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A B S T R A C T

Electrophysiological recording requires low invasive electrode geometry in the tissue and high-quality signal
acquisitions. Here we propose a< 10-μm diameter coaxial cable–inspired needle electrode, which consists of a
core electrode in the needle surrounded by another shell electrode. The neuronal recording capability of these
electrodes was confirmed by multichannel recording of a mouse cortex in vivo. Given that the shell electrode
played the role of a reference electrode, the coaxial electrode also enabled a differential recording at the local
area within the tissue. Compared to the recording without the referenced shell electrode, the differential re-
cording demonstrated a twofold higher signal-to-noise ratio, while the firing rate increased. These results suggest
that the coaxial microneedle-electrode will provide high-quality neuronal signals in electrophysiological re-
cordings including ex vivo and in vitro applications, similar to the in vivo recording.

1. Introduction

The electrophysiological methodology is used in neuroscience and
medical applications as well as brain-machine interface technology due
to its advantage of having a higher spatiotemporal resolution than other
methodologies. While cortical surface potentials such as electro-
corticographic signals can be recorded with film-like electrodes [1],
devices based on needle-like electrodes that can penetrate the brain
tissue present a powerful tool for acquiring subcortical neuronal ac-
tivities, including local field potential (LFP) and spike signals, with a
high spatiotemporal resolution [2].

With recent advances in microelectromechanical system tech-
nology, photolithography–based patterning and etching processes have
been used to enable penetrative microscale needle-electrode devices
[3,4]. The advantages of the attendant fabrication technology include
the integration of a large number of electrodes and the geometric
miniaturization of each needle [3,5]. However, the tissue penetration of
needles with a geometry of ∼50 μm can induce the blood–brain barrier
breach [6], while needles of over 20 μm can induce a disruption of the
local communication among the glia [7]. One means of resolving this

issue is to reduce the needle’s geometry to less than 10 μm, which will
ensure that the tissue suffers no major traumatic injury [8,9]

With this in mind, we propose a vapor–liquid–solid (VLS) method
based on silicon growth technology to fabricate microscale needle-
electrodes with diameters of less than 7 μm [10,11] as well as various
nanoneedle-electrodes [12,13]. However, the number of recording
channels of the needle electrode was limited, with each needle elec-
trode having one recording channel at the needle’s tip. Moreover, due
to the small area of the recording sites (e.g., < 160 μm2 [10]), further
improvements to the quality of the recorded neuronal signals in terms
of, for example, signal-to-noise ratio (SNR) are necessary.

We explore a coaxial-cable-inspired needle-electrode device that
consists of individual needles inserted with two channel electrodes
(Fig. 1a). This includes a core electrode which is surrounded by a
tubular insulating layer and a tubular shell electrode that surrounds the
core electrode. We also performed multichannel recording of neuronal
activities via the core and shell electrodes (Fig. 1b). In addition, given
that the shell electrode can play a role as a reference electrode, dif-
ferential recordings at the local area within the tissue were performed
to explore potential improvements in the quality of the neural recording
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(Fig. 1c).

2. Materials and methods

2.1. Device fabrication

Fig. 2a schematically illustrates the process of the core–shell elec-
trode device. We began the process with a silicon (Si) (111) substrate
(n-type with a resistivity of< 3000 Ω⋅cm) with a thickness of 525 μm.
First, the Si substrate was thermally oxidized to form 1-μm thick silicon
dioxide (SiO2), which was then patterned to expose the substrate for the
patterning of catalytic gold (Au) dots (6 μm in diameter and 200 nm in
thickness) via the lift-off process. Au-catalyzed VLS growth of the Si
needle was carried out to form a cone-liked 240-μm long vertical needle
with a tip diameter of 4 μm and a bottom diameter of 25 μm (Fig. 2a1)
[14]. The VLS growth with a gas source of Si2H6 also caused additional
depositions of poly-Si over both the Si needle and the substrate (SiO2)
[15]. Reactive ion etching was used to remove the poly-Si layer over the
substrate, while the Si needle was tapered and the dot of Au-Si at the
needle’s tip was removed. For the electrical insulation of the Si needle,
1-μm thick SiO2 was deposited via plasma-enhanced chemical vapor
deposition (PECVD) (Fig. 2a2). Au (200 nm) was formed as the core
metal of the needle with a binding layer of titanium (Ti) (30 nm), using
sputtering and a subsequent lift-off process (Fig. 2a3). An interlayer
parylene-C insulator (1 μm) was then formed over the core metal by
vacuum deposition equipment (model PDS2010, LABCOTER) with an
amount of parylene dimer (1.8 g), and the layers over both the needle
tip and contact pad portions were simultaneously exposed via oxygen
(O2) plasma treatment with a spray-coated photoresist mask (Fig. 2a4).
To form the shell metal of the needle, another Au/Ti (200 nm/30 nm)
was formed via sputtering and subsequent wet etching (aqua regia)
(Fig. 2a5). Finally, the needle and the substrate were again insulated
with parylene-C (1 μm), with the exception of the needle tip and pad
portions, which underwent subsequent O2 plasma etching (Fig. 2a6).

Fig. 2b–d shows the scanning electron microscopy (SEM) images
and schematic diagram of the fabricated coaxial microneedle-electrode.
The diameter of the core electrode is 4 μm, while the outer diameter of
the overall needle is 10 μm, and the needle length is 240 μm. Exposed
heights of the core electrode and that of the shell electrode from these
insulators are 4 μm and 2 μm, respectively, while the height of the
insulator between the electrodes is 6 μm. Fig. 2e and Fig. 2f present a

schematic diagram and SEM images of the cross-sectional view of a
fabricated coaxial needle electrode prepared via the focused ion beam
(FIB) technique. The SEM images indicate the conformal layer-by-layer
coatings of the Au core and shell electrodes with parylene-C insulators
over the Si microneedle.

2.2. In vivo recordings

The neuronal recording capability of both the core and the shell
electrode in individual coaxial needles was confirmed through in vivo
neuronal recording involving a mouse. All experimental procedures
using animals were approved by the Committee for the Use of Animals
at Toyohashi University of Technology, and all animal care procedures
followed the Standards Relating to the Care and Management of
Experimental Animals (Notification No. 6, 27 March 1980 of the Prime
Minister’s Office of Japan).

The coaxial needle-electrode device was packaged with flexible
printed circuit (FPC) and attached to a micromanipulator (MO-10,
Narishige) to control needle placement. The recording sites were ste-
reotaxically defined, after which the coaxial electrodes were penetrated
into the mouse’s brain, with an optical microscope used to confirm that
the needle was fully penetrated into the brain tissue. The coaxial mi-
croneedle-electrode demonstrated no fragility nor any degradation of
the Si needle body or any film layer (core and shell electrodes and in-
sulating layers) after penetration was performed seven times. During
the recording, specific mouse whiskers were physically stimulated with
an electromagnetic vibrator driven by electrical pulses (1 ms in dura-
tion) to activate neurons at the primary somatosensory field (S1B),
while the cortical surface was kept wet through the dropwise addition
of saline.

For the somatosensory response recordings, the coaxial electrode
was stereotaxically penetrated into the barrel field in the S1B. As a
signal reference electrode, a stainless-steel screw was drilled into the
skull over the visual cortex (V1) on the left hemisphere. Following
needle penetration, the principal whiskers of the mouse were me-
chanically stimulated by an electromagnetic vibrator to activate the
S1B neurons. The simulation was controlled by a digital signal pro-
cessing module (RZ2, Tucker-Davis Technologies).

In the signal acquisition and processing procedure, signals recorded
from the microneedles were differentially amplified (ZC64, Tucker-
Davis Technologies, 1 × 1014 Ω input impedance) with filters (0.35 Hz

Fig. 1. Coaxial microneedle-electrodes for use
in multichannel and local-differential record-
ings of neuronal activity. (a) Schematic dia-
gram of the coaxial microneedle-electrode; (b)
Schematic diagram of multichannel recording.
Here, the core electrode and the shell electrode
in the needle were connected with each signal
line of the amplifiers, respectively. The re-
ference lines of these amplifiers were con-
nected with a reference electrode; (c) sche-
matic diagram of the local-differential
recording. The core electrode was connected
with the signal line of the amplifier, while the
shell electrode was connected with the re-
ference line.
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for low-cut-off and 7.5 kHz for high-cutoff). Following signal amplifi-
cation, the signals were routed to a preamplifier/digitizer (PZ2, Tucker-
Davis Technologies) and a digital signal processing module (RZ2,
Tucker-Davis Technologies). All digital data were then stored on a hard
disk in a Windows PC with a sampling frequency of 25 kHz.

3. Results

3.1. Electrical characterisations

Fig. 3a shows the impedance characteristics of the fabricated
core–shell electrode. The impedance magnitudes of the core and the
shell electrodes were measured in phosphate-buffered saline (PBS) at a
neuronal activity frequency of 1 Hz – 10 kHz, and the results ranged
from 490 MΩ to 5.9 kΩ (2.8 MΩ at 1 kHz) and from 620 MΩ to 5.6 kΩ
(3.6 MΩ at 1 kHz), respectively. The average and standard deviations of
both impedance characteristics were then taken from six samples (six
needles from three chip devices). These values represent metal-elec-
trolyte interfacial impedance depending on each electrode’s area. The
height of the core electrode exposed from the parylene-C insulating
layer was 4 μm, which resulted in an electrode opening area of 150
μm2. Meanwhile, the shell electrode had an exposed area of 100 μm2 (2
μm in height). Due to the difference in electrode area, the core electrode
exhibited a smaller impedance magnitude than the shell electrode.

Fig. 3b shows the output/input (O/I) signal amplitude ratios of the

Fig. 2. Fabrication of the coaxial microneedle-
electrode device. (a) Device fabrication steps:
(1) VLS growth of Si-microneedle; (2) deposi-
tion of a 1-μm thick SiO2 via PECVD; (3)
sputtering of an Au layer with a Ti adhesion
layer and subsequent patterning using the lift-
off process to form the core electrode; (4)
electrical insulation of the core electrode with
a 1-μm thick parylene-C layer, and plasma
etching of the parylene layer over both the
needle-tip and the bonding pad; (5) sputtering
of further Au/Ti layers and the subsequent wet
etching to form the shell electrode; (6) device
insulation with 1-μm thick parylene-C and
subsequent exposure of the needle-tip and the
bonding pad through plasma etching. (b) SEM
image of the fabricated coaxial microneedle-
electrode. The needle has a length of 240 μm.
(c, d) SEM image and schematic of the tip
portion of the needle. The diameter of the core
electrode is 4 μm. The outer diameter of the
overall needle is 10 μm. The height of the core
electrode and that of the shell electrode ex-
posed from each parylene insulator are 8 μm
and 4 μm, respectively. The height of the in-
sulator between these electrodes is 6 μm. (e)
Cross-sectional schematic of the fabricated
coaxial electrode. (f) SEM image of the cross-
sectional view of the needle electrode prepared
using FIB, showing the core and shell electrode
layers of Au and the parylene-C insulator
layers.

Fig. 3. Electrical characteristics of the fabricated coaxial microneedle-electrode
device. (a) Impedance magnitudes of the core electrode and the shell electrode
measured in PBS at 1 Hz – 10 kHz; (b) O/I signal amplitude ratios of the core
and the shell electrodes measured in PBS at 1 Hz – 10 kHz.
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fabricated core–shell electrode. The O/I ratios of the core and the shell
electrodes were measured in saline at 1 Hz – 10 kHz, and the results
ranged from 62.4%–50.6% (57.3 % at 1 kHz) and from 65.3%–49.1%
(59.8 % at 1 kHz), respectively. The amplitude attenuations of these
electrodes at ∼100–1000 Hz were due to the electrode’s impedance
and the parasitic capacitances. The capacitances were included by an
insulating parylene-C layer (1-μm thick) between the device inter-
connection (Au-Ti) and the saline solution, and an insulating SiO2 layer
(1-μm thick) between the device interconnection and the Si substrate.
These capacitances resulted in a low-pass filter configuration in the
recording system [10–12,16].

3.2. In vivo neuronal signal recordings

3.2.1. Multichannel recording
Here, we used a mouse weighting 25.7 g that was anesthetized

through intraperitoneal injection with a urethane solution (0.5 %
chlorprothixene 0.26 mL [0.10 mL/10 g] and 0.13 mL urethane [0.051
mL / 10 g]). After the head of the mouse was fixed with a stereotaxic
apparatus (SR-50, Narishige, Tokyo, Japan), parts of the cranium and
the dura mater of the mouse were removed before the needle-electrodes
were placed over the cerebral cortex and inserted at the S1B (−1 mm
posterior and 3 mm lateral to the bregma) on the right hemisphere via
the fenestrae in the cranium and dura matter (Fig. 4a–c). Due to the
small geometry of each needle electrode of< 10 μm in diameter, our
needle provides the advantage of a low invasive electrode penetration.
Fig. 4d shows photographs corresponding to the tissue area before and
after the needle penetration. We observed no significant bleeding as-
sociated with the needle penetration.

Fig. 4e1 and Fig. 4f1 show LFP (3rd Butterworth filter [50–300 Hz])
simultaneously recorded via the core and shell electrodes of the mi-
croneedle (Ch. 1 in Fig. 4c), respectively. These LFPs emerged in re-
sponse to the whisker stimuli with a latency of∼20 ms. The amplitudes
of these recorded signals were ∼800 μV for the core electrode and
∼830 μV for the shell electrode (n = 100 trials). Fig. 4e2 and Fig. 4f2
show unit-activity band potential (2nd Butterworth filter [500 – 3000
Hz]) via the core and shell electrodes, respectively. Meanwhile, Fig. 4e3
and Fig. 4f3 show the raster plots and Fig. 4e4 and Fig. 4f4 show the
peri-stimulus time histograms (PSTHs) for 100 trials. Spike detection of
these signals was performed based on triggering of thresholds for four
standard deviation (σ) of the mean signal during 0.5–1.0 s before sti-
mulation onset. These signal waveforms of both LFP and unit-activity
via the fabricated coaxial microneedle-electrode were similar to that of
signals recorded via conventional tungsten electrodes and our prior
micro/nanoscale needle-electrode devices [10,13] using the same re-
cording system, as outlined in Section 2. In addition, given that these
sensory responses appeared at ∼20 ms following the stimulation were
consistent with the reported latency in whisker stimulation of mouse
[11]. Thus, these signals recorded via the core and the shell electrodes
were neurophysiological responses evoked by the whisker stimuli.

To further analyze these signals, we used a peak-to-peak amplitude
distribution of the spike signals simultaneously recorded via the core
electrode and the shell electrode (Fig. 4g). Due to the 6-μm-gap be-
tween the core and the shell electrodes, correlation coefficient taken
from the diagram was 0.793, while the other correlation coefficient of
signals via the other coaxial needle in prior session was 0.944 (data not
shown). These results suggested that multichannel recordings of the
fabricated coaxial needle electrodes yielded no significant differences in
neuronal signal between the core and the shell electrodes.

3.2.2. Local-differential recording
To achieve the differential recording of neuronal activities at the

localized region within the tissue, the shell electrode was used to play
the role of local-reference electrode by connecting it to the reference
line of the differential amplifier. This recording configuration enables
us to cancel out ambient noise. Namely that, once the needle’s tip

locates near a neuron, signals of the neuron via the core electrode will
be enhanced, while signals via the shell electrode will be decreased.

Fig. 5a shows the signal waveforms recorded with the differential
measurement configuration of the coaxial needle electrode. Similar to
the multichannel recording, the same bandpass filters (50–300 and
500–3000 Hz) were used to obtain LFPs and spikes in the recording. To
investigate the effects of the local-reference electrode on the recorded
neuronal signals, the local-differential recording session was carried out
immediately after the multichannel recording (Fig. 4), with the con-
nection of the shell electrode changed but the recording site of the
needle within the tissue left unchanged. As expected, the local-differ-
ential recording resulted in the disappearance of the LFPs, which re-
flected collective transmembrane currents from multiple neurons
around the needle, as was confirmed through a comparison with the
multichannel recording (Fig. 4e1). However, the appearance of spike
signals continued when using the same bandpass filter.

For the quantitative comparison, these spike signals were further
analyzed using SNR (Fig. 5b1). The SNR was defined as the peak-to-
peak amplitude of the mean waveform 0.005 to 0.05 s after the stimulus
onset divided by the root-mean-square signals 0 to 0.05 s before the
stimulus onset. The calculated SNR of the local-differential recording
was 10± 0.6 (mean± SD) dB, while the multichannel recording (core
electrode) degraded the SNR to 6.6±2.0 (mean± SD) dB. The im-
provement in SNR with the local-differential recording was due to the
reduction in common mode noise with the referenced shell electrode,
while the signal amplitude via the core electrode was slightly atte-
nuated with the capacitance of the parylene-C between the core elec-
trode and the shell electrode.

Fig. 5b2 shows a comparison of the firing rate of the multichannel
recording and that of the local-differential recording. Here, the local-
differential recording had a firing rate of 570±60 (mean± SD)
spikes/s, which was around double that of the core electrode in the
multichannel recording (the shell electrode electrically floated)
(225± 150 [mean± SD] spikes/s). This improvement in firing rate
necessitates further discussion of the effect of the shell electrode (re-
ference electrode) in the recording. Given that the reference electrode
was closed to the signal line of the core electrode, the difference in
neuronal signal between the target neurons near the core electrode and
those around the needle can be enhanced. Meanwhile, the positioning
of a reference electrode far from the core electrode (signal line) will
result in the degradation of the difference in the neuronal signals. In the
multichannel recording with the floating shell electrode (Fig. 4), we
used the 1-mm diameter reference electrode screwed into the skull at
the left hemisphere (V1), which was ∼4-mm far positioned from the
core electrode. Meanwhile, the distance between the core and the shell
(reference) electrodes in the local-differential recording was 6 μm.
Further, the reduction of the common mode noise by the referenced
shell electrode also contributed to the improved firing rate in the dif-
ferential recording.

The coaxial needle electrode also allowed for a local ground (GND)
electrode to be used in the recording by connecting the shell electrode
to the GND line (Fig. S1). Similar to the local-differential recording
(Fig. 5a), the amplitudes of the spike signals were attenuated with the
capacitance of the parylene-C insulator between the core electrode and
the shell electrode. However, the noise level in the recording increased
from that of the local-differential recording. Consequently, the SNR and
firing rate of the shell grounded recording were 7.3±0.3 (mean± SD)
dB and 273±30 (mean± SD) spikes/s, respectively, which were de-
graded from those of the local-differential recording.

4. Discussion

We fabricated coaxial needle-electrode, which consists of a core
electrode in the needle surrounded by another shell electrode.
Recording sites of electrodes were positioned at the tip portion of each
needle, enabling these electrodes to be placed close to the target
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neurons. This electrode’s coaxial geometry will also give the high-
quality signal acquisition, such as single-unit isolation from recorded
signals. As demonstrated in this study, the shell electrode, which sur-
rounds the core electrode, contributed to the suppression of signals
outside of the shell electrode, while the core electrode in the needle
detected the neuronal signals near the recording site.

The device was batch fabricated by VLS growth of Si needles and
photolithography-based microfabrication processes. We performed the
device fabrication using our in-house clean room process. The clean
room allows for MOSFET device fabrication, which enables us to further
integrate coaxial microneedle electrodes with circuitry by fabricating
MOSFETs prior to the VLS growth of the silicon needles [17–19]. Ad-
vantage of the batch fabrication process of multiple needle-electrodes is
to provide consistent geometries of electrodes between needles. As
confirmed in the electrical characterisations of fabricated devices, no
significant differences in impedance and OI ratio between needles were
observed (Fig. 3). The results suggested that each needle has similar
opening areas of core electrode and shell electrode in individual

needles. Due to the small opening area (88 – 103 μm2) and the material
of Au, these electrodes showed impedance magnitudes of> 2 MΩ at 1
kHz. To reduce these impedances of electrode with the small recording
area, a way is to use a low impedance material, including PEDOT
[20–23] platinum black [10,11,24] and iridium oxide [25,26]. We have
confirmed the impedance reduction of< 10-μm-diameter needle-elec-
trode by electroplating modification with platinum black [10,11].
However, the electroplating process, which was carried out for elec-
trodes one by one, caused electrical property fluctuation between the
needles. In addition to the electrical property fluctuation, the plating of
additional material to each needle-electrode increases the geometry of
the recording site. Compared to the electroplating process, the proposed
coaxial needle-electrode, which provides the local-differential re-
cording configuration, improved the signal quality in the neuronal re-
cording without additional coating of the low impedance materials.

An important characteristic of the coaxial microneedle-electrode
relates to crosstalk, which is caused by facing the two electrodes with
the insulating layer. The crosstalk-associated impedance between the

Fig. 4. Multichannel neuronal recording via
coaxial microneedle-electrodes using a mouse
in vivo. (a, b) Schematic and photograph of the
coaxial electrode device placed over the mouse
cortex. (c) Illustration showing the position of
the coaxial electrodes. The coaxial electrodes
were penetrated into the primary somatosen-
sory cortex barrel field (S1B). The mouse’s
whiskers were physically stimulated with an
electromagnetic vibrator driven by electrical
pulses (1 ms in duration). (d1, d2) Photographs
of the tissue area before and after the needle
penetration: (d1) before and (d2) after the
penetration of coaxial microneedle-electrodes.
(e1–e4) Recorded signals via the core electrode
in an electrode Ch. 1 in the array: (e1) wave-
form signals using a bandpass filter (3rd
Butterworth filter [50–300 Hz]); (e2) a single
trial signal in recordings for 100 trials using a
bandpass filter (2nd Butterworth filter
[500–3000 Hz]); and (e3, e4) raster plots and
PSTH taken from the signals (500–3000 Hz)
using detection amplitude thresholds of 4σ of
the mean signal during 0.5 to 1.0 s before sti-
mulation onset. (f1–f4) Simultaneously re-
corded signals via the shell electrode: f1) wa-
veform signals using a bandpass filter (3rd
Butterworth filter [50–300 Hz]); (f2) a single
trial signal in recordings for 100 trials using a
bandpass filter (2nd Butterworth filter
[500–3000 Hz]); (f3 and f4) raster plots and
PSTH taken from the signals (500–3000 Hz)
using the 4 σ detection amplitude thresholds.
(g) Peak-to-peak amplitude distribution of
these spike signals recorded via the core elec-
trode and the shell electrode, using the same
detection threshold of 4 σ during the latency of
0.014 – 0.03 s.
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core electrode and the shell electrode measured at 1 kHz was 62.3 MΩ
(Fig. S2), which was over 17 times larger than that of each electrode
(e.g., 3.6 MΩ for the shell electrode, Fig.3a). The crosstalk was mainly
dominated by the device’s interconnections, which were designed from
the needle-site to the bonding pad (4000 μm in length and 60 μm in
width for each interconnection). The device interconnections for the
core electrode and the shell electrode were stacked with an insulating
layer of 1-μm thick parylene-C between them. While the measured
crosstalk had a high enough impedance for our recording, the crosstalk
could be reduced by increasing the thickness of the insulating layer.

We demonstrated multichannel neuronal recording via the coaxial
microneedle electrode, in which the gap between the core and the shell
electrode in the present design was 6 μm (Fig. 2c). A more significant
difference in neuronal activities between electrodes could be obtained
by increasing the electrode gap in the device fabrication (> 6 μm) (e.g.,
∼80-μm peak amplitude difference via a four-core electrode [27], 25-
μm center-to-center recording-site spacing [5]). The electrode gap can
be increased by increasing the exposure process of shell-electrode layer
of Au/Ti (Figs. 2 5–6). In addition to the multichannel recording at the
local area, the coaxial needle-electrode will provide the multichannel
recording from different cortical layers by designing electrode positions
in the needle consistent with depths of these cortical layers (e.g., ∼ 200
μm and ∼400 μm for cortical layers of 2/3 and 4 of mouse, respectively
[28]). Although the length of fabricated needles was set at 240 μm for
the mouse’s cortical 2/3 layer, the needle length can further be in-
creased by VLS growth of Si-needle (e.g., 400 μm [13] and 1 mm [10].
The proposed coaxial needle process will also allow us to design

additional layers of shell electrode, increasing the number of recording
sites more than two channels. Formation of each shell electrode could
induce a∼2.5 μm increase in the overall needle-dimeter (thicknesses of
Au/Ti shell-electrode layers and inter parylene-C insulator were 230 nm
and 1 μm, respectively, Fig. 2f).

We performed both multichannel and differential in vivo acute re-
cordings using mice, in which parts of the cranium and dura mater of
the mice were removed for needle penetration. Although we did not
investigate any infectious diseases associated with the device, infection
risk must be addressed for future chronic recording applications. We are
currently working on device implantation, which will allow for long-
period neuronal recordings in mice with minimum damage to brain
tissues.

Other application of the proposed coaxial microneedle-electrode
includes neural stimulation. Because the fabricated microneedle con-
sists of two channel electrodes (core and shell), this needle device will
provide the neuronal stimulation can be conducted at the local area
within the tissue. The needle technology is also applicable to multi-
channel recording from different cortical columns. The fabricated de-
vice had a linear array of four needles spaced at 150 μm intervals. We
also analyzed the neuronal signals recorded via the other coaxial
needle-electrode (Ch. 4 in Fig. 4c), in which the needle also detected
similar neuronal signals to Ch. 1 (Figs. 4e-f and 5). The spacing can
further be reduced by the photolithography-based fabrication process,
while the number of needles increases, providing the high spatial re-
cording of neuronal activities with high quality signals.

Fig. 5. Local-differential neuronal recording
using a mouse in vivo. (a) Schematic of the re-
cording configuration. The recording was con-
ducted by connecting the shell electrode to the
reference line of the differential amplifier,
without changing the needle position from the
multisite recording (Fig. 4). (a1) Waveform
signals using a bandpass filter (3rd Butterworth
filter [50–300 Hz]); (a2) a single trial signal in
recordings (100 trials) using a bandpass filter
(3nd Butterworth filter [500–3000 Hz]); and
(a3, a4) raster plots and PSTH taken from the
signals (500–3000 Hz) using detection ampli-
tude thresholds of 4σ of the mean signal during
0.5 to 1.0 s before stimulation onset. (b)
Comparison of the neuronal recording signals
of the multisite recording (shell electrode
floated) and the differential recording (shell
electrode referenced). (b1) SNRs and (b2)
firing rates in the comparison. Averages and
standard deviations of both SNR and firing rate
were taken from two samples.
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5. Conclusion

In this study, we proposed a coaxial cable–inspired microneedle-
electrode device to explore potential improvements in the quality of the
electrophysiological recording using microelectrodes. The fabrication
of the coaxial microneedle-electrode was based on a VLS-grown silicon
microneedle and the subsequent layer-by-layer formation of metal and
insulating layers to realize the core and shell electrodes for individual
needles with< 10-μm diameter. This needle geometry offers no major
traumatic injury in a tissue [8,9], while larger diameter needles induce
obvious tissue damage (disruption of local communication between
glial by> 20-μm-needle and blood–brain barrier breach by ∼ 50-μm
needle). The neuronal recording capability of the fabricated electrode
device was confirmed by conducting multichannel recording via the
core electrode and the shell electrode using a mouse in vivo. We have
confirmed this specific advantage of the coaxial microneedle electrode
by conducting differential recordings. Connecting the shell electrode to
the reference line of the amplifier yielded a differential recording at the
localized region within the tissue, which resulted in an improvement in
terms of SNR and firing rate in the recording. To the best of our
knowledge, no one has demonstrated such differential recordings and
observed similar improvements in the signal quality of neuronal re-
cordings. As demonstrated in this paper, the coaxial microneedle-elec-
trode will contribute to improving electrophysiological recordings in-
cluding ex vivo and in vitro applications, similar to the in vivo recording,
offering the possibility of recording neuronal activities with high-
quality signals.
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