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Abstract

The subthalamic nucleus (STN) is considered the best target for deep brain stimulation treatments of Parkinson’s disease
(PD). It is difficult to localize the STN due to its small size and deep location. Multichannel microelectrode arrays (MEAs) can
rapidly and precisely locate the STN, which is important for precise stimulation. In this paper, 16-channel MEAs modified with
multiwalled carbon nanotube/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (MWCNT/PEDOT:PSS) nanocom-
posites were designed and fabricated, and the accurate and rapid identification of the STN in PD rats was performed using
detection sites distributed at different brain depths. These results showed that nuclei in 6-hydroxydopamine hydrobromide
(6-OHDA )-lesioned brains discharged more intensely than those in unlesioned brains. In addition, the MEA simultaneously
acquired neural signals from both the STN and the upper or lower boundary nuclei of the STN. Moreover, higher values
of spike firing rate, spike amplitude, local field potential (LFP) power, and beta oscillations were detected in the STN of
the 6-OHDA-lesioned brain, and may therefore be biomarkers of STN localization. Compared with the STNs of unlesioned
brains, the power spectral density of spikes and LFPs synchronously decreased in the delta band and increased in the beta
band of 6-OHDA-lesioned brains. This may be a cause of sleep and motor disorders associated with PD. Overall, this work
describes a new cellular-level localization and detection method and provides a tool for future studies of deep brain nuclei.
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Introduction

Parkinson’s disease (PD) is a serious disorder that occurs
mainly in elderly individuals and affects tens of millions of
people worldwide [ 1, 2]. In the past, levodopa was considered
the best treatment for PD, but this treatment causes serious
complications for patients [3, 4]. Compared to medication,
deep brain stimulation (DBS) has demonstrated significant
advantages for reducing these complications [5]. The subtha-
lamic nucleus (STN) has been considered the best target for
DBS since its stimulation confers greater therapeutic effects
and is associated with fewer complications [6]. However,
precise targeting of the STN is crucial for effective treatment
[7, 8].

Current medical imaging technologies cannot accurately
identify the STN due to its small size and deep location.
For example, the clinical accuracy of existing intraoperative
stereotactic systems is 0.1-0.5 mm, which is close to the size
of the STN itself (which has a short diameter of 4-6 mm
and a long diameter of 10—12 mm) [9]. Therefore, detection
electrodes are often used to assist in the precise localiza-
tion of the STN so that stimulation electrodes can access the
optimal target site [10, 11]. Previously described techniques
for detection of the STN have mainly used tungsten-tipped
microelectrodes [12] or semimicroelectrodes [13, 14]. The
spatial resolution of the neural information obtained by
semimicroelectrodes is low and cannot specifically identify
individual neurons [15]. Moreover, tungsten-tipped micro-
electrodes cannot simultaneously identify electrophysiolog-
ical characteristics at different depths due to their low number
of channels; this reduces the efficiency and accuracy of local-
ization. Thus, there is an urgent need to design and fabricate
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multichannel microelectrode arrays (MEAs) that can rapidly
and precisely recognize the STN via cellular-level detection
without requiring the implantation of multiple neural micro-
probes.

Specific firing patterns and beta (13—-30 Hz) oscillatory
activities are characteristic features of the STN found in
Parkinsonian patients [16, 17]. However, to date studies of
PD treatments have obtained less neural information regard-
ing the STN on the cellular level. The size of the detection
sites of implantable MEAs matches the size of individual neu-
rons, and they can therefore acquire neural information on the
single-cell level [18-20]. In addition, implantable MEASs can
make use of multiple small detection sites to improve spa-
tial resolution. Given these advantages, the development of
MEAs has significantly boosted research on the mechanistic
basis of PD treatments [21, 22]. Obtaining additional neural
information regarding the STN may contribute to more pre-
cise localization and provides a basis for effective treatment
of PD.

Conductive polymers are commonly used to modify
neural microelectrodes to enhance their electrical perfor-
mance [23]. Poly(3,4-ethylenedioxythiophene) (PEDOT) is
a widely used conductive polymer, since it possesses excel-
lent biocompatibility and environmental stability [24, 25].
In a recent paper, Ludwig et al. showed that silicon micro-
electrodes modified with PEDOT films can still obtain high-
quality neural recordings within six weeks [26]. However,
since pure PEDOT has poor processability, it is generally
blended with poly(styrene sulfonate) (PSS) and other macro-
molecular dopants to form PEDOT:PSS composites, which
improve its performance. This is because PEDOT:PSS com-
posites retain the conductivity of PEDOT but have better
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solubility and film-forming properties [27, 28]. Furthermore,
PEDOT:PSS has good biocompatibility, which can reduce
the incidence of negative brain tissue reactions and promote
the growth of neurons [29]. Carbon nanotubes (CNTSs) can
reduce electrode impedance and enhance charge transfer,
thereby improving neural signal detection [30, 31]. They
have therefore been considered one of the most promising
materials for neural microelectrodes in recent years [32].
A combination of PEDOT and multiwalled carbon nan-
otubes (MWCNTSs) can promote cell adhesion and neurite
outgrowth. For example, compared to bare platinum elec-
trodes, electrodes modified with PEDOT/MWCNTSs have
been found to induce less severe tissue reactions [30].
Therefore, in this paper, we used a MWCNTSs/PEDOT:PSS
treatment framework to improve MEA performance.

In this study, the described MEAs were designed and
fabricated using a microelectromechanical system (MEMS).
The detection sites of the MEA were distributed at differ-
ent depths such that the novel MEA could simultaneously
acquire neural signals from the STN and its upper (or lower)
boundary nuclei. Furthermore, MEA detection sites were
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Fig.1 Schematic diagram of MEA implantation. a Two MEAs were
simultaneously implanted into the bilateral brain to localize and detect
the STN. b Three layers of the MEA: the lead layer, the substrate layer,
and the insulating layer. ¢ Brain mapping of MEA pathway nuclei dur-
ing implantation. d MEA sites were designed to fit the shape of the STN.
MEA: microelectrode array; STN: subthalamic nucleus; MPtA: medial

designed to fit the shape of the STN, and these sites were
closely aligned, which allowed for a greater quantity of neu-
ral information at the cellular level to be captured, thereby
facilitating accurate and rapid localization of the STN. Neural
information of nuclei in unlesioned brains was also obtained
as a negative control. In summary, we found that the MEA
system described here was highly efficient for the localiza-
tion and detection of deep brain nuclei.

Materials and methods
Design of a deep brain implantable MEA
First, a two-shank (16-channel) MEA was designed and

fabricated for functional localization and detection of the
STN (Fig. 1a). As shown in Fig. 1b, the electrode tips were
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parietal association cortex; dcw: deep cerebral white matter; LPMR:
lateral posterior thalamic nucleus, mediorostral part; Po: the post thala-
mic nuclear group; VPM: the ventral posteromedial thalamic nucleus;
ml: medial lemniscus; ZID: the dorsal part of the zona incerta; ZIV: the
ventral part of the zona incerta; cp: cerebral peduncle
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Fig.2 Schematic diagram of the MEA. a SiO, was deposited on the SOI
surface via thermal oxidation. b Deposition of Cr/Pt and spin coating of
AZ5214. ¢ Lift-off of Cr/Pt to form the conductive layer. d Deposition
of the insulating layer SiO/Si3Ny and patterning by AZ1500. e Etch-
ing the insulating layer using CHF3 ion etching to expose the electrode.
f Spin coating and patterning by AZ4620. g Etching the shape layer via

designed to be sharp-angled, which can facilitate implanta-
tion and reduce damage to the brain tissue. The detection
sites of the MEA were distributed at different depths so that
the MEA could simultaneously detect nuclei present at any
depth. Each probe was 150 pmx25 pm (width x thickness)
in cross-section and was separated by 90 pwm. Each probe
was 9.5 mm in length, and could obtain electrophysiological
signals from the medial parietal association cortex (MPtA)
to the STN as well as across the STN, as shown in Fig. lc.
As shown in Fig. 1d, each probe contained 16 recording sites
(diameter=10 m), a counter site (20 wumx300 wm), and a
reference site (20 wmx300 wm). The small diameter of the
detection sites enables neural signal detection on the single-
cell level. Furthermore, the dimensional parameters of the
MEA were selected to match the anatomy of the STN, which
has a maximum width of 400 wm in the coronal plane, a
depth ranging from 7.4 to 8.6 mm, and an incline of 45°. In
this study, which used a rat model system, the detection sites
of the MEA were designed to fit the specific STN shape of
rats (Fig. 1d). Moreover, sites were closely aligned to allow
for more neural information on the cellular level to enable
accurate and precise localization of the STN. Figure S1 (Sup-
plementary Information) shows how MEAs were implanted

@ Springer

AZ4620

Black adhesive

deep etching. h Etching SiO on the backside of the SOI and protect-
ing the front electrode using black adhesive. i Release of the electrode
by KOH wet etching. j Micrograph of the MEA. k, 1 SEM images
of MEA sites. MEA: microelectrode array; SOI: silicon-on-insulator;
SEM: scanning electron microscopy

according to their expected path and localized to the STN.
Brain slice analysis showed that the electrode was restricted
within the target nucleus during longitudinal implantation,
and did not damage surrounding nuclei.

Fabrication of a deep brain implantable MEA

As a material, silicon possesses good biocompatibility and
toughness, and it is therefore suitable for the localization and
detection of deep brain nuclei. In this paper, we chose silicon
to be the substrate of the MEA, which was then fabricated by
MEMS. As shown in Fig. 1b, the fabricated MEA contains
three layers: a substrate layer (25 pm thick), a lead layer
(280 nm thick), and an insulating layer (800 nm thick). The
layered MEA was patterned onto a silicon-on-insulator (SOI)
device. The detailed manufacturing process is as follows.
Initially, SiO, was deposited on the SOI surface by thermal
oxidation (Fig. 2a). Next, the conducting layer was formed
by photolithography, the deposition of Cr/Pt (Fig. 2b), and
a subsequent lift-off (Fig. 2c). Thereafter, SiO2/Si3N4 was
deposited to establish the insulator area and patterned using a
second photolithography process (Fig. 2d). Next, all bonding
pads, recording sites, the counter site, and the reference site
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were exposed by CHFj3 ion etching (Fig. 2e). The shape of
the MEA was then selectively deep etched using the third
mask plate (Figs. 2f and 2g). Finally, after etching SiO, onto
the back side of the electrode (Fig. 2h), individual electrodes
were released by corrosion of the back side of the SOI using
a high-temperature KOH solution (Fig. 2i). KOH does not
easily react with SiO;, and wet corrosion can automatically
stop after completion due to the SiO; present on the bottom
layer of the SOI.

Following that, MEAs were modified with MWC-
NTs/PEDOT:PSS to enhance their electrical properties. This
modification process is shown in Fig. S2 (Supplemen-
tary Information). The mixing ratio of the nanomaterials
used in this paper refers to a ratio previously proposed in
the scientific literature [29, 33]. First, a 0.2 mol/L PSS
(HEROCHEM, China) solution was added to a 4 mg/mL
MWCNT preparation (XFNANO, China), and was subjected
to an ultrasound treatment for 60 min. Next, 40 mmol/L
3,4-ethylenedioxythiophene (EDOT, Aladdin, China) was
added to this dispersion, and the ultrasound was maintained
until a homogeneous suspension was obtained. The EDOT
monomer was then fully dissolved in PSS, since PSS can pro-
mote the dissolution of EDOT. Moreover, the MWCNTSs were
closely connected with EDOT:PSS due to w—m bond inter-
actions. For optimal deposition, MEAs were cleaned using
an oxygen-reactive ion etching procedure prior to modifica-
tion. A three-electrode system was used for the process of
MEA modification of the MWCNT/PEDOT:PSS nanocom-
posite material, in which Pt was used as the counter electrode
and Ag/AgCl as the reference electrode. Cyclic voltamme-
try was used during the modification process, with scanning
at 100 mV/s at 0-0.95 V for at least 20 cycles. During the
electrodeposition process, EDOT underwent an oxidation
reaction to form PEDOT. PEDOT then embedded MWC-
NTs into its long chain structure via a chemical coupling
reaction and firmly immobilized them on the microelectrode
surface. Finally, MWCNTs/PEDOT:PSS were firmly fixed
on the metal surface of the electrode.

Preparation of a Parkinsonian rat model

Here, we first obtained 250-300 g male Wistar rats (Vital
River, Beijing, China) to establish a Parkinsonian model sys-
tem. All experimental rats were housed in a single cage, and
the temperature ((22+£2) °C) and humidity (40%=5%) of the
living environment were in accordance with normal experi-
mental animal feeding standards.

During experimentation, rats were fixed on a stereotaxic
device (51,600, Stoelting, USA) using continuous anesthe-
sia. A small craniotomy was made over the substantia nigra
compacta (SNc; anterior—posterior: —4.9 mm; medial-lat-
eral: 2.0 mm; dorsal-ventral: —8.2 mm) and medial forebrain
bundle (MFB; anterior—posterior: —3.6 mm; medial-lateral:

1.8 mm; dorsal-ventral: —8.4 mm) of the right hemisphere
of the rat brains. Next, 4 pwL 6-hydroxydopamine hydro-
bromide (6-OHDA, ACMEC, China) (i.e., 8 pg 6-OHDA
added to 4 pL 0.2% ascorbate (ACMEC, China) solution)
was injected into the SNc and MFB areas separately (Fig. S3a
in Supplementary Information). After surgery, the rats were
subcutaneously injected with R-(-)-apomorphine (Aladdin,
China) (0.1 mg/kg) to verify whether the Parkinsonian model
transformation was effective; this occurred after at least 72 h
of recovery (Fig. S3b in Supplementary Information). If the
rat rotated toward its healthy side with an average speed
greater than 7 r/min, the rat was considered a successful PD
model (Video S1 in Supplementary Information).

Protocol for positioning and recording the brains
of PD rats

PD rats (n=3) were fixed in a stereotaxic apparatus under
anesthesia by RWD520 isoflurane (with the anesthetic con-
centration maintained at 1.5%). As shown in Fig. la, two
craniotomies were performed to expose sites for the implan-
tation of the two MEAs (anterior—posterior: —3.6 mm;
medial-lateral: 2.5 mm).

In this paper, MEAs were implanted into the surface cortex
using a micropositioner at an implant speed of 1 pm/s (Model
2662, David Kopf Instruments, USA). During implantation,
the MEA was stopped and recorded for 10 min at any position
until it crossed the target nucleus, i.e., the STN. As shown in
Fig. lc, the nucleus of the pathway implanted by the MEA
includes the MPtA, the deep cerebral white matter (dcw),
the hippocampus, the lateral posterior thalamic nucleus,
mediorostral part (LPMR), the post thalamic nuclear group
(Po), the ventral posteromedial thalamic nucleus (VPM), the
medial lemniscus (ml), the dorsal part of the zona incerta
(ZID), the ventral part of the zona incerta (ZIV), the STN,
and the cerebral peduncle (cp). Specifically, the biosensor
detected the boundaries of the STN as well as the nuclei
above and below the STN. Electrophysiological signals pro-
duced between the depth of 600 pm and 8600 wm were
recorded using a homemade electrophysiological recording
system [34]. All signal detection was performed at 37 °C so
as to keep rat subjects at a comfortable temperature.

Electrophysiological analysis

Spike features were extracted using the T-distribution E-M
algorithm and by a valley-seeking algorithm form of prin-
cipal component analysis. Spike and local field potential
(LFP) data were then analyzed by Neuroexplorer before
being statistically processed and graphed using Origin 2018
(Origin Lab, USA). All summary data reported in this paper
were computed as meanzstandard error (SE). One-way
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Fig.3 Electrical characterization of the bare MEA, PEDOT:PSS-
modified MEA, and MWCNTs/PEDOT:PSS-modified MEA.
a Impedance characteristics of microelectrodes at different fre-
quencies. b Phase characteristics of microelectrodes at different
frequencies. ¢ The average impedance value of microelectrodes at

repeated-measure analysis of variance (ANOVA) was used.
Significance is indicated by “p<0.05, “*p<0.01, **p<0.001,
and " p<0.0001.

Results

Characterization of the morphological and electrical
properties of the MEA

Figure 2j shows that the surface of the MEA modified with
MWCNTSs/PEDOT:PSS remained dark. Moreover, scanning
electron microscopy (SEM) images show that the MWC-
NTs/PEDOT:PSS modification provided the MEA with a
rougher and more porous surface (Figs. 2k and 21). Porous
materials can increase electrode surface area, thereby pro-
moting cell adhesion and neurite outgrowth.

As shown in Figs. 3a and 3b, the electrical characteris-
tics of bare microelectrodes and microelectrodes modified
using different materials were compared using electrochem-
ical impedance spectroscopy at a scan range of 10—1x 10°
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are presented as meanzstandard error (n=10). MEA: microelectrode
array; PEDOT: poly(3,4-ethylenedioxythiophene); PSS: poly(styrene
sulfonate); MWCNTSs: multiwalled carbon nanotubes

Hz. Figure 3c shows that the mean impedance of electrodes
at a frequency of 1 kHz changed from (1911.1+310.7) k2
(bare) to (87.641+9.7) k2 (PEDOT:PSS) and (23.0242.5)
kQ (MWCNTSs/PEDOT:PSS). Figure 3d shows that the mean
phase of the electrodes at 1 kHz frequency increased from
—62.26°%1.6° (bare) to —26.36°+1.64° (PEDOT:PSS) and
—19.82°4+0.92° (MWCNTSs/PEDOT:PSS). Taken together,
these results illustrate that the modification of MWC-
NTs/PEDOT:PSS enhanced the detection and recording
properties of the MEA.

To demonstrate the stability and efficacy of MWC-
NTs/PEDOT:PSS for acute experiments, we mimicked elec-
trode implantation into the brain to test whether the electrode
material would fall off. We used agarose gel to mimic the con-
sistency of the brain material and implanted an electrode into
the gel at a speed of 1 pm/s. The electrode was kept there for
1 h and then removed. By comparing the electrode before and
after implantation, we found that the modified material was
securely attached to the electrode (Fig. S4 in Supplementary
Information). We therefore concluded that this material has
excellent stability during acute experiments.
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Fig.4 LFP signal and spike activity mapping at different depths of the
bilateral brain of PD rats (n=3). a LFP variation in the unlesioned side
of the rat brain from the MPtA to the cp at eleven typical locations
(left) and LFP variation in the 6-OHDA lesioned side of the rat brain
at the corresponding depth (right). b Neural spike firing variation from
the MPtA to the cp at eleven typical locations in the unlesioned side
(left) and the 6-OHDA lesioned side (right) of rat brains. ¢ Mean spike
pattern of the 6-OHDA lesioned and unlesioned sides of rat brains from

Mapping of cellular level neural signals
in the bilateral brain

We then compared the PD STN and normal STN using elec-
trophysiological signals recorded by the fabricated MEA
from MPtA (600 pm) to the cp (8600 wm) areas of the
bilateral brains of PD rats. As shown in Figs. 4a and 4b,
variations in neural LFPs and spikes from the MPtA to the
cp were found between 6-OHDA-lesioned and unlesioned
brains. Mean spike waveforms are shown in Fig. 4c. Com-
pared with nuclei from unlesioned brains, LFPs fluctuated
more dramatically, and the spike firing mode was denser and
more intense in the 6-OHDA-lesioned brain. These results
demonstrated that the MEA could detect neural information
in real time and identify nuclei by differences in firing mode.
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the MPtA to the cp at eleven typical locations. LFP: local field potential;
PD: Parkinson’s disease; MPtA: medial parietal association cortex; dcw:
deep cerebral white matter; HIP: hippocampus; LPMR: lateral poste-
rior thalamic nucleus, mediorostral part; Po: the post thalamic nuclear
group; VPM: the ventral posteromedial thalamic nucleus; ml: medial
lemniscus; ZID: the dorsal part of the zona incerta; ZIV: the ventral part
of the zona incerta; STN: subthalamic nucleus; cp: cerebral peduncle;
6-OHDA: 6-hydroxydopamine hydrobromide

The LFP power, spike firing rate, and spike ampli-
tude of each nucleus in the bilateral brain implantation
pathway (i.e., from MPtA to cp) were then compared sta-
tistically. Compared to the unlesioned brain, the nucleus of
6-OHDA-lesioned brains showed a higher LFP power value
at 0-100 Hz (Fig. 5a). Moreover, the spike firing rate of the 6-
OHDA-lesioned brain was higher than that of the unlesioned
brain (Fig. 5b). Figure Sc shows a comparison of spike ampli-
tude between the 6-OHDA-lesioned and unlesioned brains.
These results illustrated that the neural activity of the 6-
OHDA-lesioned brain exhibited higher amplitude than the
unlesioned brain. Dopaminergic depletion in the 6-OHDA-
lesioned brain can cause alterations in neuronal firing patterns
in related nuclei, and may account for the hyperexcitability of
neuronal firing in the 6-OHDA-lesioned brain compared to
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the unlesioned control [35]. Overall, these results showed that
during the implantation process, the neural signals detected
in the unlesioned brain by MEAs were relatively infrequent,
and the neural signals detected in the 6-OHDA-lesioned brain
by MEAs were much more intense.

Precise localization of the STN using neural spikes
and LFPs

Figures 6a and 6b show a diagram of the MEA enter-
ing the upper boundary of the STN and exiting its lower
boundary. Also shown are typical neural signals from the 6-
OHDA-lesioned rat brain. Notably, the MEA simultaneously
acquired neural signals from the STN and its upper boundary
nucleus (ZIV) when the MEA entered the STN, and simulta-
neously acquired neural signals from the STN and its lower
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boundary nucleus (cp) when the MEA exited the STN. Over-
all, the raw spike discharge mode in the STN was much more
intense than that in the ZIV or cp nuclei.

The typical spike firing mode and LFP waveform of the
STN and its surrounding nuclei in the 6-OHDA-lesioned
brain are shown in Fig. 6¢c. Waveforms of single-cell spikes
recorded in the STN using different channels of the fabricated
MEA are shown in Fig. S5 (Supplementary Information).
Note that when the biosensor was implanted from the ZIV
into the STN, we observed less background noise (Fig. 6a),
rapid changes in spikes, which became intense and dense,
and a higher frequency and amplitude of the LFP waveform.
When the MEA passed through the STN, the spike firing rate,
spike amplitude, and LFP waveform decreased.

Figure 6d shows the mean variations in electrophysiologi-
cal signals above and below the STN in the 6-OHDA-lesioned
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brain. These were then compared to readings from the ZIV
onward in the same 6-OHDA-lesioned brain. As MEAs were
implanted more deeply, we observed an increase in aver-
age LFP power to (201£35)% (STN) and then a decrease
to (51£26)% (cp). Over the same distance, the normalized
spike firing rate increased from 100% (ZIV) to (334+59)%
(STN) and decreased again to (13£3)% (cp). Furthermore,
the normalized amplitude of this spike varied from 100%
(ZIV) to (150+7)% (STN) to (72£1)% (cp). Compared with
ZIV and cp, STN discharges are much more intense and show
higher LFP power, a higher spike firing rate, and a higher
spike amplitude. This may be related to the fact that abnormal
neuronal activity in the STN is closely associated with motor
impairments related to PD, while the correlation between
ZIV and PD and that between cp and PD are relatively weak.

Figure 6e shows the mean variations in electrophysiologi-
cal signals above and below the STN region of the unlesioned
brain. These were compared to readings taken from the
ZIV stage in the 6-OHDA-lesioned brain. The normalized
LFP power was (22+3)% for ZIV, (13£1)% for STN, and
(24+2)% for cp. The normalized spike firing rate decreased
from (540.1)% (ZIV) to (1£0.1)% (STN) and increased to
(320.1)% (cp). The normalized amplitude of the spike var-
ied from (75+1)% (ZIV) to (45+4)% (STN) and (57%4)%
(cp). In the unlesioned brain, we found no significant differ-
ences in the firing patterns of ZIV, STN, and cp. However,
in these brain sections, neuronal firing was gentle compared
to the corresponding nuclei on the lesioned side. The results
demonstrated that neural spikes and LFPs showed similar
trends following MEA implantation.

Identification and detection of the STN
in the frequency domain

To better identify the STN, we further analyzed the power
spectral density (PSD) of spikes and LFPs on transect from
ZIV to cpinthe 6-OHDA-lesioned brain. As shownin Fig. 7a,
the peak PSD of LFPs in the ZIV was 3.77 wW in the delta
band (0—4 Hz) at 1 Hz. For the STN, we observed the PSD of
LFPs (Fig. 7b) as two bumps distributed in the delta and beta
bands (i.e., 13-30 Hz). Furthermore, Fig. 7c shows that the
PSD of LFPs in the cp was mainly located within the delta
band. These results showed that compared to the ZIV and cp
regions, the STN showed significant rhythmic oscillations
in the beta band. For example, in the low-frequency band
(0-30 Hz), the PSD of spikes showed similar curve peaks as
was observed in the corresponding LFP power measurements
from ZIV to cp (Figs. 7d-7f). Moreover, in the ZIV and cp,
spike power was mainly located in the delta band, which is
similar to the trend shown by the PSD of LFPs. However, in
the STN, we observed that synchronous oscillations of the
LFPs and spikes were located in the delta and beta frequency
bands. Dyskinesia in Parkinsonian patients is thought to be
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correlated with beta oscillations in the STN [36, 37]. Thus,
beta oscillations in the STN but not in the ZIV or cp may
be related to the close association between the activity of the
STN and PD-related motor impairments. This is consistent
with previous findings, indicating that correlations between
these impairments and the activity of the ZIV and cp are
relatively weak.

Furthermore, this work compared the PSD of spikes and
LFPs in the STN regions of 6-OHDA-Ilesioned and unle-
sioned brains. Peak spike power of the STN of the unlesioned
brain was in the delta band, which was similar to the PSD of
LFPs measured in the STN of the unlesioned brain (Fig. 7g).
The PSDs of LFPs and spikes in the STN showed consis-
tent difference between unlesioned and 6-OHDA-lesioned
brains. Specifically, the PSDs of spikes and LFPs syn-
chronously increased in the beta band and decreased in the
delta band in the STN of the 6-OHDA-Ilesioned brain rela-
tive to the STN of the unlesioned brain. Moreover, LFP power
decreased from (0.146+0.008) mW (in the unlesioned brain)
to (0.10£0.008) mW (in the 6-OHDA-lesioned brain) in the
delta band and increased from (0.0054+0.001) mW (in the
unlesioned brain) to (0.138+0.005) mW (in the 6-OHDA-
lesioned brain) in the beta band (Fig. 7h). Previous research
has mainly studied the beta oscillations associated with LFPs
[38, 39], and here we observed that the spike and LFP PSDs
both synchronously increased in the beta band of the STN,
revealing the microscopic cause of beta oscillation in the
STN. Furthermore, it has been established that delta waves
correlate with sleep quality [40, 41]. Thus, variation in the
PSD of LFPs and spikes in the delta band may contribute to
sleep disorders in Parkinsonian patients.

Discussion

In this study, a fabricated MEA was proven to be able to
realize the precise localization and detection of the STN
using a rat model. Clinical localization of the STN is usu-
ally performed using a tungsten-tipped [42] or DBS electrode
[10, 43]. To precisely and rapidly localize the STN, multi-
ple neural probes may need to be implanted, which increases
brain damage and decreases localization efficiency [42—44].
In contrast, the structural design of the 16-channel MEA
reported here simultaneously obtained neural information in
the STN without requiring multiple implantations. Moreover,
the detection sites of the MEA were designed to track the
shape of the STN, and this pattern of site deployment permits
more efficient gathering of neural information on the cellular
level to realize accurate and rapid localization of the STN. In
addition, the use of MWCNTSs/PEDOT:PSS makes the MEA
surface rougher, thereby increasing the specific surface area
of MEAs and permitting better adsorption of neurons, which
in turn allows for even more accurate localization of the STN.
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In this work, the fabricated MEA was implanted into the
bilateral brain of PD rats. Our results showed that, relative
to unlesioned brains, 6-OHDA-lesioned brain measurements
indicated denser spike firing and a more violent LFP wave-
form from the MPtA to cp. These effects may be caused by
the abnormal discharge of nuclei due to dopamine depletion
on the 6-OHDA-lesioned side. To recognize the boundaries
of the STN in the 6-OHDA-lesioned brain, the detection
sites of the MEAs were distributed at different depths so that
the MEA device could simultaneously acquire neural signals
from the STN as well as the upper and lower boundary nuclei
of the STN. Next, we note that the observed firing mode in
the STN was much more intense than in the ZIV or cp. To
further analyze differences between the STN and upper and
lower proximal nuclei, we provided an in-depth analysis of
the spike and LFP activities of the ZI'V, STN, and cp areas. We
found that the STN discharges were much more intense and

and unlesioned brains, respectively. h Comparison of LFP power in the
delta and beta frequency bands in the STN of 6-OHDA lesioned and
unlesioned brains. Data are presented as mean+tstandard error, n=3,
*p<0.05, " p<0.0001. PSD: power spectral density; LEPs: local field
potentials; ZIV: the ventral part of the zona incerta; STN: subthalamic
nucleus; cp: cerebral peduncle; 6-OHDA: 6-hydroxydopamine hydro-
bromide

showed higher LFP power, spike firing rate, and spike ampli-
tude. This may be related to the fact that abnormal neuronal
activity in the STN has been shown to be closely associated
with motor impairments in PD; in contrast, the activity of the
ZIV and cp is less correlated with PD. Therefore, our results
indicate that the MEAs can precisely and rapidly localize the
STN.

Next, this work analyzed the PSD of spikes and LFPs in
the ZIV, STN, and cp to use frequency data to identify the
STN. Our results showed that spikes and LFPs were syn-
chronized from the ZIV to cp (0-30 Hz). In the ZIV and cp,
the spike power and LFP power were both located mainly
in the delta band. However, in the STN, we observed two
bumps of PSD for both the LFPs and spikes; these were
located in the delta and beta frequency bands. This finding
suggests that abnormal firing of the STN is associated with
motor deficits in PD, while the ZIV and cp appear to have

@ Springer



450

Bio-Design and Manufacturing (2024) 7:439-452

little correlation with these motor symptoms. Compared to
the STN of unlesioned brains, the LFP and spike power of
the STN in 6-OHDA-lesioned brains decreased in the delta
band and increased in the beta band, which is considered to
be a cause of PD-related motor disorder. The delta band is
correlated with sleep quality; thus, decreases in the LFP and
spike power of the STN in the 6-OHDA-lesioned brain may
cause sleep disorders for PD patients.

DBS of the STN has been shown to result in better treat-
ment with fewer complications for PD patients [45, 46].
Precise localization of the STN is crucial for correct stim-
ulation treatment and to avoid damaging surrounding nuclei.
Here, the reported multichannel MEA achieved precise func-
tional localization and detection of the STN in PD rats.
Furthermore, this work provides a cellular-level marker for
STN localization and generated data suggesting a relation-
ship between STN activity and potential causes of sleep
and movement disorders associated with PD. Overall, the
proposed MEA provides a reliable tool for the precise local-
ization and detection of deep brain nuclei.

Conclusions

In this paper, a novel deep brain implanted MEA was
designed to follow the shape of the STN of rats to bet-
ter detect and localize the STN. Furthermore, the detailed
manufacturing process of this MEA is provided. Test results
illustrated that the MEA detected neural information in real
time and identified individual nuclei by differences in firing
mode. Furthermore, the MEAs simultaneously acquired neu-
ral signals from the STN and nuclei along the upper or lower
boundary of the STN. Moreover, we observed a higher spike
firing rate, spike amplitude, local field potential power, and
beta oscillations in the STN of 6-OHDA-lesioned brains, and
these may therefore be biomarkers of STN localization. Com-
pared with STN regions of unlesioned brains, we observed
synchronized variation in the PSD of spikes and LFPs in
the delta and beta bands in 6-OHDA-lesioned brains; these
may be causes of sleep and motor disorders associated with
PD. In conclusion, the proposed MEA can precisely localize
deep brain nuclei, and our new findings may be useful for the
development of novel treatments of PD.
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