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Microelectrode technology is essential in electrophysiology and has made contributions to neuroscience

as well as to medical applications. However, it is necessary to minimize tissue damage associated with

needle-like electrode on the brain tissue and the implantation surgery, which makes stable chronic

recording impossible. Here, we report on an approach for using a 5 μm-diameter needle electrode, which

enables the following of tissue motions, via a surgical method. The electrode is placed on the brain tissue

of a mouse with a dissolvable material, reducing the physical stress to the tissue; this is followed by the

implantation of the electrode device in the brain without fixing it to the cranium, achieving a floating

electrode architecture on the tissue. The electrode shows stable recording with no significant degradation

of the signal-to-noise ratios for 6 months, and minimized tissue damage is confirmed compared to that

when using a cranium-fixed electrode with the same needle geometry.

Introduction

Electrophysiology with microelectrode technology is an
essential method in neuroscience, making contributions to
the understanding of the nervous system and to medical
applications. Extracellular signals with high spatiotemporal
resolution can be recorded using a needle electrode
penetrating into the tissue, such as a multichannel-electrode
array to record multiple neurons1–4 or a flexible electrode to
minimize the mechanical mismatch between the needle
(electrode) and the soft tissue (brain).5–10 For long-term
neuronal recording, it is necessary to minimize tissue
responses, including neuronal death due to electrode
penetration, and avoid the decrease in recording stability,
including the signal-to-noise ratio (SNR) during device
implantation. However, typical methods that employ these

invasive needle electrodes with a diameter of more than 10
μm cause significant damage to the brain tissue,11–14 making
stable recording impossible.15,16

Recent advances in microelectromechanical system
technology enable us to fabricate extracellular needle
electrodes with a diameter of less than 10 μm (e.g., <3 μm
(ref. 17 and 18) for in vitro recording and 8.6 μm,19 5 μm,20,21

and 300 nm (ref. 22) for in vivo recording), thereby
minimizing tissue response. In addition, in chronic
applications, the physical stress at the interface between the
device substrate [e.g., silicon (Si)] and tissue surface induces
sustained inflammation and tissue response. In particular, a
large geometry of the device substrate increases areas of
craniotomy and tissue damage. The approach reported in this
study involves using an electrode device that has a 5 μm-
diameter needle electrode on a 1 × 1 × 0.5 mm3 substrate; in
addition, a surgical procedure for the chronic device
implantation is proposed. Because of brain tissue pulsation,
conventional implantations, in which the electrode is fixed to
the cranium, cause significant chronic inflammation20

(Fig. 1a). To avoid these difficulties, a floating architecture for
implantable devices, such as Smart dust on the tissue (nerve
or muscle),23,24 can be offered. By utilizing the surgical
technique, the electrode device is implanted in the brain
without being fixed to the cranium, resulting in a floating 5
μm-diameter needle electrode on the tissue to follow the
pulsations (Fig. 1b). For physical stress reduction in the tissue
during the electrode penetration, the device is attached to a
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manipulator with a material that dissolves. We demonstrated
the device implantation in mice and chronic experiments
while evaluating the signal quality and tissue damage.

Experimental
Microneedle electrode device

We used a device that has a 5 μm-diameter 400 μm-length
microneedle electrode at the center of a 1 × 1 mm2 Si
substrate [n-type (111)-Si, resistivity = <0.02 Ω cm, thickness
= 525 μm]20,25 (Fig. 2a). We used a Si growth technology [gold
(Au)-catalyzed vapor–liquid–solid growth of Si (ref. 26)] to
fabricate the Si microneedle, which was then metalized with
platinum (Pt) and titanium (Ti) (total Pt/Ti thickness = 200
nm) followed by device encapsulation with a biocompatible
parylene-C insulator (1 μm in thickness, with the exception
of the tip by a plasma process).20 To achieve the proposed
floating electrode, the fabricated electrode device was
packaged with an output lead (polyurethane-coated flexible
stainless-steel wire; 30 μm in diameter). For device
manipulation, the packaged electrode device in our prior
work was mounted on a pin-type Au connector using a
paraffin wax, which plays a role in device detachment.27

However, this material should be heated for melting (∼70 °C
for device detachment). To avoid heating, we used
polyethylene glycol (PEG) [two types of PEGs with different
melting characteristics were mixed, PEG 1000 : PEG 4000 = 1 :
1 (165-09085 for PEG 1000 and 162-09115 for PEG 4000,
FUJIFILM Wako Pure Chemical Corporation, Japan)], which
dissolves in liquid (e.g., saline) at room temperature.
Fig. 2b and c show the device package with the PEG paste.
These two types of PEGs are spread on a dish and then
heated (70 °C), to mix as the liquid phase. The PEG paste is

then applied to the tip of a pin connector, and the fabricated
electrode device with the stainless wire is assembled. The
PEG solidifies at room temperature and is ready for use in
animal experimentation. Fig. 2d illustrates the electrode
device packaged with the PEG paste, equipped with a
stainless wire for the recording [“Pin connector (to recording
system)” in Fig. 2d]. Fig. 2e shows the SEM images of the
overall and tip section of the fabricated microneedle
electrode. The tip and bottom diameters of the microneedle
were 1 and 10 μm, respectively.

Owing to the small geometry of the recording site of Pt,
the microneedle electrode showed impedance magnitudes
ranging from 290 ± 220 MΩ to 580 ± 38 kΩ at 10 Hz to 10
kHz [5.0 ± 0.8 MΩ (mean ± SD) at 1 kHz] in phosphate-
buffered saline (PBS) at room temperature. To reduce the
electrode impedance, the microneedle tip was modified with
a low impedance Pt black material,28 resulting in the
impedance magnitudes that ranged from 6.3 ± 6.1 MΩ to 60
± 12 kΩ [300 ± 150 kΩ (mean ± SD) at 1 kHz]20,21 (Fig. 2f).

In vivo experiments

For the in vivo experiments, mice (wild-type C57 BL/6 mice,
20–30 g in weight) were anesthetized with isoflurane. After
the head of a mouse was fixed with a stereotaxic apparatus
(SR-50, Narishige, Tokyo, Japan), parts of the cranium were
removed [primary visual cortex (V1), 2.5 mm on the lateral
side and 4.0 mm on the caudal side to the bregma, having a
diameter of 1–3 mm]. The floating electrode device was
attached to a micromanipulator (MO-10, Narishige) to control
needle penetration as well as the device placement. The
recording site was stereotaxically defined, after which the
microneedle penetrated the mouse's brain. After the device

Fig. 1 Comparison of electrode implantation. a) Schematic showing the conventional implantation, in which the electrode is fixed to the cranium
of the brain. b) Schematic showing the proposed implantation, in which the electrode packaged with a flexible lead is implanted in the brain
without fixing to the cranium, achieving a “floating electrode” architecture on the tissue.
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placement, the device was covered with a gelatin sponge,
followed by covering with dental cement. All experimental
procedures were approved by the Committee for the Use
of Animals at Toyohashi University of Technology, and all
animal care followed the Standards Related to the Care
and Management of Experimental Animals (Notification
No. 6, March 27, 1980 of the Prime Minister's Office of
Japan).

In visual response recording, the mouse was sedated by
intraperitoneal injection of chlorprothixene (100 μl of 0.5%
solution per 10 g body weight). For the visual stimulation of
the mouse, the mouse was illuminated with a white light-

emitting diode (LED) in a dark room. The LED was set to
illuminate for 0.5 s at a 3 s interval. The LED was driven by a
processing system (RZ2, Tucker-Davis Technologies, Alachua,
USA). The timing pulse signals of these stimulations were
synchronized to acquire neuronal signals.

In the signal acquisition and processing procedure, the
signals recorded from the microneedle electrode were
differentially amplified (ZC64, Tucker-Davis Technologies, 1 ×
1014 Ω input impedance) with filters (0.35 Hz for low cutoff
and 7.5 kHz for high cutoff). Following signal amplification,
the signals were routed to a preamplifier/digitizer (PZ2,
Tucker-Davis Technologies) and a digital signal processing

Fig. 2 An electrode device. a) Schematic of the electrode device (1 × 1 mm2 surface area, 500 μm thickness), containing a needle electrode with a
diameter of 5 μm and a length of 400 μm in the center. b) PEG is prepared for the device package. c) Assembly of the electrode device on a pin
connector via the PEG paste. d) Schematic and photograph of the packaged electrode device with an output lead (stainless-steel wire). e) SEM
images of the overall needle and the needle tip portion. f) Impedance characteristics of Pt black plated microelectrodes measured at room
temperature in PBS.
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module (RZ2, Tucker-Davis Technologies, Alachua, USA). All
digital data were then stored on a hard disk in a Windows
PC with a sampling frequency of 25 kHz.

Immunohistochemistry

Six mice (wild-type C57 BL/6, 20–30 g in weight before
implantation) were used for the implantation of the floating
and pin-type electrodes, respectively. Each electrode was
implanted at the V1 of each mouse's right hemisphere. 2
weeks after the electrode implantation, these mice were
anesthetized by intraperitoneal injection of urethane (200 μl
of 10% solution per 10 g body weight) and then perfusion
fixed with 4% paraformaldehyde. Four slice samples (coronal
section) from each mouse were prepared. The sections were
labeled with GFAP (astrocytes), Iba-1 (microglia), and DAPI
(nuclei). Photographs were taken with an Olympus DP74

camera powered by CellSens Dimension software (version
2.2). The intensities of each cell types were based on the
outline of each cell generated by edge detection (Find Edges
of software ImageJ).

Results

Fig. 3 shows the proposed surgical procedure for the
electrode placement on the mouse's brain tissue and the
device detachment by using a dissolvable PEG material. The
needle electrode penetrated the brain tissue by manipulating
the pin connector with a manipulator (Fig. 3a1). By dropping
solution (PBS) on the PEG, the solid-phase PEG dissolves
(Fig. 3a2). After the PEG is completely dissolved, the
electrode's substrate can be detached from the pin connector,
and the electrode device remains on the surface of the brain
tissue (Fig. 3a3). The time required for the experimental

Fig. 3 Placement of the floating electrode on the brain tissue of a mouse. a) Schematic and photograph of each step in the surgical procedure for
the electrode penetration: a1) the needle electrode penetrates the brain tissue of the mouse by manipulating the pin connector; a2) dropping PBS
to the PEG for detaching the electrode's substrate from the pin connector; and a3) pulling the pin connector upward leaving the electrode device
on the tissue. b) Schematic showing the area of the device placement in the cortex (visual cortex, V1). c) Photographs of the electrode device after
the surgical method.
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procedure was within 6 min (Movie S1†). Fig. 3b and c show
an electrode device, which was placed on the V1 on the right
hemisphere (2.5 mm on the lateral side and 4.0 mm on the
caudal side to the bregma, having a diameter of 1–3 mm).
After the device placement, the device was covered with a
gelatin sponge and dental cement for chronic recording (see
“In vivo experiments”) (Fig. 4a and b).

We assessed the chronic recording from mice implanted
with pin-type and floating electrodes (wild-type C57 BL/6, 20–
30 g prior to implantation). Fig. 4c1 and c2 show low-
frequency (filtering = 10–80 Hz) and high-frequency (filtering
= 500–1000 Hz) band waveforms, respectively, recorded one
day after the pin-type electrode was implanted.
Fig. 4c3 and c4 show the raster plot diagram and the

Fig. 4 Chronic in vivo neuronal recording for 7 days. a) Schematic of the recording with visual stimulation provided by a light-emitting diode
(LED). b) Photographs of a mouse implanted with a floating electrode. To record the visual responses, each device is implanted into the mouse's
visual cortex (V1). c1–4) Waveforms recorded from the pin-type electrode 1 day after implantation; c1) an average waveform of low-frequency
band signals (filtering = 10–80 Hz, n = 100 trials), c2) a single high-frequency band signal from a single trial (filtering = 500–1000 Hz), and c3, 4)
raster plot diagram and PSTH extracted from the high-frequency band signals, respectively (n = 100 trials). The detection threshold was set to 3 ×
the SD (σ) of the mean signal −0.5 to −1.0 s before the stimulus onset. d1–4) Waveforms recorded from the floating electrode 1 day after
implantation. e) SNR of the spikes detected on each electrode implanted mouse for 7 days (mean ± SD, n = 100 trials for each electrode during
the recording period). f) Numbers of electrodes detecting spikes from each mouse 7 days after implantation.
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peristimulus time histogram (PSTH), respectively, obtained
from the high-frequency band signals, with an amplitude
threshold of three standard deviations (SDs, σ) of the mean
signal −0.5 to −1.0 s before the stimulus onset. Similar to the
results obtained with the pin-type electrode, Fig. 4d1 and d2
depict the waveforms from the low and high-frequency
bands, respectively, recorded one day after the floating
electrode was implanted. Additionally, Fig. 4d3 and d4 show
raster plot diagram and the PSTH detected from the high-
frequency band signals using an amplitude threshold (3σ of
the mean signal, −0.5 to −1.0 s before the stimulus onset).
The signals responding to the visual stimuli appeared at
approximately 50 ms, for both pin-type and floating
electrodes, which was consistent with the latency of mouse's
visual response.29 These results suggest that the recorded
signals were the local field potentials (Fig. 4c1 and d1) and
the spikes (Fig. 4c2–c4 and d2–d4), which were evoked by the
visual stimuli.

Additionally, we evaluated the chronic recording by
comparing the signal-to-noise ratio (SNR) of the spikes for a
period of 7 days (n = 5 mice for the pin-type electrode and n
= 4 mice for the floating electrode, Fig. 4e). The SNR was
defined as the peak-to-peak amplitude of the mean waveform
0.005 to 0.1 s after the stimulus onset divided by the 3σ of
the noise level. These SNRs are greater than 1.9 (mean)
across all electrode types. The duration of the continuous
recording, on the other hand, depended not only on the
mouse, but also on the type of the implanted electrode. The
pin-type electrode demonstrated a decrease in the number of
electrodes detecting spike signals (3σ of the mean signal −0.5
to −1.0 s before the stimulus onset) from 5 to 1 on day 7. On
the other hand, the floating electrode demonstrated a
decrease in the number of electrodes from 4 to 3, indicating
that it is more stable than the pin-type electrode (Fig. 4f).

We examined the chronic recording from the floating
electrode implanted mouse for a longer period of 6 months

Fig. 5 Chronic in vivo neuronal recording with the floating electrode for 6 months. a1–4) Waveforms recorded from the freely moving mouse 2
weeks after the implantation. Top panel represents the timing of the optical stimulation: a1) average waveform of low-frequency band signals
(filtering = 10–80 Hz, n = 100 trials), a2) a high-frequency band signal from a single trial (filtering = 500–1000 Hz), and a3, 4) raster plot diagram
and PSTH taken from the high-frequency signals (n = 100 trials). The detection threshold was 3 × the SD (σ) of the mean signal −0.5 to −1.0 s before
the stimulus onset. b1–4) Waveforms recorded from the free-moving mouse 6 months after the implantation. c) SNR of the spikes detected on the
electrode implanted mouse for 180 days (6 months) (mean ± SD, n = 100 trials for each recording period).

Lab on a ChipPaper



Lab Chip, 2022, 22, 747–756 | 753This journal is © The Royal Society of Chemistry 2022

(n = 1 mouse, wild-type C57 BL/6, female, 27.8 g in weight
before implantation). Fig. 5a1, 2 and b1, 2 show the low-
frequency band (filtering = 10–80 Hz) and high-frequency
band (filtering = 500–1000 Hz) waveforms for periods of 2

weeks and 6 months, respectively, recorded from the same
electrode implanted mouse. Large spikes appeared at 0 and
0.5 s are stimulation-induced artifacts which represent the
timing of LED illumination. Fig. 5a3, 4 and b3, 4 also show

Fig. 6 Histological comparison of the tissue response to chronically implanted conventional pin-type and floating electrodes. a) Photograph of
the brain tissues two weeks after the pin-type electrode and floating electrode were implanted. b) Quantitative comparison of the damaged areas
using the pin-type and floating electrodes. c) Tissue responses in the visual cortex following 2 week implantation of the pin-type electrode (left
panels) and the floating electrode (right panels). The tissues are labelled for reactive astrocytes (GFAP), microglia (Iba-1), and nuclei (DAPI). d–f)
Quantitative comparisons of each cell type between the pin-type and floating electrodes using fluorescence intensity in an area of 0.1 mm2, taken
from 24 slice samples of six mice (mean ± SD) (*p < 0.01, t-test).
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the raster plot diagrams and the PSTHs of the high-frequency
band signals detected at these recording periods (3σ of the
mean signal −0.5 to −1.0 s before the stimulus onset). We
also analysed the SNR during the recording period (6
months, Fig. 5c), showing a mean SNR of >2.4 from 2 weeks
to 6 months without significant degradation.

Additionally, we examined the tissue damage associated
with the implanted floating device; we also examined the
tissue damage associated with the pin-type electrode
(cranium-fixed electrode) using different mice (n = 3 mice for
the floating electrode and n = 3 mice for the pin-type
electrode).

Fig. 6a shows the brain tissues (coronal section) two weeks
after the pin-type electrode and floating device were
implanted. Each slice sample shows a dimple-like damaged
area at the location of each electrode. Fig. 6b shows a
quantitative comparison of these damaged areas, which were
calculated by smoothening each tissue surface (the “damaged
area” is marked in Fig. 6a with a red dashed line). The
floating electrode significantly reduced the damage area
compared to the pin-type electrode (24-slice samples from six
mice, t-test, *p < 0.01).

Fig. 6c shows the histological outcome (coronal brain
section) from the V1 of mice 2 weeks after device
implantation, including the distribution of labeled reactive
astrocytes (GFAP), microglia (Iba-1), and cell nuclei (DAPI)
(24-slice samples from six mice, t-test, *p < 0.01). In
comparison to the pin-type electrode, the floating device
exhibits fewer reactive astrocytes (Fig. 6d). The microglia
(Iba-1) and cell nuclei (DAPI) associated with the floating
electrode were compared to those associated with the pin-
type electrode (Fig. 6e and f), and no statistically significant
difference was observed. These histological findings indicate
that the floating device is capable of recording for extended
periods of time while minimizing tissue responses, compared
to the pin-type electrode.

Discussion

We proposed the penetration of a microelectrode into the
brain tissue and the device detachment with a dissolvable
PEG material. The advantage of the proposed surgical
procedure is the reduction of physical stress to the tissue
during the placement of the device as well as its
detachment from the manipulator.10 Other material such as
paraffin wax was also used in our prior work;27 however,
this material needed to be heated for melting (∼70 °C),
while the used PEG dissolves with PBS at room temperature.
The time required for the device placement was ∼10 min, a
period that can be adjusted by changing the molecular
weight of the PEG used. As an advanced way to use the
dissolvable material, we can use a PEG-containing bioactive
agent, which would reduce the immune responses of the
tissue.30

For a period of 7 days following implantation, neuronal
recording was demonstrated using the pin-type and the

proposed floating electrodes implanted in mice. Throughout
the recording period, the number of pin-type electrodes
detecting spike signals decreased from 5 to 1, while the
number of floating electrodes decreased from 4 to 3 (Fig. 4f).
The SNR varied between recordings (date and mouse),
indicating that there was no significant difference between
these two types of electrodes, whereas the recording duration
(days) was dependent on the mice. Additionally, we
confirmed that some mice did not exhibit spike recording in
the early days (1–3 days post implantation); however, these
mice displayed spike recording in later days (e.g., 3–7 days
post implantation). The temporal loss of spike signals was
almost certainly caused by the initial impact of the needle
penetration, which compresses and slashes tissue, as well as
early responses (e.g., activated microglia13). This indicates
that the initial impact is independent of the electrode type
(pin-type and floating). Additionally, the result of recovered
spike recording with the floating electrode in the later days
(e.g., 3–7 days post implantation) indicates that the floating
electrode contributes to the reduction of inflammation
caused by micromotion31,32 between the electrode and the
brain tissue.

We also analyzed the SNR for the floating electrode
implanted mouse for 6 months. As known, the implanted
device fixed to the cranium induces the motion of the needle
on the tissue, resulting in continuous repeated injury to the
brain tissue.11,33,34 This continuous injury forms glial scars,
which act as an electrical insulating layer around the
recording site of the needle electrode. However, the SNRs
measured from 2 weeks to 6 months showed no significant
degradation. These results suggest that the floating electrode
enables the following of the tissue motion and reduces
continuous injury.

We examined the tissue damage associated with the
proposed floating electrode and the pin-type electrode. The
result indicated that the floating device shows a dimple-like
damaged area four times smaller than the damaged area of
the pin-type electrode. This result suggested that the device
substrate of the pin-type electrode, which is fixed to the
cranium, induced pressure to the brain surface during the
device implantation. It is known that pressure to the brain
tissue causes cerebral ischemia, which results in a blood–
brain barrier breach as well as biological inflammation.35,36

Alternatively, the floating electrode showed a smaller
damaged area in the tissue (Fig. 6a and b), which could
minimize the issues associated with the electrode
implantation.

For the further quantitative comparison of reactive
astrocytes (GFAP, Fig. 6d), we confirmed fewer astrocytes with
the floating electrode. This result shows the effect of the
floating electrode, which was not fixed to the cranium to
enable following the tissue. However, comparisons of other
cell types, namely, microglia (Iba-1, Fig. 6e) and nuclei (DAPI,
Fig. 6f), showed no significant differences between the
floating and pin-type electrodes. These phenomena were due
to the observation period of 2 weeks, in which microglia

Lab on a ChipPaper



Lab Chip, 2022, 22, 747–756 | 755This journal is © The Royal Society of Chemistry 2022

formed in response to the injury (over hours and days34) and
astrocytes became activated afterwards (for 2 weeks and
beyond13). Although the floating electrode showed less tissue
damage than the pin-type electrode, further minimized tissue
damage will be required for future implantation.

For the recording of neuronal activities from the mouse's
cortex, we used a single-channel electrode with a 5 μm-
diameter microneedle and a device size of 1 × 1 mm2 to
record the neuronal activity from the mouse cortex. While
the floating technique minimized the tissue damage (Fig. 6),
the device's dimensions are insufficient for the application of
multisite recording with these devices. By arranging these
electrode devices, however, a craniotomy area larger than that
of a single-channel electrode (>1–3 mm diameter, Fig. 3c)
will be required. This indicates that the size of these
arranged devices is not small enough for particular brain
areas in the mouse (e.g., 2 × 3 mm2 in primary visual cortex
[V1]). Therefore, we are currently working on fabricating even
smaller devices (<1 × 1 mm2) using the same fabrication
process used in this work.20 The results of device
miniaturization and multisite recording will be reported in a
future publication.

In addition, the floating electrode device presented here
includes an additional cable that connects the mouse
(electrode device) to the first-stage amplifier of the recording
system. Using this cable may result in inhibition of the
mouse's behavior as well as a decrease in the recording
signal quality due to external noise coupled with the cable.
These concerns can be resolved with a wireless electrode
recording system.37–41

Conclusions

In summary, we proposed a method for chronic neuronal
recording in mice in which a 5 μm-diameter microneedle
electrode penetrates the brain tissue via dissolvable material-
based detachment and remains on it without being fixed to
the cranium, resulting in a floating electrode architecture.
Although the electrode device requires further advancements
such as miniaturization and wireless recording system, the
proposed recording technology showed clear advantages in
terms of the high SNR during implantation and less tissue
damage. These findings show that the proposed method will
enable stable and safe chronic recording not only in the mice
demonstrated in this study but also in other animals,
including rats and monkeys.
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