. Impedance characterization of the structures. (The data were calculated using the model presented in figure 4d. The
measurements were performed in extracellular solution (ES1), r is the radius of the circle aperture, and a is the size length of the
square aperture, A is the aperture area.)

chip 1; 9 circle apertures, rZ2.5 mm; area of the
apertures, AZ177 mm2

chip 2; 1 square aperture, aZ7 mm; area of
the aperture, AZ49 mm2

R1 fixed, 460 U
R2, kU 9.44 (ca 85 kU per aperture) 26.25
C1, nF 2.26 2.20
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solution, which was delivered via a large microaperture
(9 mm), is localized in a confined area on the chip
surface even 14 s after its appearance. This observation
shows that the localized delivery of substances onto the
chip surface for the purpose of localized chemical
stimulation of cells or creation of chemical gradients
on the chip surface is possible with the system. The
localized area progressively increases with time. How-
ever, this increase does not obey a linear dependence on
time, but becomes slower after initial delivery of a
substance onto the chip surface. The localized area
becomes larger with increasing flow rate.

The transfer of the substance from the microfluidic
part onto the chip surface was characterized as
described in §2.4. The rate of delivery was estimated
to be 50–90 nl (s aperture)K1 for a flow rate of
0.3 ml minK1. This variation is probably explained by
diffusion processes on the chip surface, the response
time of the KC-ISE, and the difficulty to control the
flow in a multi-level microfluidic system with a syringe
pump. It is important to note that the method
described allows us to estimate the bulk changes in
the activity of potassium ions in the solution on the chip
surface. Therefore, higher flow rates were used in these
experiments (typically, 0.1–0.3 ml minK1) than in the
experiments described above (figure 5). Due to concen-
tration gradients shown in figure 5, the concentration at
the localized area in the vicinity of the delivery aperture
is higher than the bulk concentration measured by the
ion-selective electrode. In some cases, peaks in the
response of the electrode were observed, as illustrated
in figure 6b. This sudden increase in potassium ion
concentration may be related to non-precise positioning
of the K-ISE or non-uniform filling of the volume under
the chip surface.

Figure 7a,b show microscopy images of a PL-FITC
pattern on the silicon nitride surface as well as a PL/
ECM pattern on the chip surface prepared by AmCP
with the aid of a xy-positioning system, as described in
§2.5. The cortical neuronal cells were plated on such
substrates and cultured as described in §2.5. Figure 7c
shows a microscopy image of the cell culture at day 14.
The networks of patterned neurons are ordered in lines
following the PL/ECM traces on the substrate surface.
Individual cell bodies were between 10 and 15 mm
in diameter. The arrow shows an example of a cell
body and a neurite growing in the proximity of the
aperture. The electrophysiological properties of the
cells growing on the geometrically defined PL/ECM
patterns on silicon chips were characterized by means
of patch-clamp studies, figures 8a,b. The cells in the
J. R. Soc. Interface (2006)
reconstructed neuronal networks preserve electro-
physiological properties and generate action potentials
in response to electrical stimuli, as it is illustrated in the
figure. Therefore, the system was further validated with
neurotransmitter glutamate as a main excitatory
neurotransmitter in the CNS.

Electrophysiological recordings of the neuronal cell,
which is marked with an arrow in figure 7c, are shown
in figure 9a. At first a normal stimulation protocol was
applied. After recordings, which showed normal
electrophysiological behaviour of the cell, the delivery
of extracellular solution containing glutamate and
glycine via the microfluidic system was initiated and
the membrane potential of the same cell was mon-
itored using a modified protocol (§2.5, a protocol
without applying an electrical stimulus), figure 9b. In
figure 10a,b, the results of similar experiments are
shown. After delivery of glutamate, the inward syringe
needle of the microfluidic system was connected to the
supply of the extracellular solution (ES1). The latter
was delivered onto the chip surface replacing the
glutamate containing solution, which was simul-
taneously sucked from the chip surface.

http://rsif.royalsocietypublishing.org/


Figure 7. (a) A fluorescent microscopy image of a pattern of PL-FITC on the silicon nitride surface, (b) a microscopy image of a
PL/ECM pattern on the chip surface prepared by means of AmCP using a xy-positioning system, and (c) a microscopy image of
the cell culture at day 14 (DIV 14), cells on the silicon chip have been guided by means of AmCP with PL/ECM.
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Figure 8. Electrophysiological characterization of cultured
cells by means of the patch-clamp technique, whole cell
patch clamp recordings of a cortical neuron: (a) current
clamp mode (CC), voltage responses to a current pulse of
C50 pA, EmZK47 mV, IholdZK30 pA,VholdwK70 mV and
(b) voltage clamp mode (VC), current responses of the same
cell induced by stepwise application of 10 mV voltage stimuli
(K100–100 mV),VholdZK60 mV. Cell growth was guided by
means of AmCP with PL/ECM, DIV 10.
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Figure 6. Characterization of the flow via the microfluidic system and microapertures in the assembled device as measured with a
KC-ISE; stop and startmark the times, when the syringe pumpwas switched off and on, respectively. Flow rate was 0.3 ml minK1.
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4. DISCUSSION

After delivery of the neurotransmitter to the chip
surface, the cell generated a burst of action potentials,
and depolarization of the cell membrane was observed,
as shown in figure 9b. These observations can be
explained by activation and opening of ionotropic
glutamate receptors (a-amino-3-hydroxy-5-methylisox-
azole-4-propionic acid (AMPA), kainate, N-methyl-D-
aspartate (NMDA)) due to chemical stimulation with a
neurotransmitter.

In the experiment shown in figure 10a, the cell was
spontaneously active and fired action potentials with-
out being stimulated electrically. It is interesting to
observe the changes in the spontaneous activity
patterns during recording, which is caused by the
delivery of glutamate via the microfluidic system. This
change in the activity pattern correlates with the slow
deactivation kinetics of NMDA glutamate receptor
channels with NR2B subunits (50–500 ms) (Fox et al.
1999; Cull-Candy et al. 2001; Popescu & Auerbach
2004), which is activated in the presence of the co-
agonist glycine. In general, we observed three main
types of responses in our experiments on on-chip
chemical stimulation with the system described:
generation of action potentials, changes in the kinetics
of spontaneously active neuronal cells and generation of
excitatory potentials similar to post-synaptic poten-
tials. These variations in the responses of cells can be
explained by different factors, such as the amount of
glutamate molecules binding to the receptors, the
number of post-synaptic receptors of the cell, and the
J. R. Soc. Interface (2006)
probability of the channel opening after binding a
neurotransmitter molecule (Johnston & Miao-Sun
1995). An additional fact, which adds to the complexity
of this relatively ‘simple’ model system, is that the
neuronal cells were connected in networks and activity
of the neighbouring cells could contribute to the
response of the recorded cell. Thus, the experiments
show geometrically defined reconstruction of neuronal
networks on silicon chips in alignment with the
microstructured features on the chip surface and their
interface to microfluidics. The extracellular environ-
ment of recorded neuronal cells in networks was
manipulated by spatially resolved, non-invasive
neurotransmitter application, while physiological

http://rsif.royalsocietypublishing.org/
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Figure 10. Whole cell patch clamp recordings of a cortical neuron, DIV 13: (a) EmZK44 mV, IholdZK14 pA and (b) chemical
stimulation of the same cell with glutamate via the microfluidic system, flow rate 0.3 ml minK1, 10 mM glutamate and 5 mM
glycine in the stimulation solution ES2. Changes in the kinetics of the recordings are probably due to the activation of glutamate
receptor ion channels.
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Figure 9. Whole cell patch clamp recordings of a cortical neuron, DIV 14: (a) CC, voltage response to a current pulse of 100 pA,
EmZK60 mV, IholdZK18 pA, VholdwK70 mV and (b) chemical (non-invasive) stimulation of the same cell with
neurotransmitter glutamate delivered via the microfluidic system, IholdZK14 pA, VholdZK68 mV; flow rate 0.3 ml minK1,
10 mM glutamate and 5 mMglycine in the stimulation solution ES2. The insert shows a part of the recording corresponding to the
interval 7.9–8.5 s.
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functionality of the neurons in the on-chip recon-
structed neural network was preserved. Such a system
will be further employed for the investigation of the
influence of localized chemical gradients on network
formation and long-term modulation. For further
studies, advanced methodologies based on electroki-
netic effects in microfluidic systems would be advan-
tageous to control the delivery of solutions.
5. CONCLUSIONS

We developed a biohybrid system, in which neuronal
networks were reconstructed on microstructured silicon
chips and interfaced to microfluidics. A high degree of
geometrical control over the network architecture and
alignment of the network with the substrate features
was achieved by means of AmCP. The extracellular
environment of recorded neuronal cells in networks was
manipulated by spatially resolved, non-invasive neuro-
transmitter application, while physiological function-
ality of the neurons in the on-chip reconstructed neural
network was preserved. A modular design of the device
allows for culturing neuronal cells on-chips under
standard cell culture conditions. Such a system will be
useful for the investigation of the influence of localized
chemical gradients on network formation and long-
term modulation. This approach is promising for the
integration with on-chip cell culture systems and
microelectrode arrays for physiological and pharmaco-
logical assays, as well as for cell differentiation studies.

The authors thank R. Helpenstein for the help with neuronal
cell culture.
J. R. Soc. Interface (2006)
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