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Abstract

A hybrid circuit of a transistor-based chip was implemented and characterized for the
neuronal electrical activity recording. The integration of microfluidic architectures was developed
to control precisely neurites outgrowth and form topologically defined and stable neural networks.
Individual neural cells from rat retinae and Lymnaea stagnalis snails were immobilized on gates
regions of Metal Insulator Semiconductor Field Effect Transistors (MISFET). Neuronal orientation
was achieved in both cases but neuronal action potentials were only recorded in the Lymnaea
stagnalis case. They were successfully triggered and inhibited by implementing a picrotoxin -
GABA - picrotoxin injection protocol, exhibiting a direct influence of picrotoxin on the "spike
type" action potential waveform. The implementation of the whole process of neuronal culture and
subsequent activity monitoring constitutes a proof-of-principle experiment for the development of

neuroelectronic systems for signal processing studies adapted to low-density neuronal cultures.
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1. Introduction

The study of the neuronal network dynamics in brain tissue is a difficult task owing to the large
number of closely packed neurons with complex synaptic connectivity and the difficulty of
monitoring activity in the neural network at the single-cell resolution with non-invasive techniques.
In principle, low-density cultures of nerve cells drastically reduce the network complexity but
uncertainty on the synaptic wiring remains. Furthermore, while single cell recording can be easily
obtained by patch clamp recording [1], it is very challenging to achieve multicellular recordings
with this approach. By contrast, the use of cell non-invasive extracellular multi-electrode array
(MEA) enabled recordings and stimulations of large cell numbers [2,3]. Similarly, planar MEA
were used for neurons culture for days and months without inflicting mechanical damage to the
neuronal membrane [4]. This involves electrical measurements (voltage or current) across the cell
membrane [5]. Nevertheless, such extracellular electrical interfacing of neurons was implemented
with planar metal electrodes on insulating substrates [6-8], associated with organic transistors [9] or
integrated with semiconductor devices using Complementary Metal Oxide Semiconductor (CMOS)
technology [10,11]. In all cases, the activity of a nerve cell — i.e. the action potential — is stimulated
and/or recorded by interfacing individual nerve cells with electrical microdevices that locally
generate and/or sense electrical field variations towards medical applications [12]. So far, efforts
have been focused onto interfacing nerve cells in order to measure and interpret the neuronal action
potential and greater sensitivity would be required to measure smaller cell signals. One of the first
way to “communicate” with nerve cells or to make them inter-communicate using microelectrodes
was achieved by Jerome Pine [13] and Guenter Gross [14]. Then, Peter Fromherz proposed to use
MOS technology in order to integrate microelectrode arrays [15], emphasizing the following
principle: (i) neuronal activity is elicited by capacitive stimulation from a silicon chip and (ii)
neuronal activity is recorded by a transistor located on the same chip. Nevertheless, the signal-to-
noise ratios were relatively small often preventing the distinction between single cell recordings and
multi-unit activity. Inspired by Fromherz’s seminal works [16,17], Charles Lieber’s team
demonstrated enhanced signal-to-noise ratios using arrays of nanowire field-effect transistors
connected to individual axons or dendrites of mammalian neurons [18]. In this report, each
nanoscale junction was used for spatially resolving stimulations, and/or inhibitions of propagating
neuronal signals with great detection sensitivity.

Moreover, neural patterning has attracted much interest in neural electronics [19] and neural
engineering [20]. Compared with randomly cultured neurons, patterned neurons possess a much
simpler network structure, which is easier for network modelling and signal analysis. In addition,

the amplitude of detected action potentials of neurons is higher when neurons are located directly
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on the electrodes [6]. With these advantages, different protocols have been developed to perform
and optimize neuron positioning and neurite growth. Thus, methods such as micro-contact printing
[19], photodegradation [21], microfluidic structuration [22], biomolecule patterning [23] and
photoresist processing [24] were applied for constraining neurons and guiding neurites on planar
substrates.

In the present study, we have produced neural networks with defined topology on a substrate
with appropriate integrated electrical contacts for each (or groups of) neuron(s). This bottom-up
approach faced three objectives: i) non-invasive electrical interfacing of individual neuronal cell
bodies, ii) control of neurites outgrowth to form topologically defined and stable networks, and iii)
the integration of both defined networks and extracellular interfacing in a same, dedicated system.

Our transistor-based biosensing interface solved these three challenges at once.

2. Materials and Methods

2.1.  Design and fabrication of biosensors

Considering a SiO2/SisN4 pH-sensitive chemical field effect transistor (pH-ChemFET)
technology [25], N-channel metal-insulator-semiconductor field effect transistors (MISFET) were
realized. The MISFET fabrication and encapsulation processes were previously described [26] but
briefly reminded hereafter. Starting with a 6 inch, N-type (1x10' cm2), (100) silicon wafer, P-
doped wells were realized by boron implantation (1x10% cm2) and, following, N-doped source and
drain regions were formed by arsenic implantation (1x10* cm®). The gate was then fabricated
through the stacking of thermal silicon oxide SiO2 (50 nm-thick), LPCVD silicon nitride SisN4 (50
nm-thick) and PVD titanium/gold thin films (600 nm-thick). The MISFET has a 10 pm-long and
200 um-wide metallic gate. Wafer-level passivation was finally performed using a polymer-based
technology. Figure 1 shows a schematic of the SiO2/SisN4/Ti/Au MISFET device. A 50 um-thick
SU-8 photoresist layer was patterned to fabricate 10 pum-wide and 35 pm-high 3D microfluidic
channels as well as micro-tanks and neurons areas of reception using the “Stepper technology” [27].
Figure 2 shows a scanning electron microscope (SEM) cross-section revealed by Secco etching [28]
of a SU-8 3D micro-channel integrated on a MISFET transistor. In order to increase interactions
with the future neural networks, 16 MISFET devices were realized on a same chip in conjunction
with the upper SU-8 microfluidic channels (Figure 3 a). The final 16-MISFET array (1 mm?
surface) and its associated microfluidic network (Figure 3 b) are referred to as "neurochip”

hereafter. Finally, the neurochips were packaged on a printed circuit board (PCB) by flip-chip



bonding. Electronic contacts were isolated from the sensitive area thanks to an under-fill, and a

Pyrex ring was glued on the PCB to create a chamber for the cultured cells [26].

2.2.  FET filter system for liquid phase measurements

An associated electronic card was specifically developed to interface the neurochips [26].
Thanks to this set-up, it is possible to multiplex the 16 MISFET on the neurochip while filtering any
noise coming from the electronic interface and/or the liquid. All devices were biased using the same
electrical configuration: a silver / silver chloride (Ag/AgCl) wire was used to apply the gate voltage
to the neuronal culture medium and the same drain source current and voltage (Ios = 250 pA and
Vbs = 2 V). Thus, the different measurements related to neuronal action potentials were comparable
from one MISFET to the other. The resting potential was fixed to 0 V due to the removal of any

direct current (DC) component.

2.3. Rat retina neuronal cell culture

Cell cultures were prepared from Long-Evans rats, which were purchased from Janvier Company
(Le Genest Saint-Isle, France). All experiments were carried out in accordance with European
Community Council Directives (86/609/EEC) and with the ARVO (Association for Research in
Vision and Ophthalmology) statement for the use of animals in ophthalmic and visual research.
Ethics committee approval is not required for cell culture experiments, as stated in European Union
Directives (2010/63/UE). Animals were killed by CO2 sedation and cervical elongation, and all
efforts were made to minimize suffering.

Neuronal cells were isolated from the retina of newborn Long-Evans rats (postnatal day 7), with
an immunopanning technique, according to protocols previously described in young rats [29]. The
chips were coated with poly-D-lysine (2 pg/cm? for 45 min; Sigma-Aldrich) followed by laminin (1
pg/cm? overnight; Sigma-Aldrich). Cells were seeded in ND-G medium at an initial density of 4 x
10% cells/cm? on SU-8 microfluidic samples. The cultures were kept in an incubator at 37°C with
5% CO: for three days. Then, after this three-day period, optical characterisations of neurons

growth were immediately performed at room temperature.

2.4.  Lymnaea Stagnalis neuronal cells culture

Lymnaea Stagnalis (freshwater snails) were purchased from the National Institute of Agronomic

Researches (INRA) of Rennes (France), namely from the Experimental Unit of Aquatic Ecology
4



and Ecotoxicology section. Laboratory-raised stocks of Lymnaea Stagnalis were maintained in
aquaria filled with well-aerated filtered water at 22°C. Experiments were performed on 3 month-old
snails (20-30 millimeters in length). Snail neurons were chosen since, first, they exhibit high action
potentials (10-100 mV) and, second, their culture and electrophysiological characterization are
performed at room temperature, i.e. with no need for temperature control [30-34]. Thus, their
isolation followed previously established protocols [30-32]. Lymnaea Stagnalis were de-shelled,
soaked in 25% lysterin in normal saline consisting of 51.3 mM NaCl, 1.7 mM KCI, 4.1 mM CacClz,
1.5 mM MgCl2 and 5.0 mM HEPES at pH 7.9 (all from Sigma-Aldrich) for 10 minutes. Central
ganglionic rings were isolated from Lymnaea in normal saline and put in 150 pg/mL gentamicin for
10 minutes at room temperature. Left and right pedal ganglia were isolated from the rest of the brain
and treated with 1.33 mg/mL collagenase and 0.67 mg/mL trypsin (all Sigma-Aldrich) for 30
minutes. Pedal ganglia were washed several times in Leibovitz L15 medium (Sigma-Aldrich).
Ganglia were dislocated using a micropipette in Leibovitz L15 medium while sucking, and the
contents were dispensed back into the same container. The operation was repeated until most tissues
were dispersed. Neuronal solution was divided up on different chips previously coated with poly-D-
lysine (2 pg/cmz2 for 45 minutes; Sigma-Aldrich) followed by laminin (1 pg/cm? overnight; Sigma-
Aldrich). The completed medium consisting of Leibovitz L15, 20 pg/mL gentamycin, 30 mM
glucose and 10 ng/mL nerve growth factor (NGF), was applied to different chambers (250
puL/chambers). The neurons were incubated for three days at room temperature (around 21°C).
Finally, all optical characterizations and electrical measurements with snails' pedal neurons were

performed at room temperature.

2.5.  Cell viability assessment

Neuronal cells were visualized with the “lived-dead” test (Life Technologies) that consists in
labelling viable cells with calcein-AM being detected as green fluorescence, whereas dead cells
were labelled with ethidium iodide producing a red fluorescence. Briefly, after three days in culture,
chips bearing SU-8 3D microfluidics were incubated in a mixture of calcein-AM and ethidium
homodimer-1 (diluted in a phosphate buffer medium PBS, pH = 7.4) for one hour in a humidified
chamber (37°C, 5% CO2). Calcein-AM-positive viable cells were visualized under an
epifluorescence microscope (Leica DM 5000B, Solms, Germany). The silicon chips were mounted
with Fluorsave reagent (Calbiochem, San Diego, CA, USA) and viewed with an upright confocal
microscope (Nikon, Tokyo, Japan). The chips emitted a blue self-fluorescence (excitation at 408

nm) and the cells a green fluorescence (excitation at 488 nm).



2.6.  Neuronal cell fixation for electron microscopy observations

After checking the viability of cells on each chip using epifluorescence microscopy, the culture
medium was removed. For fixation, the chips were rinsed with phosphate buffered saline (PBS) and
then incubated in 2.5% glutaraldehyde solution (Sigma-Aldrich) for 12 hours at 4°C. Then, the
glutaraldehyde solution was removed and chips were rinsed with PBS. For cell dehydration, we
used different ethanol solutions with increasing concentrations in water. The cells were therefore
incubated in 50%, 70%, 90% and 100% of ethanol for 10 minutes each. After the last dehydration
step, the fixated samples were air dried for a day to remove all alcoholic residues before observation

under a scanning electron microscope (SEM).

2.7.  Toxin treatments for modulating action potentials activities

Electrical measurements of neuronal activities were only performed on Lymnaea Stagnalis pedal
neurons at room temperature as previously established in the literature [30-34].

For the action potential recordings, two different toxins were used to modulate neuronal activity.
The first was picrotoxin, which is known to excite silent cells [35]. We used 100 uM of picrotoxin
to trigger neuronal activity. Gamma-amynobutyric acid (GABA), an antagonist of picrotoxin, was
also tested in order to inhibit electrical firing of action potentials: 100 uM of GABA was necessary
to reverse picrotoxin-induced excitation. As a result, picrotoxin — GABA — picrotoxin sequential
injections were performed in order to reverse the action induced by the other, thus modulating
neuronal activity.

Finally, a cleaning procedure was developed for our MISFET chip. Medium with toxin was
removed thanks to a rinse cycle with deionised water. Then, the SU-8 microfluidic system was
filled with classic liquid hand soap, cleaned with a soft mechanical cleaning technique, and rinsed
finally with water. After undergoing the preliminary treatments as described before cells could
again be cultured and the neurochip could be reused. We were able to use the biosensor for more

than 15 cultures without degrading the SU-8 micro channels and/or the MISFET structures.

3. Results and discussion

3.1.  Neuronal orientation

The first objective of our work was to generate on-chip guided growth of the neurons in order to

increase their contact with our MISFET sensors. We first evaluated if SU-8 micro-channels above
6



the transistors’ gates (Figure 3) could induce the neuronal guided growth. To overcome the well-
known SU-8 cytotoxicity [36], we proceeded to a four-step specific protocol necessary to turn the
SU-8 biocompatible. The first step is chemical treatments with SU-8 developer in order to remove
all resist residues thanks to SU-8 over-development. The second step is a photolithographic one that
allows to reflow the SU-8 resist across all its thickness thanks to a one minute UV exposure at a 365
nm wavelength. The third step is a thermal annealing at 150°C during three days to eliminate all
solvents still trapped inside the SU-8 layer. The final step is an Oz plasma treatment to render the
SU-8 surface hydrophilic [37]. SEM observations and measures before and after the specific
treatment have shown that this protocol do not affect the final dimension of SU-8 structures or
adhesion between the SU-8 layer and the substrate nor does it induce cracks in the SU-8 layer. After
performing the protocol, we deposited poly-D-lysine and coated using laminin in order to create a
favourable substrate that improves the efficiency of cell expansion and neuronal differentiation
[38].

Rat retina neurons were cultured on the neurochips previously coated with poly-D-lysine and
laminin. As mentioned previously (cf. 2.3), rat retina neurons were kept in a humidified chamber
(37°C, 5% CO:y) for three days. Neuronal growth was assessed by microscopy and cell viability was
tested thanks to viability test described previously. An epifluorescence microscope (Leica DM4000
B LED) was used to visualize viable cells showing that more than 95% of cells survived on the chip
after three days of culture at 37°C. Rat retinal neurons limited their development to the reception
areas and towards the SU-8 micro channels. These first results demonstrate the guided neurites
growth towards the MISFET gate. Neurons were then examined at a smaller resolution to define if
they constitute a neuronal network on the neurochip. Confocal and fluorescence spectroscopies
were used to visualize neurons on the surface for two different microchannels configurations
(Figures 4 and 5). Figures 4, 5 and 6 illustrate that many neurons can be seen on the reception areas
according to their size, and their neurites appeared to be guided across the different micro channels
thanks to the SU-8 layer microstructures thereby leading to the creation of a neuronal network.
After the culture period, we used a protocol described above (cf. 2.5 and 2.6) to fix and dehydrate
neurons for SEM observations. Figure 6 illustrates neurons with neurites in the SU-8 micro-
channels and the absence of neurites growth on the micro-channels walls towards the SU-8 upper
layer (height: 50 um). Rat retina neuronal recording was tested using our FET filter system.
However, these specific neurons produce low voltage (~ 100 pV) [39] that could not be recorded by
our electronic interface. Indeed, even using an adapted electronic feedback control to reduce the
electrochemical noise [26], values around 500 puV were still obtained. In consequence, we could not
record neuronal activity from rat retina neurons. This is why we used snails' pedal neurons that

produce stronger signals.



3.2.  Action potential recording from Lymnaea Stagnalis pedal neurons

Since the action potential of rat retina neurons was not compatible with our measurement noise,
the second aim of this work, namely to measure neuronal activity, was achieved with the use of
Lymnaea Stagnalis snail pedal neurons that are associated with higher voltage (> 10 mV). The
neurochips were functionalized as previously described and snail neuronal cells were cultured for
three days at room temperature (around 21°C) according to the previously described protocol (cf.
2.4). Viability test (cf. 2.5.) was realized to check the biocompatibility between snail neurons and
neurochip devices (Figure 7). As for mammalian neurons, snail neurons were deposited on the
biosensor and survived easily with more than a 90% survival rate. After the cell fixation procedure
(cf. 2.6.), SEM observations revealed that the reception areas were well suited for this kind of
neuron cells since there was usually only a single cell by each electrode/gate (Figure 8). As a result,
measurement of a single cell was expected, even if, in some case, a second cell was also fixed on a
given MISFET gate. Neurites were again oriented by the SU-8 microstructures.

After the successful cell culture and guided growth, electrical measurements were made. An
output voltage of 0 V was measured in the resting state of the neurons and, except for the
measurement noise (~ 500 uV), no electrical signals were found without any neurons culture.
However, as soon as a neural network was grown on the neurochip, some occasional events were
measured with the difference between the maximal and the resting potential around 100 mV (figure
9). In 80% of our measurements, randomly triggered spiked-like events were recorded. In these
cases, the duration between the start of the depolarisation and the hyperpolarisation endpoint being
estimated to be around 7 ms. In the other cases, periodic electrical phenomena were evidenced.
According to literature [30-32,40], we assumed to have detected action potentials. Nevertheless, to
demonstrate that they events were truly neuronal spikes, we decided to use a "picrotoxin — GABA —
picrotoxin® protocol.

First, we applied picrotoxin in the bath to increase the firing frequency and the quality of the
recording signal. Figure 10 illustrates the change in spike-like events after applying picrotoxin.
Under the influence of the picrotoxin, the waveform of the spike-like events were greatly modified
as both the signal amplitude and its duration decreased to 30 mV and 0.5 ms respectively (Figure 11
a and b). The change observed after adding 100 uM of picrotoxin in the perfusion medium was not
seen during the first 30 seconds as expected since the picrotoxin must diffuse and activate the
neuronal GABAA receptors. After this delay of 30 seconds, action potentials were measured on the
MISFET channels and their frequency greatly increased one minute later. As a consequence,

neurons exhibited bursts of spike-like events with amplitude reaching 30 mV and a period around
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0.5 ms (Figure 11). This time is defined as the so-called "spiking frequency" and is around 2000 Hz.
Picrotoxin was therefore responsible for an increase in the spiking frequency from 1 Hz (minimal
measurement value) to 2000 Hz. Five minutes after the picrotoxin injection, the analysed medium
was replaced by a new medium containing this time 100 uM of GABA. As for picrotoxin, GABA
diffusion required some time to activate GABAA receptors and to inhibit the neurons. After 30
seconds, the triggering frequency decreased progressively taking more than two minutes to washout
the picrotoxin effect returning neurons to their initial resting potential (0 V). Five minutes later, the
perfused medium was changed back to the picrotoxin containing solution. Again, neurons generated
some bursting events after one minute. The changes in the recorded signals when exchanging the
GABA inhibition with picrotoxin indicated that the MISFET biosensor measures effectively

neuronal activities.

4. Conclusion

In this study, we developed a MISFET transistor array to record neuronal activities while using
integrated SU-8 microfluidic structures in order to guide the neuronal growth. This lab-on-chip was
tested for the organized growth of rat retina neurons and Lymnaea Stagnalis snail pedal neurons.
Then, the MISFET array was used for the recording of action potentials while using Lymnaea
Stagnalis pedal neurons. Neuronal activities were successfully triggered and inhibited by
implementing a picrotoxin - GABA — picrotoxin successive injections protocol. The recorded
signals are consistent with recorded neuronal activities for snail neurons in culture demonstrating
thereby that our MISFET transistors can be used to measure neuronal activities.

Future works will concern the improvement of our "neurochip™ platform. First of all, the
measurement noise has to be decreased drastically (< 50 pV) in order to be compatible with the
recording of mammals neurons and to be finally able to monitor action potentials from rat retina
neurons. This will be performed with the development of specific low-noise electronic interface,
either by improving the electronic feedback control to reduce the electrochemical noise, either by
increasing the acquisition data speed and using high-frequency filter to reduce the electronic noise.
So, the 16-MISFET neurochip will be used to analyse neural networks, aiming to the global
monitoring of electrophysiological signals. Secondly, the MISFET devices have to be replaced by
ISFET (lon-Sensitive Field Effect transistor) devices in order to be able to monitor ionic
concentrations variations (focusing especially on the sodium Na* and potassium K* ions) on the
neuron surface and to correlate them with the neuronal activities. Finally, the "Stepper technology"
has still to be studied in order to optimize the mass fabrication of SU-8 3D micro-templates for the

neuronal growth.
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FIGURE CAPTIONS

Fig. 1. Schematic of the SiO2/SisN4/Ti/Au MISFET device

Fig. 2. Picture of SU-8 3D micro-channel fabricated using the “Stepper technology” on a MISFET

Fig. 3. Optical microscopy photographs of a) (left) the 16 MISFET array and its associated SU-8
3D microfluidic network and b) (right) the neurochip bearing the SU-8 microfluidics

Fig. 4. Confocal microscopy photograph of neurons network

developed through SU-8 3D microfluidic structures

Fig. 5. Fluorescence picture of calcein-stained viable neurons

and their outgrowths in culture on MISFETSs and across SU-8 3D micro channels

Fig. 6. SEM picture of neurons having developed neurites through SU-8 3D micro channel

Fig. 7. Fluorescence observed of a) live cells and b) dead cells on biosensor

Fig. 8. SEM picture of two snail neurons fixed on a MISFET gate

Fig. 9. Random triggered action potential recording

Fig. 10. The recorded extracellular potentials to 100uM of picrotoxin stimuli

Fig. 11. "Spike type" complete waveform of recorded neuron potentials

a) without and b) with 100 uM of picrotoxin
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Fig. 1. Schematic of the SiO2/SisN4/Ti/Au MISFET device
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Fig. 2. Picture of SU-8 3D micro-channel fabricated using the “Stepper technology” ona MISFET
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Micro channels

Fig. 3. Optical microscopy photographs of a) (left) the 16 MISFET array and its associated SU-8
3D microfluidic network and b) (right) the neurochip bearing the SU-8 microfluidics
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Fig. 4. Confocal microscopy photograph of neurons network
developed through SU-8 3D microfluidic structures

20



Fig. 5. Fluorescence picture of calcein-stained viable neurons

and their outgrowths in culture on MISFETSs and across SU-8 3D micro channels
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Fig. 6. SEM picture of neurons having developed neurites through SU-8 3D micro channel
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Fig. 7. Fluorescence observed of a) live cells and b) dead cells on biosensor
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Fig. 8. SEM picture of snail neuron fixed on a MISFET gate
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Fig. 9. Random triggered action potential recording
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Fig. 10. The recorded extracellular potentials to 100uM of picrotoxin stimuli
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Fig. 11. "Spike type" complete waveform of recorded neuron potentials

a) without and b) with 100 uM of picrotoxin
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