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Chapter 14

In Vitro Neural Recording
by Microelectrode Arrays
Hongki Kang and Yoonkey Nam

Abstract Neural interface plays an important role in monitoring and modulating
brain activity. In order to study the neural information processing in vitro, microelectrode array (MEA) platform is used with cell culture or brain slice. To measure
neural signals simultaneously from multiple cells for long-term period, extracellular
neural recording technique is preferred and subcellular-scale microelectrodes, dense
array, and flexible substrates are ideal. In this chapter, we will introduce the
state-of-the-art in vitro neural recording technology based on microfabricated
electrodes or transistors. MEAs with metal-type microelectrodes are passive types,
and MEAs with active electronic components (ﬁeld-effect transistors or integrated
circuits) are active types. The motivation, operation principles, fabrication processes and materials, and current trends are reviewed.



Keywords Microelectrode array (MEA) Neural interface
Action potentials Extracellular recording



14.1

 Neural recording 

Introduction

Electrical signaling is one of the main components in the operation of nervous
system. Neurons generate and conduct electrical signals. Because of the signal, we
can think, remember, and move our bodies. The electrical signal generated by
neurons is called action potential (AP). In our brain, there are over 100 billions of
neurons forming over 100 trillions of synapses. In neural circuits, the APs generated
at the membrane of neurons spread along the cell membrane, and they are transferred from one neuron to another at the synapse junctions using neurotransmitters.
Therefore, technology is required to monitor and modulate the neural signals for
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disease treatment, mind reading, and so on. In order to understand neural
information processing mechanism, various types of neural tissue models are used:
cell culture and brain slices. In case of cell culture models, a designated cell type is
extracted from embryonic stage brain of rat or mouse and they are cultivated in an
incubating condition to obtain an interconnected neural tissue. As for the brain
slice, a brain is sliced into a thin piece that contains a circuit of interest, e.g.,
hippocampal circuits (e.g., DG–CA1, CA1–CA2) or thalamo-cortical circuits. To
interrogate neural circuits, one need to measure action potentials from multiple sites
or cells, which requires microelectrode arrays for the simultaneous access of neurons in the circuit. Moreover, microscale electrodes (‘microelectrodes’) are needed
to record action potentials from a single cell. As the APs are only measured by
directly measuring the membrane voltages, an alternative measurement technique
that measures the extracellular ﬁeld potential is often used. Extracellular recording
technique gives an advantage of noninvasiveness to a single cell, and allows to
acquire neural signals for long-term period, which makes it possible to investigate
the change of neural ﬁring during the development.
MEAs measure extracellular ﬁeld potentials generated by action potentials and
membrane currents and they are used for microstimulation by injecting charges
through the same electrodes. MEAs can be classiﬁed into two types depending on
the included functionality within the arrays: (1) active MEAs include active circuit
elements such as ampliﬁers, analog-to-digital converter (ADC) or multiplexer
(MUX) for signal ampliﬁcation and data processing within the MEA chip itself;
(2) passive MEAs are often composed of only passive electrodes on the MEA chip,
which can detect and convey the neural signal to the external electronic system for
further signal processing. In this chapter, we will review the electrical recording of
neural signals using microelectrode arrays for in vitro neural tissues.

14.2

Passive Microelectrode Array Recording

Planar passive MEAs have become a promising experimental platform for electrophysiological studies of neural networks, ranging from dissociated cell cultures
to slices of brain. MEA technology can provide very useful spatiotemporal measurement platform with simultaneous signal recording/stimulation from typically
several tens of microelectrodes. The measurement can be noninvasive, allowing
long-term recording and stimulation even for months. Planar passive MEAs
interfaced with micron-scale cells using microfabricated multichannel metal electrode array on a rigid substrate such as glass or silicon wafer are shown in Fig. 14.1.
Multielectrode channels are wired out and connected to external modules that are
designed for neural signal ampliﬁcation, ﬁltering, data processing, and analysis.
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Fig. 14.1 Schematic cross-section of passive MEA (not to scale). Electrical connection of overall
system is described. An equivalent electrical circuit at the electrolyte/electrode interface is also
described (Ve extracellular potential (30–200 µV), Rs solution resistance, Ehc half-cell potential, Cd
double-layer capacitance, Rct charge-transfer resistance, Rm metal interconnect resistance, Rsh and
Csh shunt resistance and capacitance for the ampliﬁer, Zin input impedance of the ampliﬁer, Vref
reference voltage of the media bath)

14.2.1 Physics
The electrolyte in extracellular fluid and metal recording electrodes form electrode–
electrolyte interface where electrochemical reaction occurs. This interface can be
simpliﬁed as an RC circuit with one resistor and one capacitor in parallel as shown
in Fig. 14.1, which has different electrochemical interpretations. Electrons in the
metal electrode can be transferred to the electrolyte by chemical oxidation or
reduction of ions in the extracellular solution. This charge-transfer process
(or faradaic process) by electrolysis is modeled as a charge-transfer resistor that
determines the relationship between faradaic current and applied overpotential. On
the other hand, even in the condition where charge-transfer cannot occur, capacitive
currents can be generated due to the induced chemical species by the charges at the
recording electrode. Depending on the types of the chemical species, characteristics
of the adsorption are different. For instance, water molecules and ions form the ﬁrst
inner layer (called Helmholtz layer), which are adsorbed onto the interface. Other
species such as solvated ions are attracted by long-range coulombic force forming
diffusion layer. Since the amount of charges induced across the double layer vary
by voltage, this non-faradaic capacitive current is characterized as double-layer
capacitor (Cd). At the interface, electrochemical half-cell potential is formed and it
depends on the type of metal electrode, surrounding ion concentration and temperature. As a result, extracellular ﬁeld potential measurements using metal MEAs
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suffer from the slow drift of poorly deﬁned metal-electrolyte interface potential. In
order to minimize electrochemical reaction at the interface, noble metal, such as
platinum or gold, has been preferably used.

14.2.2 Fabrication and Materials
The most common microfabricated MEA structure is a patterned metal layer passivated by an insulating layer with only the measurement electrode areas exposed to
the cells of interest. Conventional microfabrication processes are used to deposit
and pattern the metal thin ﬁlm. Since the cells need to stay alive on the passivation
layer, the insulating layer (and also the exposed metal electrodes) must be biocompatible. Moreover, the insulating layer needs to have inert surface that does not
react with abundant ions in the aqueous solution. Design parameters such as
materials used for the electrode and passivation, the size of each electrode,
inter-electrode spacing, and coverage area vary depending on the application and
the type of cells of interest. After the microfabrication processes, the typical planar
MEA is packaged onto a printed circuit board (PCB) such that the MEA can be
connected to external circuits for further data processing. For in vitro experiments, a
glass or teflon ring chamber that can keep cell culture medium is installed around
the MEA.
As electrode materials, various metals such as platinum, gold, gold nanostructures,
and aluminum, conductive polymers such as PEDOT (poly(3,4-ethylenedioxythiophene), transparent conductive oxides such as indium tin oxide (ITO), nanomaterials
such carbon nanotube (CNT) or nanowire, and 2-D materials such as graphene, have
been used. As insulator, silicon oxide, nitride, photoresists, parylene, PDMS, etc.,
have been used. As substrates, both rigid ones such as glass or wafer and flexible ones
such as plastic, PDMS (polydimethylsiloxane) and parylene were used. See
Table 14.1 for more details of recent developments.

14.2.3 Operation of Measurement Circuitry
The electrical recording of extracellular action potential signal measures the change
of local electrical potential near a cell with respect to the reference electrode
potential. In the measurement, the extracellular ﬁeld potential can be modeled as a
time-varying voltage source. In order to perform the voltage measurement, the fully
fabricated and packaged passive MEA is typically connected with a multichannel
ampliﬁer unit that includes a bandpass ﬁlter with an appropriate range of passband
frequency (e.g., 300 Hz–5 kHz for spikes, and 10–200 Hz for local ﬁeld potentials)
and a low noise ampliﬁer (LNA) (e.g., gain: 1200 V/V). The processed signal after
the ampliﬁer unit is converted to digital signal by analog-to-digital converter
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dia diameter; sq square
b
r recording, s electrical stimulation, h primary hippocampal culture, c primary cortical culture

Ref.

Year

Table 14.1 (continued)

(r/s) Rat retinal ganglion
cells
(r/s) Embryonic chick
retina
(r/s) Rat neurons (h)

(r/s) Rabbit retina
(r) Rat myocytes

(r) HL-1 cell
(r) HL-1 cell

In vitro testingb
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(ADC) and then analyzed further for spike detection, spike sorting, and waveform
extraction. Although the amplitude of the extracellular potential is small (<1 mV),
DC offset of the signal can be much higher and unpredictable due to the electrode–
electrolyte interface half-cell potential and the cell/electrode junction potential.
Therefore, capacitively coupled input terminal is preferred to ﬁlter the DC component of the input signal. For example, a cascaded current mirror operational
transconductance ampliﬁer where the input terminals are the gate terminal of metal–
oxide–semiconductor ﬁeld-effect transistors (MOSFETs), which is basically an
open circuit, is used [1]. The high input impedance of the ampliﬁer also helps to
minimize any signal attenuation that occurs due to the voltage division by high
impedance of the electrode–electrolyte interface. Therefore, in case of the voltage
recording, this AC coupled LNAs leads to nearly zero DC current. Because the
input node potential could be floating, measuring DC voltage signal such as resting
potential would be very challenging. In case of electrical stimulation, it can be
either high or low impedance node depending on the stimulation conditions
(current-controlled or voltage-controlled) [2, 3].

14.2.4 High-Density Passive MEA
While electrodes of cell size (i.e., tens of μm) are commonly used for recording,
those electrodes cannot analyze local information of an individual neuron cell (e.g.,
propagation of AP along the dendrite, activity of ion channels in different locations
on a cell and so on). Smaller electrodes, for instance in nano-scale, would allow the
transition from large neural network to cellular level in-depth analysis. In addition,
ideal goal would be to cover as large area as possible (potentially up to a size of
primate brain) while maximizing the spatial resolution by high density and small
electrodes.
In order to increase the electrode density, 256 or 512 channel microelectrodes
were developed through standard photolithography. 256 channel MEAs are commercially available from multi channel systems (Reutlingen, Germany). The conductor line is ITO, and the electrode material is TiN. The spacing between the
electrodes is as small as 30 µm, which is converted to the electrode density of 1,264
electrodes per mm2 (=0.126 electrodes per 100 µm2). 512 channel MEAs were
reported by Mathieson et al. [4]. They used standard photolithography to pattern the
ITO on a single plane. The electrode size was 5 µm and the inter-electrode spacing
was 60 µm. The electrode density was 281 electrodes per mm2 (=0.028 electrodes
per 100 µm2). There is a maximum density that can be obtained through a conventional single-layer metallization process. The line width and electrode size limit
the minimal spacing.
Electrode size could be further reduced to nanometer scale through nanofabrication processes. Recently, nano-sized electrodes were developed using silicon
nanowire (SiNW). Park’s group integrated a group of silicon nanowires (9 wires in
16 µm2) on a single electrode to improve the cell-electrode contact [5]. Cui’s group
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reported hollow-type iridium oxide nanotube electrodes to improve cell-electrode
interface with high density (26 tubes per 100 µm2) [6]. While these nanowire arrays
showed signiﬁcantly increased electrode density, each nanowire cannot independently operate as individual recording electrodes.

14.2.5 Flexible Passive MEA
Flexible devices for neural recording are also of signiﬁcant interest. When brain
slices are used, especially, it is beneﬁcial if the MEA is soft and flexible enough to
have good pliability to form tight physical contact to the nonplanar surface of brain
slice for better signal recording. Therefore, various flexible passive MEAs have
been demonstrated: PEDOT electrodes on PDMS [7], CNT on various flexible
substrates such as medical adhesive tape, Parylene-C, polyimide and PDMS [8], or
gold thin ﬁlm on Parylene-C [9]. Perforated flexible MEAs made of polyimide ﬁlm
was also developed to enhance the brain slice recoding through efﬁcient oxygen
supply [10].

14.3

Active Microelectrode Array Recordings

14.3.1 Motivation
There are several expected advantages of the neural signal measurement by active
MEAs compared to the passive ones. One of the motivations is to improve signal
level by placing ampliﬁers such as transistors to cells as close as possible. The
on-chip ampliﬁcation and ﬁltering right by the cells or at the recording sites could
minimize noise signal generated from parasitics and interferences. Compact designs
of the entire measurement platform within the chip area are also possible by the
implementation of the circuit blocks on the integrated circuits (IC). These minimized measurement system area would be signiﬁcantly beneﬁcial, e.g., for
implanted in vivo neural recording. Using state-of-the-art semiconductor technologies gives possibilities to add more functionalities on the same neural interface
chip such as cyclic voltammetry, pH or temperature sensors, or light emitting diode
(LED) array integration for optical stimulation. The active MEA could also enable
unprecedentedly high electrode density through multiplexing of a number of
electrodes for simpler data processing [11].
There are two types of active MEAs. The ﬁrst type is to use ﬁeld-effect transistors (FETs) at the cell-recording electrode interface as front-end ampliﬁers:
neuron-FET coupling approaches have been explored since early 70s [12, 13]. The
other is silicon complementary metal–oxide–semiconductor (CMOS) integrated
circuits (IC)-based MEAs of which one of the main goals is to increase the spatial
resolution of neural interface devices [14, 15].
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14.3.2 Fabrication and Materials
When submicron CMOS technologies are used, fabrication of most active MEAs is
done in commercial semiconductor foundries. However, since the ﬁnal device
structures and measurement environments are different from conventional CMOS
processes (e.g., multiple recording electrodes opening in the center of the chip and
their exposure to electrolyte, etc.), additional post-processing steps in researchoriented cleanroom facilities are often necessary. While those additional steps are
not too much different from the passive MEA fabrication processes, more complexity and difﬁculty in the post-processing steps are expected due to the complex
structure of the multilayer IC chips.
Silicon has been and will be the most widely used semiconductor materials in
CMOS IC. In front-end-of-line (FEOL) of IC fabrication, highly-doped silicon or
polysilicon are also used as conductive contacts or as resistors. Since gold creates
deep-level traps in silicon, gold is not a CMOS compatible material for MOSFETs
and in FEOL of IC process. As gate dielectric materials, high dielectric constant
(high-k) insulator materials such as HfO2 are used in more advanced technologies.
In back-end-of-line (BEOL), copper and aluminum (or its alloy) are quite commonly used as interconnections. As described in Fig. 14.2, the top metal layer,
which is usually composed of aluminum (or aluminum alloy) in conventional IC
chips, is used for recording electrodes. Additional biocompatible metals such as
gold, platinum, or platinum black can be either vacuum-deposited or electroplated
onto the aluminum electrodes through post-processing [16–19]. Between metal
stacks, low-k dielectric insulators are used to minimize parasitic interlayer capacitances. CMOS IC chips are typically passivated with silicon oxide and silicon
nitride by plasma-enhanced chemical vapor deposition (PECVD) process, and lastly
a polyimide layer. These insulation materials can be used to passivate the MEA but
the exposed recording electrodes.

14.3.3 Physics
Fundamental physics governing the neuron-MEA interface in active MEAs varies
depending on the types and the structures of the devices. Since CMOS MEAs have
metal electrodes directly exposed to the cell, the same metal-electrolyte interface is
formed as in passive MEAs, having double-layer capacitance and possible faradaic
process [11]. On the other hand, most of FET-based MEAs reported so far have an
insulation layer interfacing with the electrolyte instead (insulator-electrolyte interface). Therefore, electrolysis is prevented, and the capacitance of this insulation
layer is dominant at the interface. There have been mainly two different structures
of FET-based MEAs as shown in Fig. 14.2. One type is conventional MOSFETs
without gate electrodes, thus neurons in direct contact with the gate dielectric
[12, 13]. In this structure, gate dielectric capacitance coupling of the extracellular
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Fig. 14.2 Schematic cross-section of active MEAs. (not to scale) a FET-based MEA. Recorded
current signal by the FET is further ampliﬁed by transimpedance ampliﬁer, and the ampliﬁed
voltage signal is analyzed. Two common FET-based MEA structures are described: OSFET
(MOSFET without gate metal) and FG-MOSFET (floating-gate MOSFET). Inset graph on the left
describes the transfer characteristic of FETs that visualize how small voltage signal is converted to
small drain current. b Schematic cross-section of high-density CMOS IC MEA. The top metal
layer was used to deﬁne recording electrodes. The recorded signal is transferred to active low noise
ampliﬁer (LNA) circuits under the electrode area

potential with the transistor channel potential governs the signal recording. The
other structure is the floating-gate MOSFETs [18, 20–22]. In this structure, either
the actual gate or extended gate electrodes of MOSFETs are passivated with an
insulation layer. Neurons are placed on top of the insulation layer. The neuron
signal is, therefore, coupled to the transistor channel potential through two capacitors in series.
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14.3.4 Operation of FET-Based MEA
The FETs used in active MEAs act as common-source ampliﬁer which is a
transconductance ampliﬁer that converts the AC neural voltage signal at the gate
terminal with respect to grounded source electrode to an ampliﬁed drain current
signal that flows between drain and source electrodes as shown in Fig. 14.2a with
the following relationship:
ids ¼ gm vgs þ inoise
where ids is drain current, vgs is neuron action potential at the gate, gm is
transconductance deﬁned as ∂IDS/∂VGS, and inoise is mostly a combination of
1/f noise and thermal noise. In order to maximize the recorded signal, therefore, it is
important to maximize the gain of the transistor (gm), which is a function of various
device parameters such as ﬁeld-effect mobility, gate dielectric capacitance, geometry of the FET, DC biases, etc. While the transconductance is maximized at
relatively high DC gate bias, non-zero DC bias at the gate is particularly not
desirable in electrode–electrolyte interface due to the electrochemical corrosion. In
depletion-mode MOSFETs that are already ‘turned on’ at zero gate bias, however,
reasonably high transconductance can be achieved at zero gate bias. Cohen et al.
suggested this approach to maximize the sensitivity of the neuron-FET interface
and maximize the durability of the system [21].
Because of the weak neuron signal, minimization of intrinsic noise in MEAs is
crucial. Unlike passive elements such as resistors that show thermal noise, in active
electronic devices, 1/f noise (also called flicker noise) that shows 1/f behavior in its
power spectral density is dominant in low frequency range where LFP and spikes
are detected. Since the strength of 1/f noise is proportional to DC drain current due
to more number of carrier electrons that can contributes to the noise, Cohen et al.
also operated their FETs in lowest drain current condition to maximize
signal-to-noise ratio (SNR) [21]. For silicon MOSFETs, it is known that the channel
carriers are trapped/de-trapped by/from the traps within gate dielectric, causing
fluctuation of drain current (thus, noise). Therefore, when OSFETs have the gate
dielectric layer exposed to ions in electrolyte, the noise characteristics of the
OSFETs could be degraded due to enhanced impurity scattering [23].
We can also think about the ideal electrical characteristics of the MEA at different levels. For FET-based active MEAs, in order to maximize SNR, the FETs
must have maximum transconductance (e.g., from higher ﬁeld-effect mobility)
while minimizing lowest intrinsic noise signals. For example, transconductance
value of 0.18 µm MOSFETs with typical width could be on the order of 100 μA/V
which leads to tens of nA for extracellular voltage amplitude of *100 μV. So,
1/f noise of those FETs in the frequency range from 10 Hz to 5 kHz must be smaller
than a few nA. When new transistor technologies are adopted, these electrical
characteristics must be carefully characterized. For the HD-MEAs, the on-chip
front-end ampliﬁers must have the input-referred noise on the order of only a few
μV or below to detect weak spikes as small as tens of μV.

286

H. Kang and Y. Nam

14.3.5 SiNW-FET or Organic FET MEA
In order to reduce the recording area to nanoscale, nanoelectronic devices such as
nanowire FETs (NWFETs) have been applied for neural recording devices [24–27].
With the usage of active nanoscale devices (as small as 10 nm) recording area can
be reduced to several orders of magnitude from typical micron-scale MEAs. The
small size of the device signiﬁcantly increases the spatial resolution of MEAs and
even allows the access of intracellular spaces for electrical recordings [27].
Nanowire devices could be fabricated on nonplanar flexible substrates. More details
of the possibilities of nanoelectronic devices are summarized in [28].
As discussed in previous sections, FETs operate by the modulation of the
channel conductance with respect to the change of gate ﬁeld. It is shown that the
change of extracellular ﬁeld potential near the channel of NWFETs through gate
capacitance coupling is converted to the change of channel conductance [29].
NWFETs reported in the work also have shown depletion-mode characteristics as
was discussed in a previous section. Non-zero conductance of the channel and its
slope allows the signal conversion at near zero gate bias. In other works, modiﬁed
NWFETs are fabricated such that a small part of the channel area can be directly
exposed to intracellular medium using vertical hollow probes [27].
Flexible organic FETs (OFETs) have also been suggested for neural signal
recording and stimulation [30]. Unlike the previous FETs that use gate capacitance
coupling for the extracellular signal to be converted to drain currents, in these
OFETs, neurons are placed far away from the channel of the transistors on the
opposite side of the gate electrode. However, relatively poor mobility of the organic
semiconductor could be a concern because it could limit SNR and bandwidth of the
recording system. On the other hand, unique characteristics of the novel materials
could pave a new way of detection and add more functionality in neural interfaces.
For example, the new interface between organic materials and biology has been
studied and suggested for new applications [31–33]. Further, new fabrication
methods such as various printing techniques that are compatible with flexible
substrates and the new electronic materials can be used to open up new concepts of
neural interface devices at lower fabrication costs.

14.3.6 High-Density CMOS MEA
The circuits designed for HD-MEAs are composed of buffer stage, ampliﬁer, active
(or passive) ﬁlters, multiplexer, and ADC. Different architectures of MEAs are well
classiﬁed and summarized by Obien et al. [34]. The highest number of channel
electrodes reported to date is 26,400 on 3.85 × 2.1 mm2 sensing area from Ballini
et al. [11]. With 17.5 µm electrode pitch, the electrode density is as high as near
3,200 electrodes per mm2 (=0.32 electrode per 100 µm2). Noise level of their
system is 2.4 µVrms noise for AP band and 5.4 µVrms for LFP band. Choosing 10 bit
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digital resolution and 20 kSamples/s, the IC chip recording 1024 electrodes (≈4 %
of entire electrodes; 200 Mbit/s data rate) consumes 75 mW power. While the
spatial resolution of electrodes is signiﬁcantly improved, it is certain that adopting
more advanced technology which is more energy efﬁcient (e.g. 0.18 µm process
that uses VDD of 1.8 V compared to 3.3 V used in this work [11]) is necessary to
operate much more electrodes at the same time under tissue heating constraint [35].
More in-depth summary in MEA IC chips research can be found in this work [17].
Power consumption of the IC chip must be low to prevent thermal damage on
neural tissues [36, 37]. Therefore, the range of aforementioned parameters will be
fundamentally limited by the cell damage through heat dissipation and radiation.
For example, if 25 kHz sampling rate is used with digital resolution of 10 bits, the
data rate for a single channel is 250 kbit/s. For 1000 channels, the data rate
increases to 250 Mbit/s. If on-chip data compression is implemented, we can reduce
the data rate and thus power dissipation. However, the data compression circuit
itself will also consume power. While the energy consumption per bit for efﬁcient
wired data transfer would be low, the power consumption constraint in, for
example, fully implanted untethered in vivo measurement will be stricter. If
10 pJ/bit is consumed, overall power used for the 250 Mbit/s raw data transmission
would be 2.5 mW. Harrison et al. reported a 100-electrode system designed for data
rate of 330 kb/s and a 433 MHz transmitter consumed 13.5 mW of power [1]. As a
point of reference, 12.4 mW power dissipated from a chip for 26 min showed
0.26–0.82 °C temperature increase in human bodies [38].

14.4

New Opportunities and Perspective

Various MEA technologies of both passive and active types are summarized in
Table 14.1 for viewing the trend of recent development and comparison. As found
in the table, different kinds and shapes of electrode materials have been adopted for
better recording. Electrodes are getting smaller so that they can be packed much
denser down to subcellular resolution. Nanoscale fabrication techniques are applied
for higher sensitivity and spatial selectivity. In addition, not only rigid substrates
but also flexible substrates are of interest for providing more in vivo-like environment to interface cells and tissues.
Flexible electronics have been of signiﬁcant interests in both industries and
academia. Flexible electronics is a very wide research ﬁeld since virtually any
technology that can offer mechanical flexibility can be called flexible electronics. In
other words, it covers a wide range of applications. Even conventional
micro/nanofabrication technologies such as CMOS can be a part of flexible electronics through extreme thinning of the semiconductor wafer because brittle inorganic semiconductor materials become flexible when they are thinned [39–41]. In
addition to these conventional semiconductor fabrication processes, recent developments of new solution processable active electronic materials and new patterning
methods of those materials have opened up much wider range of applications.
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New materials such as nanoparticles, nanowires, organic semiconductor, conducting polymers, and graphene have been developed [42]. These new materials can
also offer new functionalities such as chemical sensitivity which are useful for
various sensor applications. New fabrication techniques such as inkjet printing have
also offered biologically active material patterning for tissue engineering [43, 44].
With the growing interests in bioelectronics, wearable electronics and sensor
applications of flexible electronics, there have been major developments in the
application of flexible electronics technology to neural interface. To name a few,
silk-based conformal microelectrode array, optical stimulator for optogenetic platform, flexible microelectrode array for bladder control, and so on [45, 46]. Flexible
electronics technology could be the next key technology toward ultrasmall, ultradense, and ultrasoft in vitro neural interfaces in the future.
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