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a b s t r a c t

The design and testing of a new microelectrode array, the NCTU (National Chiao Tung University) probe,
was presented. Evaluation results showed it has good biocompatibility, high signal-to-noise ratio (SNR:
the root mean square of background noise to the average peak-to-peak amplitude of spikes) during chronic
neural recordings, and high reusability for electrolytic lesions. The probe was a flexible, polyimide-based
microelectrode array with a long shaft (14.9 mm in length) and 16 electrodes (5 �m-thick and 16 �m in
radius); its performance in chronic in vivo recordings was examined in rodents. To improve the preci-
sion of implantation, a metallic, impact-resistant layer was sandwiched between the polyimide layers to
strengthen the probe. The three-dimensional (3D) structure of electrodes fabricated by electroplating pro-
duced rough textures that increased the effective surface area. The in vitro impedance of electrodes on the
lectrolytic lesion NCTU probe was 2.4 ± 0.52 M� at 1 kHz. In addition, post-surgical neural recordings of implanted NCTU
probes were conducted for up to 40 days in awake, normally behaving rats. The electrodes on the NCTU
probe functioned well and had a high SNR (range: 4–5) with reliable in vivo impedance (<0.7 M�). The
electrodes were also robust enough to functionally record events, even after the anodal current (30 �A,
10 s) was repeatedly applied for 60 times. With good biocompatibility, high and stable SNR for chronic
recording, and high tolerance for electrolytic lesion, the NCTU probe would serve as a useful device in
future neuroscience research.
. Introduction

Implantable microelectrode arrays have advanced the study
f brain function by simultaneously recording signals from dif-
erent groups of neurons, gathering spatiotemporal information
egarding complex neural processes (Butovas and Schwarz, 2003;
hen et al., 2004). Rigid silicon-based microelectrode arrays
Csicsvari et al., 2003; Norlin et al., 2002; Shi et al., 2006;
u et al., 2002) have been fabricated using semiconductor pro-

uction methods and advanced microelectro-mechanical systems
MEMS). These microelectrode arrays showed desirable features,
ith precisely defined recording-site configurations, high-density

lectrode placement capabilities, and potential combinations with

∗ Corresponding author. Tel.: +886 3 571 2121x54427; fax: +886 3 612 5059.
E-mail address: irradiance@so-net.net.tw (Y.-Y. Chen).

165-0270/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2009.05.010
© 2009 Elsevier B.V. All rights reserved.

on-chip integrated circuitry (Cheung et al., 2007; Vetter et al.,
2004).

Nevertheless, micromotion at tissue–electrode contact sites has
been a major problem in the application of silicon-based micro-
electrode arrays for chronic recording. The mismatch between the
stiff microelectrode array (silicon or glass substrate) and soft tis-
sue aggravates micromotion, inducing inflammation at the implant
site (Biran et al., 2007; Suner et al., 2005). Reactive astrocytes
build up, encapsulating the electrode and isolating it from the sur-
rounding neural tissue, which leads to the eventual breakdown
of the electrode’s recording ability (Biran et al., 2007; Polikov et
al., 2005; Schwartz et al., 2006). Microelectrode arrays based on

flexible substrates may reduce micromotion and alleviate tissue
encapsulation of the implant caused by inflammatory response
(Cheung, 2007). Signal stability and quality were maintained for
chronic recording. Polymer materials such as polyimide (Cheung et
al., 2007; Ludwig et al., 2006), benzocyclobutent (Lee et al., 2004a)

http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
mailto:irradiance@so-net.net.tw
dx.doi.org/10.1016/j.jneumeth.2009.05.010
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Table 1
Specifications of the NCTU probe.

Parameter Value
Number of sites 16
Probe length (A) (mm) 18.8
Probe width (B) (mm) 2
Shaft length (C) (mm) 14.9
Max shaft width (D) (�m) 996
Shaft width (E) (�m) 220
Tip width (F) (�m) 3
Distance (G) (�m) 48.4
Site radius (H) (�m) 16
Wire width (I) (�m) 10
Wire width (J) (�m) 5

F
r

Y.-Y. Chen et al. / Journal of Neu

nd parylene (Seymour and Kipke, 2007) have been used in the
evelopment of flexible microelectrode arrays. Polyimide showed
ood biocompatibility and high mechanical flexibility; it was easily
anufactured with MEMS technology (Cheung, 2007; Richardson

t al., 1993). However, the application of the polyimide substrate
as limited by its lack of strength; most polyimide-based micro-

lectrode arrays bend easily and deviate from the desired implant
ite during implantation. Although the microelectrode arrays may
e strengthened by adopting a thicker polyimide, the thicker device
ay cause greater harm to the tissue.
Neural signals with low signal-to-noise ratio (SNR) reduce

pike detection and sorting accuracy. Although several power-
ul algorithms may be used to detect and sort spikes under low
NR conditions (Nenadic and Burdick, 2005), reducing electrode’s
mpedance to increase SNR would further improve accuracy of
he results. Because impedance is proportional to both thermal
oise and signal loss through shunt pathways (Cheung, 2007;
udwig et al., 2006), SNR would be improved with reduced
mpedance. Accordingly, signal loss would also be reduced.
herefore, some research coated electrode sites with conductive
olymers, such as polypyrrole (PPy) (Cui et al., 2001) and poly (3,4-
thylenedioxythiophene or PEDOT) (Ludwig et al., 2006), to reduce
lectrode impedance. Besides additional coatings, Paik et al. (2003)
ound a trade-off relationship between electrode impedance and an
lectrode’s effective surface area. Increasing the geometric area of
n electrode may be the most intuitive way to increase its effective
urface area. However, for any given length of microelectrode array,
lectrodes with larger geometric areas have lower recording site
ensities than those with smaller geometric areas. Furthermore,
lectrodes with a small geometric area isolate the single-unit activ-
ty from more distant units, thus improving single-unit selectivity
Ludwig et al., 2006; Paik et al., 2003). To maintain a high record-
ng site density on microelectrode arrays, special and complicated
abrication methods have been developed to roughen the surface
f the electrodes and increase their effective surface areas (De Haro
t al., 2002; Lee et al., 2002; Paik et al., 2003).

Lesion marking of the tissue by electrolytic lesion indicates the
hysiological event of interest and identifies the precise anatom-

cal location of the event. Electrolytic lesions have been shown

o successfully mark the location of electrode sites in neural tis-
ue after neural recordings (Brozoski et al., 2006; Townsend et
l., 2002). Direct current (DC) was passed through the electrode,
ausing an irreversible electrochemical reaction that removed the
etallic ions from the electrode surface (Branner et al., 2004; Lee et

ig. 1. Schematic view of the NCTU probe depicted in an AutoCAD layout (not drawn to s
ecording sites. The tip of the probe was designed with a 50◦ tapered angle. Dimensions w
Electrode distance (K) (�m) 74
Recording length (L) (mm) 1.1

al., 2002). However, the inevitable increase in electrode impedance
after electrolytic lesions (De Haro et al., 2002) would result in
low quality neural signals or even recording failure (Branner and
Normann, 2000). Designing a microelectrode array that could main-
tain high signal recording quality after repeated electrolytic lesions
has become one of the most important issues in recent neurotech-
nology research and development.

A new microelectrode array, the NCTU (National Chiao Tung
University) probe, was presented in the current study. The thin,
tough and flexible polyimide-based substrate caused less harm
to tissue at the implant site, enabling precise implantation. The
roughened three-dimensional (3D) surface created with a simple
microfabrication process furnished the electrode with a large effec-
tive surface area and low impedance during in vivo measurement.
The electrode’s DC tolerance for repeated electrolytic lesion was
also increased by its thickness. Furthermore, results from chronic
recording sessions showed high SNR neural signals and small elec-
trode impedance variations.

2. Materials and methods

2.1. Fabrication of the NCTU probe
AutoCAD (AutoCAD 2002, Autodesk Inc., USA) was used to plot
the main elements of the NCTU probe: the integrated connector
pads, the long shaft and the electrode sites. The respective specifi-
cations were listed in Table 1 and depicted in Fig. 1.

cale). The probe was constructed with integrated connector pads, a long shaft and
ere defined in Table 1.



8 Y.-Y. Chen et al. / Journal of Neuroscience Methods 182 (2009) 6–16

F ale). (
t tched
T or the
e outli

N
t
c
#
T
i
t
s
L
a
w
K

ig. 2. An illustration of the fabrication process of the NCTU probe (not drawn to sc
race layer was patterned on the second 30-�m polyimide layer, which was then e
he protective polyimide layer (3.2 �m) was spun onto the trace layer; windows f
lectroplating to form the 3D recording sites and connector pads. (E) The probe was

Three masks were used in the fabrication process for the
CTU probe. The first mask (MASK #1) was used to construct

he site bases of the electrode/connector pads and the inter-
onnecting traces of the NCTU probe. The second mask (MASK
2) formed the 3D recording electrodes and connector pads.
he third mask (MASK #3) was used to shape the NCTU probe,
ncluding the shaft and the angle of its tip. First, a 200 nm-
hick chrome layer, followed by a 700 nm-thick copper layer, were

puttered (Vvs-70L, VICTOR Taichung Machinery Works Corp.,
td., Taiwan) as the sacrificial layer onto a glass wafer. Next,
30 �m-thick polyimide (PI-2611, HD Microsystems, USA) layer
as coated onto the sacrificial layer with a spin coater (Model
W-4A, CHEMAT Technology, Inc., Taiwan); it was then cured for
A) Impact-resistance layer was formed on the first 30-�m polyimide layer. (B) The
to construct the 16 pairs of electrode/connector pads and interconnect traces. (C)
16-paired sites of electrode/connector pad were opened. (D) Gold was added by

ned and detached.

30 min in an inert gas oven at 350 ◦C (QHMO-2, CSUN MFG. Ltd.,
Taiwan).

The impact resistance layer of the NCTU probe was created by
depositing a 200 nm-thick chrome layer onto the cured polyimide.
After the photoresistor (EPG512, Everlight Chemical Industrial
Corp., Taiwan) was spun onto the impact resistance layer, MASK #3
was aligned and exposed. Chrome etchant (eSolv EG-201, Demand
International Corp., Taiwan) was used to pattern the outline of the

NCTU probe, as shown in Fig. 2A.

The trace layer was shown in Fig. 2B. A second polyimide layer
(30 �m-thick) was coated on and cured as before. Next, a 100 nm-
thick chrome layer and a 700 nm-thick copper layer were sputtered
onto the second polyimide layer with a reactor. MASK #1 was used
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o pattern the metal circuits, the 16 pairs of electrode/connector
ads and the interconnecting traces lithographically. Chrome and
opper were then respectively etched with chrome etchant (eSolv
G-201, Demand International Corp., Taiwan) and copper etchant
RTE-Cu29 WBL-B, Resound Tech. Inc., Taiwan), forming the struc-
ures of the metal circuits.

Next, the insulation procedure was carried out. A thin, third
ayer of polyimide (3.2 �m) was spun onto the trace layer for the
rotection of the metal circuits. Windows (3.2 �m) lithographically
atterned with MASK #2 were created (O2 plasma etching) on the
hird layer of polyimide, forming the 16 electrode/connector pad
air sites (Fig. 2C).

The 3D electrodes and connector pads were created with
lectroplating. Optimal electroplating parameters and control pro-
edures were used to refine the structure of the electrodes and
onnector pads. Then, a 5 �m gold layer was deposited onto the
lectrode sites and connector pads (Fig. 2D).

The outline of the NCTU probe was lithographically patterned
ith MASK #3, which was etched with O2 plasma. The sacrificial

ayer was selectively etched with copper etchant (RTE-Cu29 WBL-B,
esound Tech. Inc., Taiwan) in the final stage of fabrication. Finally,
he NCTU probe was removed from the glass wafer (Fig. 2E). The
abricating procedures of the NCTU probe were shown in Fig. 2.

.2. Subjects

The study, approved by the Institutional Animal Care and Use
ommittee at the National Chiao Tung University, was conducted
ccording to the standards established in the Guide for the Care
nd Use of Laboratory Animals. Five male Wistar rats weighing
50–300 g (BioLASCO Taiwan Corp., Ltd.) were individually housed
n a 12 h light/dark cycle, with access to food and water ad libitum.

.3. Surgical implantation procedures

The animals were anesthetized with pentobarbital (50 mg/kg
.p.) and placed on a standard stereotaxic apparatus (Model 900,
avid Kopf, USA). The implantation site and reference screws were
emarcated. Holes were then drilled through the skull of the rat.
tainless steel bone screws were inserted into the skull, and the
ortical surface was irrigated with phosphate buffered saline (PBS).
fter the dura was removed from the brain, the NCTU probe was

nserted vertically into the thalamic ventral posterior medial (VPM)
ucleus (target location: P 3.6 mm and L 3.2 mm with respect to
he bregma, 5.6 mm from the surface of the brain); Paxinos and

atson’s (2007) atlas was used as a reference. The NCTU probe, four
tainless steel bone screws, and the connector were permanently
emented to the bone with dental acrylic (Type 1 Class 1, Hygenic
orp., USA). During probe implantation, the animals’ blood pres-
ures were maintained at > 90 mm Hg, with 3–4.5% end tidal CO2
oncentration. The animals were given a one-week post-surgery
ecovery period, after which neural signals were recorded every
wo days for six weeks.

.4. Neural ensemble recording and SNR analysis

During the recording sessions, the animal was free to move
ithin the recording booth while neural signals were recorded con-

inuously for 5 min. A Multi-Channel Acquisition Processor (MAP,
lexon Inc., USA) was used to record neural signals from the
6-channel NCTU probe. The recorded electrical signals were trans-

itted from the headstage to an amplifier, through a band-pass

lter (spike preamp filter: 450–5 kHz; gain: 15,000–20,000), and
ampled at 40 kHz per channel.

Chebyshev’s theorem was used to set the threshold to determine
he presence of spikes in the sample. It was stated that the prob-
nce Methods 182 (2009) 6–16 9

ability that any random variable, X, will assume a value within k
standard deviations of the mean is at least 1–1/k2. In some research,
the thresholds were set between three and five standard devia-
tions (SD) to detect action potentials (Ludwig et al., 2006; Snider
and Bonds, 1998; Vetter et al., 2004). In this study, the threshold
was set at four SD above or below the mean noise level. That is, in
the absence of spike activity, at least 93.75% of the signals would
fall within the threshold. Spikes from each electrode were classified
with template sorting algorithms in a commercial software (Offline
Sorter, Plexon Inc., USA); single units were identified and isolated
from the recorded neural signals.

The quality of neural signals recorded was analyzed offline with
SNR estimation in MATLAB (MATLAB R11, Mathworks Inc., USA). The
present study defined SNR as the root mean square of background
noise to the average peak-to-peak amplitude of spikes (Maynard et
al., 2000; Ludwig et al., 2006). SNR estimation was conducted as
follows:

First, the 5-min neural signal, Xt, was divided into L segments
of 30-s, xi, where 1 ≤ i ≤ L (in this study, L = 10). k was defined as
the number of data points in xi, with mean, x̄i. The threshold, Thi,
was determined by the distribution probability of the 30 s/segment
neural signal xi. Thi was set to 4 SD for xi,

Xt = (x1, x2, . . . , xL)

Thi = 4 ·

√√√√ 1
k − 1

k∑
j=1

(xi (j) − x̄i)
2

Next, Thi was used to detect spikes from each segment xi,{
xi ∈ si , if xi ≥ ± Thi

xi ∈ ni , else
⇒

{
S̃i : spikes in xi

Ñi : background noise in xi

Finally, SNR was estimated as

AVG(PP(S̃i)) = 1
mi

mi∑
p=1

PP(S̃p
i
)

rms(Ñi) =

√√√√ 1
oi

oi∑
q=1

(Ñq
i
)
2

SNRi = AVG(PP(S̃i))

2 × rms(Ñi)

SNR = 1
L

L∑
i=1

SNRi

where PP(S̃i) was the peak-to-peak spike amplitude in S̃i, mi was
the number of spikes in S̃i, rms(Ñi) was the root mean square of the
background noise, Ñi, and oi was the number of data points in Ñi.

2.5. Measurements of in vitro and in vivo electrode impedance

The impedance of each electrode on the NCTU probe was mea-
sured with an impedance spectroscopy (LCR4235, Wayne Kerr
Electronics Ltd., UK). Immersed in PBS solution, in vitro impedance
of the NCTU probe and a large Ag/AgCl reference electrode was
measured by applying a 10 Hz to 10 kHz 20 mV sinusoidal voltage.

In vivo impedance was measured in animals with implants
every two days for six weeks after the one-week recovery period.
Impedance of the 16 implanted electrodes were measured with a
sinusoidal voltage source (20 mV, <150 nA, at 1 kHz).
2.6. Histological procedures

After the last recording session, each rat was anesthetized with
sodium pentobarbital (50 mg/kg, i.p.). A 30 �A DC was directed
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Fig. 3. An overall view of the NCTU probe assembly and SEM images of the electrodes. (A) The NCTU probe was bonded onto two different types of PCB. Type A assembly was
u nimal
s obe sh
w e, ind
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sed for chronic recording and Type B was used for acute recording in free-moving a
everely bent. (C) In contrast to the shaft of a commercial probe, the long NCTU pr
ith 16 recording sites. (E) An enlarged SEM image of the electrode in the blue circl

o the outermost site of the NCTU probe for 10 s (Cheung et al.,
007), marking the specific recording site in the brain with an

solated pulse stimulator (Model 2100, A-M Systems Inc., USA).
he rats were then given an overdose of anesthetic and perfused
ith a mixture of 150 ml ice-cold PBS solution and 500 ml 4%
araformaldehyde at the flow rate of 50 ml/min. The brains were

arefully removed from the skulls and kept in a mixture of 4%
araformaldehyde and 30% sucrose at 4 ◦C for two days. Afterwards,
ach brain was sliced into 50-�m coronal sections with a freez-
ng microtome (CM 1800, Leica, Germany). In order to identify the
rain tissue and confirm the recording locations, both neurons and
s. (B) The NCTU probe was flexible; its original shape was restored even after it was
aft did not bend when positioned horizontally. (D) SEM image of the NCTU probe

icating a 3D structure with rough surface.

glia in the tissue sections were stained blue/violet with 0.1% cresyl
violet.

2.7. Electrodes’ tolerance for electrolytic lesions and direct current

Two tests were conducted to evaluate electrodes’ DC tolerance.

The first test examined the maximum number of electrolytic lesions
the electrode could withstand. Repeated electrolytic lesions were
induced in the rat brain with a constant anodal current (30 �A, 10 s).
After each electrolytic lesion, the probe was carefully removed and
immersed in PBS solution for in vitro impedance (at 1 kHz) measure-
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ig. 4. The impedance spectroscopy of NCTU probe, with the impedance spectrum
nd the phase spectrum ranging from 10 Hz to 10 kHz. The average impedance was
.40 M� ± 0.52 M� at 1 kHz.

ent. The procedures were repeated until a drastic increase in the
lectrode impedance was observed, indicating that the electrode
as no longer functional.

The second test was administered to determine the largest DC

hat the electrode could tolerate. Each 10 s anodal DC (50, 100, 200,
00 �A, 1, 2, 5 and 10 mA) was conducted through the electrode
hree times, after which in vitro impedance was measured as in the
rst test.

ig. 5. Neural ensemble recordings in a free-moving rat. (A) A normally behaving rat imp
B) Photomicrograph of a Nissl-stained coronal section at the anteroposterior (AP) level o
hown. S1, primary somatosensory cortex; Po, the posterior thalamus nuclear group; Rt
entral posterolateral thalamic nucleus. (C) An enlarged photomicrograph of the blue rect
ite (red arrowhead) in the VPM, was observed at the depth of 5600 �m. (D) Four weeks
rom the VPM of a freely moving rat.
nce Methods 182 (2009) 6–16 11

3. Results

3.1. NCTU probe assembly

Two types of NCTU probe assemblies, Type A for implantation
and Type B for chronic recording, were respectively constructed
(Fig. 3A). Type A: the NCTU probe was bonded onto a miniature
printed circuit boards (PCB) that was combined with a connector
(A8141-001, Omnetics Connector Corp., USA). The small and light
(<3 g) assembly could be implanted into the rat brain, allowing the
animal to move freely. Type B: the NCTU probe was wire-bonded
onto a standard Dual-Inline Pin (DIP) PCB, with pins soldered into
two rows of 8 in a wide DIP format. An adapter (ADP/8o50-MICH,
Plexon Inc., USA) was applied as an interface between the Plexon
headstage and the Type B assembly for acute recording.

As shown in Fig. 3B, the original shape of the probe was restored
even after it was bent at the tip. The NCTU probe and the commercial
probe (No. a1×16-3mm50-177, NeuroNexus, USA) were juxtaposed
in Fig. 3C. As shown in the enlarged image of Fig. 3C (circled in red),
the NCTU probe’s longer shaft stretched as straight as the commer-
cial probe with no downward slant (Fig. 3D). Young’s modulus is a
measure of the stiffness of an isotropic elastic material. The Young’s
modulus of the NCTU probe was 54 GPa. Scanning electron micro-
and F. In Fig. 3E, the 16 electrode sites and interconnecting traces
based on the long shaft of polyimide substrate were shown. The
enlarged image of Fig. 3E (circled in blue) presented the rough 3D
structure of the electrode (Fig. 3F).

lanted with a 16-channel NCTU probe, connected to a Plexon headstage and cables.
f −3.6 mm relative to the bregma. The in situ location of the NCTU probe was also
, reticular thalamus nucleus; VPM, ventral posteromedial thalamus nucleus; VPL,
angle in (B) indicated the implantation location in the thalamus. A reference lesion
after implantation, the 16-channel neural activities were simultaneously recorded
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.2. In vitro impedance spectroscopy

As the quality of neural signal recording is affected by electrode
mpedance, electrode impedance was examined in this section. The
n vitro impedance of the 16 electrodes on the NCTU probe, mea-
ured by impedance spectroscopy, was illustrated in Fig. 4. The
hase of the electrodes was approximately −80◦ after 100 Hz. A
radual decline in the magnitude of impedance was found with
ncreased frequency. The in vitro impedance of one NCTU probe was
.40 ± 0.52 M� (mean ± SD, n = 16), with a −81◦ phase at 1 kHz.

.3. Neural ensemble recording: in vivo impedance and SNR
stimation

The NCTU probe was primarily designed for chronic recording. A
ormally behaving rat, implanted with the Type A assembly probe,
as shown in Fig. 5A. This small NCTU probe assembly allowed the

at to move freely in different situations, such as running, explor-
ng, eating, grooming, sleeping, and performing learned tasks. The
PM was classified as a subcortical relay station of the lemnis-
al pathway, receiving somatosensory information from whisker
ollicles and gathering tactile information about the environment
Sugitani et al., 1990). Accordingly, neural signals were recorded
rom the VPM during unrestrained behavior. A photomicrograph
f the implantation section was shown in Fig. 5B. The figure was
odified by superimposing one lesion marker on one implantation

rack, which was then overlaid with a scaled image of the NCTU
robe. The lesion marker (arrowhead, with a vertical diameter of
pproximately 80 �m) was used to identify the location of the out-
rmost recording site. The recording site, in relative to the VPM,
as shown in the enlarged photomicrograph of the area (the blue

ectangle) (Fig. 5C). The spontaneous neural activities simultane-
usly recorded from the 16 electrodes during the fourth week of
mplantation were shown in Fig. 5D.

After implantation, in vivo impedance (at 1 kHz), SNR of the
mplanted NCTU probe and the number of units per channel over
ime, were measured (Fig. 6). In vivo impedance (at 1 kHz) was

easured to detect chronic tissue proliferation around the elec-
rodes (Suner et al., 2005). After implantation (Day 0), the probe’s in
ivo impedance (at 1 kHz) was 0.61 ± 0.14 M� (mean ± SD, n = 16).
uring the first two weeks of implantation, the in vivo impedance

ncreased slightly, attaining a maximum of 0.70 ± 0.09 M� on the
4th day. Afterwards, the in vivo impedance curve gradually sloped
ownward into flatness SNR results estimated the quality of neu-
al signal recordings over time. The SNR of recorded signals ranged
rom 4 to 5, with no significant decrease within the entire recording
ession (Fig. 6). In all the five animal subjects, the number of viable
lectrodes ranged from 98% to 100% (average of 97.5%). Multi-unit
nd single-unit were recorded from the 16-channel NCTU probe
ver time. On the 0th day, 1.31 ± 0.48 units/channel (mean ± SD)
ere recorded from one animal; monitoring results for 50 days
ere shown in Fig. 6. Although the number of units varied, there
as no decrease over time. Results indicated that the NCTU probe
as stable for at least 40 days.

.4. Surface microstructure of the NCTU probe electrode

Atomic force microscopy (AFM) was used to evaluate the sur-
ace topography of the NCTU probe electrode and measure the
oughness of the surface. The 2D surface topography of an elec-
roplated electrode was shown in Fig. 7A. Image dimensions were

5 �m × 25 �m, with 128 scan lines. Vertical dimensions along the
4th scan line were shown in Fig. 7B. A large height variation was
bserved (between the two red arrowheads), where the diameter
f the electrode was 15.62 �m. The 3D surface topography (Fig. 7C)
as reconstructed from the 128 scan line profiles in Fig. 7A. The
Fig. 6. Mean in vivo impedance magnitudes of the electrodes at 1 kHz, mean SNR of
recording signals from the electrodes, and the mean number of units from the chan-
nel across recording sessions. Impedance, SNR, and activity units were measured
every two days after the one-week recovery period.

vertical distance of the 3D surface ranged from 0.69 �m (Zmax) to
−0.80 �m (Zmin), with an average of 0.80 �m (Zavg). The surface
of the electrode had an average roughness (Ra) of 0.21 �m and a
root-mean-square roughness (RRMS) of 0.27 �m. With an uneven
surface topography and a geometric area of 625 �m2, the surface of
the electrode was increased to 697 �m2.

3.5. Comparison of electrode DC tolerance between the NCTU and
commercial probes

The electrodes’ DC tolerance reflects the robustness of the elec-
trodes following repeated electrolytic lesions. After a 30 �A DC
was directed through the outermost electrode for 10 s, in vitro
impedance of electrodes on the NCTU probe and the commer-
cial probe were measured (Fig. 8A). Results showed that in vitro
impedance of the NCTU probe remained within the normal range
(∼0.67 M�) even after 60 electrolytic lesions. In contrast, in vitro
impedance of the commercial probe showed a substantial increase
from 0.68 to 13 M� after the 34th DC lesion, an indication of elec-
trode malfunction. As shown in Fig. 8B, the electrode surface on the
commercial probe broke down after the 39th DC lesion. Meanwhile,
the SEM image in Fig. 8C showed that the electrode on the NCTU
probe was still intact after the 60th DC lesion.

To evaluate the DC tolerance limit of the NCTU probe’s elec-
trodes, DC of different intensities were directed through the
electrodes. The procedure began from the smallest DC intensity;

each DC was repeated 3 times before intensity was increased. The
change in in vitro impedance after the conduction of DC was pre-
sented in Fig. 9A. Initial impedance, prior to electrolytic lesion,
was 1.61 M� (denoted with arrowhead). Results showed in vitro
impedance varied when DC intensities of 50, 100, 200, 500�A,
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ig. 7. In situ AFM experiment performed on an electroplated electrode on the NC
5 �m × 25 �m. The dark colors indicated the lowest points, while the bright color

n (A) indicated the profile and diameter (between 2 arrowheads) of the electrode.
gure legend, the reader is referred to the web version of the article.)

, 2, 5 and 10 mA were induced through the electrode. However,
mpedance showed a significant increase from 1.43 to 8.45 M� after
10 mA anodal current was induced. After the third time, the out-
rmost electrode on the NCTU probe broke and its polyimide film
eeled off from the base (Fig. 9B).

Results indicated the electrode on the NCTU probe could tolerate
s many as 60 electrolytic lesions, and a maximum of 5 mA DC for
0 s.

. Discussion

A flexible, polyimide-based microelectrode array applicable for
hronic recording was presented in this study. Metallic layers were
andwiched between polyimide layers to strengthen the NCTU
robe and increase the precision of implantation. Results from in
ivo impedance and SNR variation indicated the NCTU probe pre-
ented stable and quality chronic recording could. In addition, the
turdiness, density and thickness of each electrode were effectively
ncreased by electroplating, thus extending the lifespan for signal
ecordings and electrolytic lesions.

.1. The strengthened NCTU probe

Recent studies have applied silicon-based microelectrode arrays
n chronic neural signal recordings (Bai et al., 2000; Csicsvari et
l., 2003; Tae Hwan et al., 2000). However, micromotion at the
issue–electrode contact areas induced persistent inflammatory
esponses (Cheung, 2007), directly resulting in neuronal loss. After
certain period, the efficiency of signal recordings may also be

ffected (Polikov et al., 2005; Szarowski et al., 2003). Prior stud-

es suggested that polyimide-based microelectrode arrays, with a
mall Young’s modulus (∼3 GPa) as compared to silicon (∼170 GPa),
ave gained increasing popularity in research and development
Cheung et al., 2007; Lee et al., 2004b; Subbaroyan et al., 2005).
s the Young’s modulus difference between the microelectrode
obe. The AFM image (A) of the electrode topography with scanning dimension of
ated the highest points of the topography. (B) Section analysis along the black line
D AFM image of the electrode. (For interpretation of the references to color in this

array and brain tissue is small, inflammatory responses during
long-term implantation was reduced, hence improving the stability
during chronic recordings (Cheung, 2007; Kim et al., 2004; Ludwig
et al., 2006). However, a microelectrode array constructed from a
polyimide-based substrate was easily bent and deviated from the
desired implant site during the implantation.

Although there were attempts to improve polyimide-based
microelectrode arrays by optimizing the use of several metallic
materials, microelectrode arrays available were not sturdy enough,
and their shafts were not applicable for deep brain implanta-
tion. Rousche et al. (2001) constructed a microelectrode array by
sandwiching a gold layer (200 nm-thick) between two layers of
polyimide (10–20 �m-thick). However, this microelectrode array
was too soft to be inserted directly into brain tissue; an inci-
sion was required for implantation. As an alternative option, a
tungsten wire (∼100 �m) could be used to guide the implanta-
tion. Nevertheless, the microelectrode array was only long enough
to reach the cortex. Another microelectrode array was fabricated
with two Ti/Pt (50 nm/200 nm) electrode layers, separated with a
polyimide layer (Cheung et al., 2007). Using this microelectrode
array, the hippocampus could be reached without an implantation
guide. However, the microelectrode array substrate was not strong
enough; deep brain implantation resulted in the bending of the
shaft. The NCTU probe presented in this article reduced the micro-
electrode array’s micromotion against tissue at the implantation
site, and also allowed precise insertion into the anatomical area of
interest without bending.

An impact resistance layer was applied to the NCTU probe to
increase its strength. It was constructed by sandwiching a 200 nm-
thick chrome layer between two 30 �m-thick polyimide layers. This

design increased the strength of the polyimide-based microelec-
trode array while retaining the flexibility. In order to construct
a microelectrode array that is long enough to penetrate into the
deep brain without bending or path deviation, materials with
a certain amount of strength was required. The Young’s modu-
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ig. 8. The maximum number of repeated electrolytic lesions tolerated by electrod
as measured after a number of electrolytic lesions. (B) An enlarged SEM image of t
as corroded after the 39th electrolytic lesion. (C) SEM image of the outermost ele

lectrolytic lesions.

us of the NCTU probe was increased to 54 GPa, falling within
hat of silicon-based microelectrode array (∼170 GPa) and purely
olyimide-based microelectrode array (∼3 GPa). Consequently,
armful effects caused by micromotion at the tissue–electrode con-
act area were reduced, and the NCTU probe could be inserted
irectly into deep brain. The NCTU probe showed improvement

rom brittle, silicon-based (Cheung et al., 2003; Rousche and
ormann, 1999; Suner et al., 2005) and some soft polyimide-based
icroelectrode arrays (Cheung et al., 2007; Rousche et al., 2001).

esults from this study demonstrated significant advantages in
pplying the NCTU probe to chronic implantation.

ig. 9. DC tolerance of electrodes on the NCTU probe (A) In vitro impedance of the electrod
black arrowhead) was 1.61 M�. (B) SEM image of the broken electrode; a polyimide film
the NCTU probe and the commercial probe. (A) In vitro impedance of the electrode
termost electrode on the commercial probe, as indicated in the yellow rectangle; it
on the NCTU probe, as indicated in the blue rectangle; it remained intact after 60

4.2. Quality and stable chronic recording

A two-phase transition of in vivo impedance (at 1 kHz) was found
for the electrode on the NCTU probe during the recording session
(Fig. 6). For the first two weeks of implantation, in vivo impedance
increased, which then decreased at the third week. Bio-film encap-

sulation around the implant, caused by immune responses, could
affect in vivo impedance (Vetter et al., 2004; Ludwig et al., 2006).
In our study, in vivo impedance showed a steady increase until the
14th day of recording, a result from acute immune responses. At
this stage, the microelectrode array insertion damaged the brain tis-

e was measured after electrolytic lesion at various DC intensities. Initial impedance
peeled off the probe substrate after a 10 s, 10 mA electrolytic pulse.
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ue, inducing an initial wound healing response. Microglia, which
as produced to repair the damaged area, eventually enveloped

he electrodes, and gliosis insulated the electrodes from the sig-
al source (Biran et al., 2005; Polikov et al., 2005). Chronic foreign
ody reactions against the microelectrode array then occurred, and
eactive astrocytes (glial scar and activated microglia) began to dis-
ribute around the implant (Biran et al., 2005; Polikov et al., 2005;
zarowski et al., 2003; Turner et al., 1999). The second phase began
fter the 14th day of recording. As acute immune response activi-
ies decreased, in vivo impedance gradually decreased (Fig. 6). Such
mpedance changes were also found in studies using silicon-based
lectrodes (Ludwig et al., 2006; Vetter et al., 2004).

Suner et al. (2005) and Ludwig et al.’s (2006) SNR estimation
ethods were adopted in this study. Their work suggested that an

NR greater than 4 indicated a high quality signal. In Ludwig et al.’s
2006) study, SNR of the silicon-based microelectrode array ranged
rom 4 to 6. Across all recording sessions, SNR estimation results
f the NCTU probe were between 4 and 5, implying the received
ignals were of good quality (Fig. 6). The small SNR variation sug-
ested the NCTU probe was more stable than that used in Ludwig et
l.’s (2006) study. Due to disparities among animal models, surgi-
al techniques, and signal quality measurements, it was not feasible
o compare microelectrode arrays used in different studies (Vetter
t al., 2004). Therefore, it is reasonable to conclude that the NCTU
robe produced high quality and stable chronic recordings.

On average, 97.5% of the electrodes retained their viability dur-
ng the recording sessions of the five animal subjects (15/16 for
wo subjects, 16/16 for three subjects). The high retaining rate indi-
ated the NCTU probe was highly reliable. The mean number of
nits showed no significant variance over time (Fig. 6). The rela-
ionship between the SNR of the NCTU probe and the number of
nits from the channel was not examined in this study. However,

ess multi-unit channels were recorded if the SNR of the NCTU probe
as greater than 4.7.

.3. Advantages of the electroplated electrode

Results from the AFM images and section analysis of the
lectrodes on the commercial probe (thin-film deposited; data
vailable upon request) and the NCTU probe (electroplated) indi-
ated that electroplating produced electrodes with rougher 3D
urfaces. Electroplated electrodes showed high corrosion resistance
nd roughened surfaces (De Haro et al., 2002). The effective surface
rea was hence increased and electrode impedance was reduced
De Haro et al., 2002; Kovacs, 1994; Paik et al., 2003). Accordingly,
ur evaluations indicated that in vivo and in vitro impedance of the
lectroplated electrodes on the NCTU probe was smaller than those
f the thin-film deposited electrodes on the commercial probe.
valuated under the same criteria, in vitro and in vivo impedance
alues for the commercial probe at 1 kHz were 2.71 ± 0.99 M� and
.93 ± 0.16 M�, respectively.

Given that electroplating attained harder, denser and thicker
eposits that could withstand a large amount of metal dissolution
De Haro et al., 2002), electrodes on the NCTU probe could toler-
te stronger electrical conduction than those on the commercial
robe. DC is usually passed through electrodes for lesion mark-

ngs of tissue after neural signal recordings (Branner and Normann,
000; Cheung et al., 2007; DiCarlo et al., 1996). A recent method
sed radiofrequency (RF) lesions to mark each of the 16 record-

ng sites of a 16-channel linear array multiprobes (Brozoski et al.,
006). However, RF lesion methods were much less destructive

han DC lesion methods (Brozoski et al., 2006; Townsend et al.,
002), electrode performance of the NCTU probe was thus exam-

ned with DC lesions. Having a high tolerance threshold for DC,
he NCTU probe electrodes were also robust for RF current. As
C was passed through the electrode, electromigration (Arnaud
nce Methods 182 (2009) 6–16 15

et al., 2000) and thermomigration (Manku and Orchard-Webb,
1995) caused ion migration on the metallic thin-film. Repeated
electrolytic lesions, therefore, reduced the thickness of the thin-
film electrode, increasing electrode impedance that consequently
caused structurally irreversible electrode malfunction (De Haro et
al., 2002). The thin-film deposited electrodes on the commercial
probe were shown to be more vulnerable than the electroplated
electrodes on the NCTU probe. The hard, dense and thick electrodes
on the NCTU probe were stable during chronic recording. Moreover,
the application of the NCTU probe could reduce the replacement
costs due to malfunction.

Results in this study indicated that the NCTU probe showed good
biocompatibility, high and stable SNR for chronic recording, as well
as great DC tolerance for electrolytic lesion or electrical stimulation.
Therefore, the NCTU probe could serve as a useful device for future
neuroscience research.
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