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ARTICLE INFO ABSTRACT

Keywords: Many efforts have been spent in the last decade for the development of nanoscale synaptic devices integrated
Memristor into neuromorphic circuits, trying to emulate the behavior of natural synapses. The study of brain properties
Neuron

with the standard approaches based on biocompatible electrodes coupled to conventional electronics, however,
presents strong limitations, which in turn could be overcame by the in-situ growth of neuronal networks coupled
to memristive devices. To meet this challenging task, here two different chips were designed and fabricated for
culturing neuronal cells and sensing their electrophysiological activity. The first chip was designed to be con-
nected to an external memristor, while the second chip was coated with TiO, films owning memristive prop-
erties. The biocompatibility of chips was preliminary analyzed by culturing the hybrid motor-neuron cell line
NSC-34 and by measuring the electrical activity of cells interfacing the chip with a standard patch-clamp setup.
Next, neurons were seeded on chips and their activity measured with the same setup. For both cell types total
current and voltage responses were evoked and recorded with optimal results with no breakdowns. In addition,
an external stimulation was applied to cells through chip electrodes, being effective and causing no damage or
pitfalls to the cells. Finally, the whole bio-hybrid system, i.e. the chip interconnected with a commercial
memristor, was tested with promising results. Spontaneous electrical activity of neurons grown on the chip was
indeed present and this signal was collected and sent to the memristor, changing its state. Taken together, we
demonstrated the ability of memristor to work with a synaptic/plastic response together with natural systems,
opening the way for the further implementation of basic computing elements able to perform both storage and
processing of data, as in natural neurons.

Neuromorphic system
Patch-clamp

1. Introduction

The field of information technologies as well as neurosciences de-
veloped rapidly in the last years, demanding among others more per-
formant tools for data processing. In particular, tools able to emulate
human brain functionalities, effectiveness and capacity would add great
value to both the study and the applications of new electronic and
computing technologies. The study of the interface between neuronal
cells and artificial systems has therefore rapidly grown, especially those

focused on the development of neuro-bio-inspired electronics systems
based on elements mimicking the function of components of the ner-
vous system. Recent works on neural networks [1,2] attempt to build
more efficient elements which partially mimic nature. A novel com-
putational architecture enabling adaptations and learning at the level of
hardware is indeed highly desirable. Systems exploiting this archi-
tecture can be founded on a basic computing element that performs
both storage and processing of data, as in natural neurons - the reason
why this approach can be termed “neuro-morphic”. Fundamental bricks
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are memristive devices, whose existence was theorized in 1971 as a new
two-terminal circuit element called “memristor” from the contraction of
the terms memory and resistor [3-5]. Memristors are indeed resistors
whose present conduction state depends on their history or, as for our
study, on the voltage that has previously been applied to them. Such
devices are prepared in a more or less conductive state, resulting in
changing configurations of either preferential or disadvantageous
pathways within an electrical network.

Different materials have been studied for the preparation of mem-
ristive devices, including inorganic materials and even crystals [6]. One
of the firstly studied inorganic material is based on titanium: a titanium
dioxide (TiO,) film sandwiched between two platinum electrodes was
utilized by Strukov [4] to model a memristive behavior and the elec-
trical behavior of TiO, films was then deeply studied [7,8]. Moreover,
memristors offer a solution as an ultrahigh-density memory layer that
can be directly integrated on the processor chip, thus significantly re-
ducing the memory bottleneck and improving the energy efficiency and
speed of the system [9]. According to Zidan and colleagues [9], three
categories may significantly benefit from memristor developments: on-
chip memory and storage, biologically inspired computing and in-
memory computing. In the context of biologically inspired computing,
memristors can be compared to natural synapses, which are variable
weight connections: learning means, physically speaking, repeatedly
activating the right connections to reinforce them over the wrong ones.

The functional characterization of memristor-based bio-hybrids, in
which artificial devices are interfaced with living systems, has rapidly
grown in last years, above all to determine the parameters required to
reproduce or mimic neuromorphic architectures [10]. In fact, the
functional activity between neuronal and non-cellular models adhering
to organic and inorganic memristive surfaces has been successfully
achieved by means of advanced electrophysiology and vibrational
spectroscopy. In particular, bio-hybrids composed by organic memris-
tors like PANI and PEDOT and neuronal and neuronal-like cells have
been studied and proposed as reliable and putatively suitable for fur-
ther application in integrated neural systems [11-13]. Above all ap-
plications, those in which extrinsic (and/or artificial) modulation of
synaptic circuitries is required to afford to the neuronal cross-talk
properties of learning, memory and computation have great potential
[14]. Inorganic TiO, biohybrids, in particular those supporting the
growth of murine cortical neurons, have been recently analyzed and
represent the seminal study for the current work [15].

Here, two different chips were designed and fabricated for culturing
neuronal cells and sensing their electrophysiological activity. Two
chips, one connected with an external memristor and one coated with
TiO,, were tested with neurons grown directly on the devices. The
electrophysiological activity was measured with a dedicated setup,
successfully testing the memristive properties of the new device. Our
results might open the way towards the realization of an innovative bio-
electronic device exploiting the adaptive behavior of memristor net-
works to interact with the adaptive abilities of neurons. Moreover, this
work can be considered as a proof of the ability of memristors to elicit a
synaptic/plastic response together with natural systems (i.e. neuronal
cells).

2. Materials and methods
2.1. Materials

DMEM, glutamine, penicillin/streptomycin, poly-p-lysine, Cytosine
-D-arabinofuranoside, DNase, DPBS, salts and all reagents were pur-
chased from Sigma-Aldrich. Neurobasal medium and B27 supplement
were purchased from Life Thecnologies (USA), while papain solution
for cells dissociation was purchased from Worthington Biochemical
Corporation (USA).
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2.2. Design of chips

2.2.1. Standard chip

The final device used for cell experiments is reported in Fig. 1. In
order to obtain a simple coupling with the memristive devices, chips
were fabricated in the inner part of a square die of 1.5cm of side
(Fig. 1A). The dimension and the arrangement of the micro electrode
array for extracellular recording are reported in Fig. 1B. The electrode
dot (90 um diameter) array was fabricated depositing a 5 nm chromium
adhesive layer, a 120 nm gold layer and on the top a 120 nm platinum
layer, isolating the guides with a passivating layer (SiO»/Si3N4/SiO5).

The packaged device was assembled bonding a cell culture Petri
dish (35 mm diameter, ThermoFisher Scientific), through a PDMS layer,
on top of the chip previously mounted on a PCB board. Before bonding,
a suitable hole was drilled in the Petri dish, connecting the chip area
where cells are seeded and the dish used as a reservoir for cell culture
medium. The final device is shown in Fig. S1A.

2.2.2. Chip coated with TiO, film

A 10mm X 10 mm quartz substrate was used for the deposition by
evaporation of 32 Cr/Au/Pt dots (300 um diameter). Each dot had a
passivated gold guide that permits the collection of the signals far from
the main electrode area, avoiding formation of unwanted electrical
contacts. A 50nm TiO, thin film was then grown by pulsed micro-
plasma cluster source (PMCS) on the substrate, coating part of the
patterned circuits, in particular the dots (Fig. 1C), as already described
[15]. Briefly, this deposition process occurred in vacuum, based on the
ablation of a titanium rod by a pulsed plasma, a process created by the
ionization of an inert gas trigged by an electric discharge [16]. After the
ablation of the cathode, metallic ions thermalized with gas and
achieved clusterization. The mixture of clusters and the inert gas was
extracted in vacuum through a nozzle to form a supersonic molecular
beam seeded by nanoparticles. Film growth is then achieved by de-
position on the substrate, at room temperature. We selected pure he-
lium as inert gas, because it gave the best performances in terms of
neuronal cell biocompatibility, as reported in our previous work [15].
The immediate exposition of the deposited titanium thin film to air at
room temperature led to transition from metallic phase to metal oxide
structure.

In order to achieve the memristive properties, a single memristor
was realized on each dot by a specific electroforming procedure using a
platinum wire as top electrode (Fig. S2).

The substrate was then mounted on a specific larger chip holder and
each memristor/dot was bonded to an external electrode by using a
gold wire. As for the standard chip described in the previous paragraph,
the device was packaged in order to let the memristor area free for cell
culture, while having a cell medium reservoir on the top of cell layer
(Fig. S1B).

2.3. Cell culture

The Neuroblastoma Spinal Cord-34 (NSC-34) is a mouse motor
neuron-like hybrid cell line [17]. NCS-34 cells were grown with stan-
dard methods under sterile conditions at 37 °C (humidity, 5% CO,),
using the DMEM culture medium (supplemented with 2 mM glutamine,
10% FBS and 1% of penicillin/streptomycin). Cells seeded on chips
were grown at least four days until used. All chips were sterilized with
an air plasma for 2 min at 4 mbar and 18 W just before use.

Primary cultures of murine cortical neurons were prepared as
previously described [15]. Briefly, cortices were extracted from mouse
embryos at stage E15.5. Brain tissues were dissociated with papain
solution for 20 min at 37 °C, and then treated with DNase. Dissociated
cells were resuspended in pre-warmed plating medium, passed through
a 70 m mesh strainer, counted to assess cell density and diluted to
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Fig. 1. Standard chip for neuronal cells analysis (A and B). Schema of electrodes and connections of the chip for monitoring electric cell signals (A) and an
enlargement of the central chip area (B) are shown. C: chip coated with TiOy film. 10 mm X 10 mm quartz substrate, on which 32 large dots Cr/Au/Pt are deposited.

3 x 10° cell/mL. Neurons were then seeded on the chips at a final
density of 100 x 10® cell/cm? and kept in incubator at 37 °C and 5%
CO,. The following day and every 3—4 days, 50% of plating media was
replaced with Neurobasal complete medium (i.e. Neurobasal medium
plus B27 supplement 1X, 1 M Cytosine -D-arabinofuranoside and 1% of
penicillin/streptomycin).

The chips were sterilized with an air plasma and treated with
0.01 mg/mL poly-p-lysine in DPBS buffer for 1h at 37 °C. The poly-p-
lysine solution was successively removed by washing several times with
PBS.

Cell imaging was performed with an Olympus CX41 inverted mi-
croscope equipped with a digital camera.

2.4. Invitro patch-clamp electrophysiology

The following protocols have been adapted from standards already
effectively applied to primary cortical neurons [15], motor neuron-
derived MN-1 cells [18] and SH-SY5Y human neuroblastoma cells [11].

Patch-clamp recordings in whole-cell configuration [19] were per-
formed in non-sterile conditions and at room temperature (about 20 °C)
on cells cultured as described in the previous paragraph. The chip was
allocated and mounted on a NIKON FN1 upright microscope. The
generated stimulation signals were fed to the chip. In this configuration,
from one to four electrodes can be simultaneously connected to the
Sourcemeter output. Typically, a single NSC-34 cell patched was about
30 um distant from the electrode (Figs. S3A-B and 5) as well as in-
dividual cells from primary cortical neurons from mouse (Figs. S3C-D
and 9A).

Total currents were evoked preparing solutions with different ion
concentrations, prepared using ultrapure water in order to secure the

maximum purity and filtered with 0.22 pm filters (Millex filters-GP, non
sterilized). Finally, solutions were adjusted to pH 7.4 using NaOH or
KOH and stored at 4 °C temperature until used. Solutions were used at
room temperature (20 °C) and were changed between patch experi-
ments maintaining them fresh with an automated perfusion system by
ALA Instruments. All reagents were from Sigma Aldrich. Composition of
bath solution: NaCl 136.4mM, KCl 5.4mM, CaCl, 1.8 mM, MgCl,
0.53 mM, Hepes 5.5 mM, Glucose 5.5 mM. Composition of pipette so-
lution: potassium acetate 130 mM, KCI 20 mM, KH,PO, 1 mM, MgCl,
1 mM, Hepes 5mM, EGTA 1 mM, ATPNa 1 mM, GTPNa 1 mM.

Patch micropipettes were fabricated from GB150-8p (OD 1.5 mm, ID
0.86 mm) borosilicate glass capillaries (Science Product, Hofheim,
Germany) using a PIP6 temperature controlled pipette puller (HEKA,
Lambrecht/Pfalz, Germany). Pipettes were filled with the use of syr-
inges and plastic tubes and inserted in the holder/headstage bnc-pinned
(swi, x0.1/x1, npi, Tamm, Germany). The current at the pipette tip was
nulled before stablishing the seal by injecting voltage via the amplifier
circuitry as in most of the cases the use of high K™ concentration gave a
positive voltage of around +38.51.5mV.

Whole-cell configuration was obtained by standard procedures ac-
cessing to cell interior after the rupture of the patch seal (electric re-
sistance > 1 GQ). In all experiments, the holding potential was set to
-40 mV and then 15 steps of 10 mV/each (1 Hz frequency) were applied
starting at -100 mV. The voltage drift was eliminated computationally
as no bridge electrodes were used. Bioelectric signals were picked up
using a universal voltage/current clamp amplifier (4 pole-bessel, ELC-
03XS, npi, Tamm, Germany) connected to a PC computer via a
breakout-box interface (INT-20X, npi, Tamm, Germany). High-preci-
sion positioning was provided by a piezo-drive micromanipulator
(Sensapex, Oulu, Finland). Instant patch clamp parameters (e.g. Rpipette,
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Fig. 2. Examples of train of voltage pulses (A) and steps (B) used to stimulate neurons directly cultured on chip.

Rseal, Cmy> Gaccesss Gm) were monitored with the signal acquisition soft-
ware (WinWCP Electrophysiology Software, ©John Dempster,
University of Stratchlyde, Scotland). Voltage commands and current
responses values were stored in a PC. Each stimulation/response
window had 2048 fixed data points with a sampling frequency depen-
dent on time window duration. Once stored, signals and monitored
parameters were processed off-line and IV curves were calculated.

2.5. Protocols for neurons stimulation

To stimulate neurons directly cultured on chip, several protocols
were implemented, programming a signal generator (Keithley 2601
Sourcemeter). This instrument can act as voltage or current source. The
instrument was programmed (using the Keithley Test Script Processor
language) to feed the chips with the desired stimuli. Scripts were de-
veloped to feed neurons with train pulses with the same amplitude or
series of steps, both using the generator as voltage or current source, see
Fig. 2 for typical examples. Opportune parameters that can be selected
by the user during the experiment are the baseline (holding level), the
pulse height (or the step increment), the duration of the pulse (T,, in
Fig. 2) and the interval between pulses (or steps), Tog in Fig. 2.

2.6. Interfacing neurons with a memristive device

A general scheme of the setup used to interface neurons with a
memristive device is summarized in Fig. 3. The connection from neu-
ronal cells (growing on the chip with gold or platinum electrodes) -

FARADAY CAGE

0OSCILLO GENERA | | OSCILLO
SCOPE TOR SCOPE
3)

MEMRISTOR TESTING SYSTEM

Fig. 3. Set-up for the analysis of the hybrid bio-memristor system. General
scheme of the experimental setup used to establish the neuronal cells-memristor
communication. Meaning of symbols: 1) standard chip, 2) first stage-high im-
pedance amplifier, 3) control oscilloscope, 4) second stage amplifier, 5) mem-
ristive device. Black dotted box (top left) is the Faraday cage, grey box (bottom
right) represents the instrumentation used for setting and checking the state of
the memristive device. When memristive state being set or checked, the con-
nection between 4 and 5 is interrupted and the connections shown as broken
lines are instead activated.

numbered as 1 in Fig. 3, to the memristive device (number 5 in Fig. 3;
BS-AF-W chip, KNOWM, USA) is shown as well as the chain of ampli-
fiers (2 and 4 in Fig. 3), which increase the level of the collected neu-
ronal signals to match the memristor input. During experiments, de-
vices 1 and 2 were inserted into a Faraday cage, to reduce the pick-up of
external interference. A commercial amplifier for cell recording (ISO-
80, World Precision Instruments, Germany) was used as first stage
amplifier. Typically, gain 1000 was set on the WPI ISO-80 amplifier and
gain 20-50 on the Princeton Applied Research PAR model 113 PRE-
AMP, used as second stage amplifier. Two oscilloscopes (Agilent
Technologies MSO6034A Oscilloscope (number 3 in Fig. 3) and LeCroy
324A Oscilloscope) were used for checking the experimental condi-
tions, while a waveform generator (Agilent Technologies 33500B Wa-
veform Generator) was used to produce signals used to set and check
the memristor state.

3. Results and discussion

Two different types of chips were designed and fabricated for cul-
turing neuronal cells and sensing their electrophysiological activity.
The bio-compatibility of chips was preliminary tested by culturing
neuronal-like cells NSC-34 and by measuring their electrical activity
with a standard patch-clamp setup, both with or without the applica-
tion of external stimuli by interfacing the chip with an external gen-
erator. Cortical neurons were then seeded on chips and their activity
was measured with a dedicated setup. Finally, the whole hybrid bio-
memristor system was tested with promising results.

3.1. Memristive properties of TiO, films produced by PCMS technique

In order to achieve the desired and necessary memristive properties,
a single memristor was realized on each dot using the electroforming
procedure described in the Supporting Information (Fig. S2 legend).
Since the variability of memristive devices based on metal oxides is well
known [20,21], we carefully checked the best current compliance
(Icompy) and the switch reset voltage (Vyeser) to improve reliability in our
specific working conditions. In particular, we set the system to work
with low current during voltage pulse stimulation of neurons. After the
electroforming procedure, the TiO, thin film showed a good memristive
response. The typical current/voltage pinched hysteresis loops are
shown in Fig. 4, with a Vgg/Vggser of about —0.8/1.1V, with + 0.1V
stability for tens of cycles. The ON-OFF ratio is higher than one order of
magnitude, confirming the good memristive quality of this system.

Every memristor was characterized and left in a specific resistivity
states: high resistance state (R = 10-100kQ2), low resistance state
(R = 0.1-1kQ), short circuit state (R = 12-15€). The first and the
second state correspond to OFF and the ON memristor conditions,
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Fig. 4. Memristive behavior of PMCS TiO, thin films. Plots show: A): current vs voltage; B): resistance vs voltage.

respectively, while the third corresponds to the resistance value right
after the electroforming.

It has to be noted that here, for the first time, the PMCS (pulsed
microplasma cluster source) deposition technique was successfully
employed for the synthesis of nanostructured TiO, thin films for
memristive applications.

Due to the good memristive properties of TiO, thin films, the rea-
lization of a hybrid device based on a suitable electrode array of pla-
tinum dots with a 50 nm TiO, PMCS film deposited on the top was
pursued and further explored via patch-clamp (see below).

3.2. Setup of cell growth on chip

In order to perform the electrophysiological measurements, a sui-
table number of cells was seeded on chip. This number ensured reliable
electric measurements by preventing too many cell to cell interactions,
which in preliminary tests produced noisy measurements and compli-
cate analysis. To set up all cell growth conditions before using primary
neurons and for preliminary electrophysiological measurements, NSC-
34 (Neuroblastoma Spinal Cord) cells were selected. NSC-34 cells are a
neural hybrid cell line, derived by fusion of motor neuron enriched
embryonic mouse spinal cord cells with neuroblastoma [17]. These
cells are considered as a suitable model for motor neuron associated
disorders as well as a suitable model for studying the intrinsic elec-
trophysiological properties also using MEA systems [22]. Here, NSC-34
cells were seeded in a low number (250 cells/mL) directly in the central
area of the chip, without any surface treatment or coating.

After 24 h culturing at 37 °C and 5% CO2 atmosphere in complete
medium, cells were imaged (Fig. 5A). Cell adhesion and morphology
were perfectly comparable with control cells seeded in standard con-
ditions (i.e. cell culture dish). The possibility to differentiate NSC-34
cells growing on the chip was also evaluated (Fig. 5B). After three days
of serum starvation, cells were imaged and the presence of neurite-like

) W S\
A B
_4 :

. N 1 4 '
YL o )
= - o , =
by 100 wm 33 .
s | I O 3

processes was observed, confirming that the chip also ensured the cell
differentiation.

Finally, long-term on-chip cell growth was evaluated. After 6 days of
culture, cells were imaged (C), confirming the presence of adherent and
viable cells with the proper morphology. Longer culturing times gave
similar results, confirming the suitability of both the chip sterilization
protocol employed and general growing conditions (data not shown).

3.3. Electrophysiological analysis - via patch-clamp - of cells grown on-chip

In order to test the functionality of cells grown on chip, the elec-
trical cell properties were tested in terms of membrane ionic currents,
using patch-clamp electrophysiology in whole-cell configuration.

Under standard electrophysiological conditions (physiological intra
and extra-cellular solutions, see Materials and Methods), NSC-34 cells
were tested with positive results in evoking total currents. Fig. 6 shows
macroscopic cell currents after stimulation with a wide-range voltage
step protocol (—50 mV to +90 mV). Recorded currents show canonical
inward and outward components in the range of nano amperes. This
result demonstrates that cell-chip interface preserve the physiological
conditions for a proper membrane excitability.

Having confirmed the membrane electrical activity, the effects
under external non-patch-clamp stimulation were evaluated. NSC-34
cells grown on a standard chip were patched to record simultaneously
the current cell response (Fig. 7A, upper panel) and an increasing ex-
ternal voltage input (Fig. 7A, lower panel). The results show a perfect
correspondence between external stimulation and cell response. Re-
cognizable outward currents appear after a —500 mV stimulus, after
which the outward current increased in a voltage dependent manner.
The neuronal response to an outer-chip stimulus, demonstrates that an
independent electrical communication has been established between
the cellular and the electronic components of the chip. The cell re-
corded was in close proximity to the chip-electrode and the stimulus

A

@

Fig. 5. NSC-34 cells growing on a standard chip. Picture of cells after 24 h growth (A), after 3 days of serum starvation (B) and after 6 days culture (C). Bright field
images were taken with an optical microscope with 10 X objective. Arrows in panel B highlight the neurite-like processes appearing after serum starvation.

Bars = 100 pum.
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chip in the whole cell configuration with standard solutions. Voltage clamp
mode with a stimulation protocol from —50mV to +90 mV for 100 ms (lower
traces). Inward and outward currents are shown.

was increased by a 10 x factor, compared to a usual patch-clamp sti-
mulus (—50 mV compared to —500 mV), which is a good starting point
to determine the electrical attenuation of the system. Measuring the
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distance between the neuron and the chip it is possible to know pre-
cisely how much stimulation every neuron in the surrounding area
undergoes.

The neuronal networks were next evaluated. Fig. 7B shows primary
culture of cortical neurons in the whole-cell configuration employed to
record simultaneously the current cell response (Fig. 7B, upper trace)
and the external voltage input (Fig. 7B, lower trace) Stimuli were
consecutive —500 mV steps for 2000 ms and elicited voltage-dependent
outward currents in the nano ampere range.

Fig. 7C-D show the spontaneous activity of 14 DIV and 21 DIV
cultured neurons measured by patch clamp in CC configuration. Max-
imum firing activity of action potentials was recorded at 14 DIV.

This section has shown that neurons grown on a chip respond to
stimuli either evoked by an external source or by the neuronal network
established in the culture.

Once assessed that neuronal cells were functional, connected and
responsive on a standard chip, we moved forward to evaluate the same
conditions on a chip designed as memrisitve being coated with TiO,
films. Cortical networks grown on TiO, chips were recorded above all in
current clamp mode in order to evaluate the firing activity.

Differences in current amplitude compared to standard chip cannot
be assumed as a TiO,, effect, since the exact cell-electrode distance was
not measured in every experiment. However, with a less steep stimulus,
currents show a higher current increase per step (data not shown).
Roncador et al [15] have already shown that TiO, surfaces increase
current amplitude in primary cortical neurons, which is in good
agreement with these results.

Fig. 8 shows spontaneous spike activity recorded from cortical
neurons cultured in TiO-coated chips. 14 DIV neurons (Fig. 8A) show a
stronger burst activity of action potentials although a good spike ac-
tivity was also observed also at 21 DIV maturation stage (Fig. 8B). The

B

IO,1 nA

I-soo mV

——— 2000ms

D 21 DIV

P —

Izo mv
+~ 1000ms

Fig. 7. Neuronal response to stimuli on standard chip A) NCS-34 cells on standard chip, increasing stimulation voltage steps from —300 mV to —900 mV for 100 ms
(upper trace), which show the voltage dependency of the recorded outward currents (lower trace). B) Primary culture of mouse cortical neurons on standard chip,
consecutive external stimulation —500 mV voltage steps for 2000 ms (lower trace), which shows the voltage dependency of the recorded outward currents (upper
trace). C) - D) Recordings of spontaneous activity in CC (current clamp) mode from mouse primary cortical cells cultured on standard chips.
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Fig. 8. Neuronal activity on memristive surface. A) - B) Recordings of spontaneous activity in CC (current clamp) mode from primary cultures of murine cortical

neurons grown on TiO,-coated chips at different maturation stages.

difference among maturation stages of the firing activity overlaps that
recorded on cell at the same maturation stages on standard chips and
confirm once again the enhancement role of the bioelectrical activity
exerted by the TiO, surfaces [15].

Taken together, our results support the reliability of the customized
standard chip, which assures the full cell viability as well as the phy-
siological electrical excitability in terms of ionic currents behavior and
action potentials firing. Also in the TiO,-coated chip, current and vol-
tage physiological parameters of the cells are retained.

For both the above chip configurations the recorded intrinsic ionic
conductances, ascribed to voltage-gated ion channels, and firing ac-
tivity patterns (i.e. action potentials — spikes — shape, size and fre-
quency) are in agreement with similar activities reported for other
neurons belonging to cortical and neocortical districts [23,24].

These successful data encouraged next steps, i.e. the measure of
neuronal electrical cross-talk activity within the hybrid bio-memristor
system in order to functionally unravel neuromorphic architectures.

3.4. Interfacing neurons with a memristive device

3.4.1. Electrophysiological analysis of neurons grown on-chip

Neurons cultured on chip were firstly checked for the presence of a
diffuse neuronal network, as a preliminary step (Fig. 9A). Then, a chip
was placed in the Faraday cage and one of its electrodes was connected
with the ISO-80 amplifier probe (item 2 in Fig. 3). The signal was sent
to the oscilloscope for checking the presence of spontaneous neuronal
firing. Cell-free chips filled with only neurobasal medium were also
tested for the presence of non-specific electrical signals (Fig. 9B). The
typical traces recorded in these control conditions were very flat,
showing no spurious signals. Once established the optimal experimental
conditions, for example neurons showing a suitable network with firing
ability and no spurious signals due either to culture medium or to the
set-up system, spontaneous electrical signal of neurons on-chip was
acquired (Fig. 9C). An evident electrical signal was recorded, indicating
that neurons maintained not only their morphological features (Fig. 9)
but also their physiological activity. The measured signal is attributed

to the activity of the several neurons lying in close proximity of elec-
trodes, since no signal is present without neurons (Fig. 9B). The re-
corded neuron firing represents the collective activity of the network
and is compatible with the spontaneous neural activity measured in
vivo [25].

These results prompted us to investigate the connection between
neurons and the memristive device.

3.4.2. Control of a memristor trough neurons grown on chips

In the context of exploiting the adaptive behavior of memristors to
interact with the adaptive abilities of neurons, a direct connection be-
tween primary cortical neurons grown on standard chips and a com-
mercial memristor was tested. At the beginning of each experiment the
memristive device was prepared in its closed state, applying a suitable
signal. The resulting closed state was always checked (Fig. 10B) before
proceeding with the experiment. The signal recorded from neurons
grown on the standard chip, was conditioned through a further am-
plification step using a second stage amplifier (Fig. 10A), in order to
reach the necessary value able to change the memristor state. This
signal was then sent to the memristive device for a definite period of
time (i.e. 4 min). At the end of the experiment, the memristor state was
checked again (Fig. 10C). As clearly visible in Fig. 10, a state change
was obtained, due to the feeding of signals from the spontaneous firing
of the neuronal cells. The memristor indeed changed from its closed
state to about 70% of open state. The spontaneous electrical activity of
primary cortical neurons was therefore able to induce a measurable
change, as previously reported in the literature [26,27], indicating that
a direct connection between biological and artificial systems is not only
possible but also functional.

These preliminary results are, therefore, promising for developing a
more complex bio-hybrid neuromorphic device, where neurons could
drive a memristive system. In other words, this device could be con-
sidered as a first step to satisfy the demand for platforms where to test
model of brain functions and mechanisms. At the same time it re-
presents the ability to develop bio-electronic devices and interfaces that
could effectively interchange and transfer data information towards
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Fig. 9. Electrophysiological measures of neurons, recorded with the hybrid bio-memristor system. A: typical microscope image of the developed neuronal network on
a standard chip after 14 days culture. Bar represent 100 um. B: signal from a standard chip filled with complete neurobasal medium, without neurons (control). C:
signal from mouse primary cortical neurons cultured on a standard chip. Signals were recorded using a WPI ISO-80 amplifier (gain 1000).
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memristor in its initial closed state. C: the memristor state at the end of the experiment.

hybrid bioelectronic systems, overcoming the present strong limits of
an approach based on biocompatible electrodes coupled to standard
electronics.

4. Conclusions

Two type of chips were designed, realized and tested, either in
connection with a memristive device (standard chips) or as memristive
by themselves (TiO,-coated chips). The biocompatibility of chips was
successfully assessed by growing both NSC-34 cell line and mouse
cortical neurons. Electrophysiological recordings of the functional ac-
tivity of neuron-like animal cells cultured on chips (either with or
without a TiOy coating) were then performed with whole-cell patch-
clamp to detect and analyze the bioelectric activity (and therefore the
viability) of the cells in order to ascertain the reliability of the device.
Once set the electrophysiological conditions and the external stimula-
tion protocols, we were able to evoke total current and voltage re-
sponses which were recorded, acquired, stored and analyzed. In both
cell typologies we got optimal results with no breakdowns. In addition,
the external stimulation (with fixed voltages) of the chip was effective
and caused no damage or pitfalls to the cells.

The electrophysiological activity of primary cortical neurons grown
on standard chips was next investigated with a dedicated setup. Firstly,
the spontaneous electrical activity of neurons growing in close proxi-
mity of electrodes was successfully recorded showing current and vol-
tage signals in agreement with the shape and the size of those already
reported in the literature. Then, the chip was connected to a commer-
cial memristor and the signal of neurons grown on the chip was sent to
the memristor, which could change its state from closed to open. The
ability of memristor to work with a synaptic/plastic response together
with natural systems interfaced by contacts was therefore demon-
strated, opening the way for the further implementation of basic com-
puting elements able to perform both storage and processing of data, as
in natural neurons.
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