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Abstract—A biocompatible neural microprobe constructed
using well-established SU-8 microfabrication techniques is de-
scribed that was designed to record fiber spike signals from
regenerated axons within peripheral nerves. These microprobes
features bipolar longitudinal gold electrodes recessed below the
surface within “grooves” designed to guide the growth of regener-
ating axons along the length of the grooves and limit the number
of fibers that come in contact with the longitudinal electrodes. In
addition, screening microprobe toxicity using cultures of human
skin fibroblasts, the biocompatibility of these SU-8 microprobes
for neural interface applications, in particular, was specifically
verified using primary cultures of two sensitive cell types found in
peripheral nerves: purified Schwann cells and explanted dorsal
root ganglion (DRG) neurons and their fibers. The SU-8 micro-
probes were surgically implanted into transected rat Sciatic nerves
within a unique peripheral nerve regeneration tube. Long-term
fiber spike signals were recorded with these SU-8 microprobes
in 13 chronically implanted rats for periods from 4 to 51 weeks
without any signs of tissue damage or inflammatory reaction.

Index Terms—Biocompatible, microelectrode, neural probe, pe-
ripheral nerve, SU-8.

I. INTRODUCTION

D ETECTION and stimulation of neural activities using
microelectromechanical systems (MEMS)-based micro-

probes have been one of the primary research areas in the field
of neuro engineering for over 25 years. These microprobes have
been designed to be implanted to act as an interface between
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neurons and electronics for the stable detection of neural spike
signals or for efficient stimulation of neurons and their fibers.
Neural spike signals can be used to control the movement of
prosthetic limbs or other assistive robotics [1]. Neural stimula-
tion can mediate sensory feedback from sensors such as tactile,
pressure, and force sensors to restore natural sensations with
prosthetic limbs [2]. In the past decade, a variety of innovative
techniques have been developed to make microprobes and
microelectrodes that can detect or stimulate neural activity
throughout the nervous system [3]. Such advances in neural
interface technology could dramatically improve the quality of
life for neurologically disabled patients.

The vast majority of microelectrode technology has focused
upon the detection or stimulation the activity of neurons in the
cerebral cortex and elsewhere in the Central Nervous System
(CNS). Unfortunately, electrodes placed on the surface of the
CNS can only detect the ambiguous neural signals generated by
the mass action of large populations of neurons. It is necessary to
penetrate the CNS to isolate the weak spike signals generated by
single neurons or small groups of functionally related neurons.
To minimize the neural tissue caused by invasive penetration,
advanced microfabrication methods have been developed for the
construction of smaller “minimally invasive” microelectrodes.

The predominant CNS microelectrodes are constructed from
silicon substrates using well-established fabrication methods
developed for the IC industry. Silicon-based multiple electrode
arrays (MEAs) can be constructed with microscale probes that
are sufficiently stiff enough to penetrate through the tough
tissues that cover the cerebral cortex [4], although significant
tissue damage is caused by the traumatic insertion procedures
required to implant such silicon MEAs [5]. Furthermore, the
position of every electrode in the array is affected by any
motion of such a monolithic MEA, changing the population of
neurons sampled by the MEA and triggering tissue reactions
that degrade the performance of the interface [6], greatly
limiting its usable lifetime [7].

Electrodes suitable for implantation into the peripheral nerves
are of special interest for neuroprosthetic applications. A pe-
ripheral nerve interface (PNI) could externalize the neuromus-
cular signals that control body movements and internalize sig-
nals from external sensors into perceptible somatic sensations.
Although a PNI would avoid the significant medical risks as-
sociated with penetration of the CNS, the development of an
effective PNI presents several major challenges. While there is
relatively little motion between any given site in the brain and
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surrounding CNS structures or the skull, a peripheral nerve may
move several centimeters relative to surrounding tissues and
bones. Furthermore, unlike the spike signals generated by rel-
atively large neurons in the CNS, the peripheral spike signals
are generated by thin fibers covered with myelin which serves
to minimize the current necessary for spike generation. Conse-
quently, PNI electrodes must be designed to maximize the me-
chanical stability and longitudinal extent of the electrode/fiber
micro-interface where they come in direct contact.

The “sieve electrode” [8] is a PNI consisting of a perforated
disk with a multitude of small holes lined with electrode con-
tacts. This disk is surgically implanted between the ends of
a severed peripheral nerve. The growth of regenerating fibers
through the electrode channels integrates the perforated elec-
trode disk with the nerve tissue and mechanically stabilizes the
electrode/fiber interface [9]. The poor survivability of fibers ob-
served with early versions of such “sieve electrodes” was at-
tributed to the eventual constriction of the fibers as they con-
tinued to grow thicker within the rigid confines of the electrode
channels. Although subsequent designs with larger electrode
channels support greater fiber survivability, such electrodes are
unlikely to isolate the unambiguous signals generated by indi-
vidual fibers.

Ken Horch has successfully demonstrated the value of a PNI
for neuroprosthetic limb control and sensory feedback using
“Longitudinal IntraFascicular Electrodes” (LIFEs) to detect
neuromuscular spike signals and to stimulate sensory fibers. He
implanted his LIFE PNI into the amputated peripheral nerves of
human subjects who have lived without their arms for decades
[10]. LIFE electrodes are very thin conductive fibers, several
millimeters long, inserted into the end of the amputated nerve
to penetrate the “fascicles,” bundles of fibers within the nerve,
where they stimulate and detect the compound activity of the
sensory and motor fibers. His pioneering studies provide the
first comprehensive demonstration that amputees can use a PNI
to precisely control the grip strength of prosthetic hands and
the movement of prosthetic arms. He has further demonstrated
that amputees can interpret sensations evoked by peripheral
nerve stimulation as feedback related to arm position. No other
studies have provided such a complete demonstration of the
potential value of a neuroprosthesis, either peripheral or central,
for the neuro-integration of artificial limbs. The LIFE electrode
apparently lacks the mechanical stability to function as a
long-term interface and has never been employed as a chronic
implant. “Thin-Film Longitudinal IntraFascicular Electrode”
(TF-LIFE) have improved mechanical flexibility by applying
polymide as a substrate [11]. Unlike the openly exposed con-
tacts of the LIFE electrode, the “grooved electrodes” of our
SU-8 microprobes are designed to limit the number of fibers
exposed to the electrode surface for more selective stimulation
and greater signal resolution of individual fibers.

In this work, we have employed SU-8 microfabrication
methods, one of the most commonly employed photoresist
techniques, to construct neural microprobes with longitudinal
electrodes in grooves designed to guide the growth of regen-
erating and isolate active fibers. The results of our in vitro
studies extend the established biocompatibility of SU-8 [12] by
specifically demonstrating that it is suitable for neural interface

implants. Furthermore, long-term neural spike signals were
obtained in vivo with SU-8 microprobes chronically implanted
into peripheral nerves. These results support our conclusion
that the grooved electrodes of these SU-8 microprobe implants
are well-suited for use in peripheral neuroprosthetics and other
neural interface applications.

II. DEVICE DESIGN AND FABRICATION

Fig. 1 shows the schematics of our SU-8 microprobe featuring
bipolar grooved electrodes, flexible centering “wings” and bond
pads for use in a regenerative peripheral nerve interface. The
overall length and width of the microprobe is about 5 mm and
240 , respectively. Each groove electrode at the tip of the
microprobe was 12 wide, 10 deep, and 500 long
[Fig. 1(c)]. These grooves were designed to guide the growth of
a limited number of regenerating fibers along the length of the
gold electrode lining the floor of the groove. The grooves were
separated by 80 , sufficiently far apart to limit the probability
that any individual fiber would enter both grooves and minimize
cross talk, and sufficiently close to limit the overall width of
the microprobe. The length of the grooves was designed to be
no greater than the length of the spike peak current zone along
the length of an active fiber which may be approximated as the
product of the spike peak duration and the conduction velocity

.
The 12 wide gold electrodes continue as gold traces up

the shaft of the microprobe insulated by a surface layer of SU-8
ending at the other end of the “j-shaped” microprobe where the
gold trace is exposed to form wire bonding pads (80 wide
and 300 long with holes 50 diameter). Flexible “wings”
are fabricated along the shaft of the microprobe to help center
the position of the probe within the channels of the nerve regen-
eration guide described below.

A summary of the fabrication process is described in Fig. 2.
The fabrication was performed on a 3-inch silicon wafer with
thickness of 250 . As the first step, the silicon wafer was
oxidized with thickness of 5 as a sacrificial layer. Then,
the electroplating seed layer, 100 of chromium and 600 of
copper, was deposited using evaporator. SPR-220 positive tone
photoresist (MicroChem Corp. Newton, MA) was spun onto the
seed layer with thickness of 20 . The sample was then ex-
posed by UV-light with exposure dose of 950 and de-
veloped to form mold structure for electroplating, as shown in
Fig. 2(a). It is known that regenerated axons preferably adhere
onto a rough surface than a relatively smooth surface. In order to
form relatively rough surface of gold microelectrodes and make
10 deep groove structure, 20 thick copper was elec-
troplated [Fig. 2(a)]. SPR-220 electroplating mold and copper
seed layer was removed. A 10 thick SU-8 film was spun
and patterned for creating the bottom layer of the microprobe
body [Fig. 2(b)].

Gold was electroplated through the mold to create 8 thick
microelectrodes, wire traces and bond pads [Fig. 2(d)]. After re-
moving gold seed layer by wet etch, 50 thick SU-8 was spin
coated and patterned to completely enclose gold wire traces and
form the microprobe body and bond pads [Fig. 2(e)]. Finally,
microprobes were released from oxidized silicon substrate by
dipping into buffered oxide etch (BOE) [Fig. 2(f)]. Images in

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on November 11, 2008 at 11:48 from IEEE Xplore.  Restrictions apply.



1832 IEEE SENSORS JOURNAL, VOL. 8, NO. 11, NOVEMBER 2008

Fig. 1. Design schematics of the SU-8-based neural microprobe. (a) Top view of major microprobe features including gold wire bonding pads (left), flexible
centering “wings” along microprobe shaft, and gold “groove” electrodes (right). (b) Cross section of grooved electrode channel structure. (c) Top view of grooved
electrodes. (d) Gold wire bonding pads. Bipolar gold electrodes along the floor of the grooves are 500 �� long and 12 �� wide. The exposed surface of the gold
is pitted by etching to enhance the adhesion of axon fibers in contact with the electrode.

Fig. 2. Microprobe fabrication process. (a) Electroplating Cu sacrificial layer.
(b) Creating bottom layer of probe body. (c) Sputtering gold seed layer and
creating mold for gold electroplating. (d) Gold electroplating and removal of
mold and seed layer. (e) Creating SU-8 probe body. (f) Releasing fabricated
probes using BOE, followed by etching Cu sacrificial layer.

Fig. 3 show the complete microprobe structure, its groove elec-
trodes, and other features.

Fig. 4 presents the results of electrochemical impedance spec-
trum measurements of the gold electrodes on SU-8 microprobes.
The area of electrode was about 6000

, and buffered physiological saline (0.1 M NaCl,
0.01 M Na/K Phosphate 7.4 pH) was used as electrolyte. At
1 kHz, the measured impedance averaged about 100 , ranging
from about 20 to 200 .

Fig. 3. (a) Optical image of the “j-shaped” SU-8 microprobe featuring bipolar
gold electrodes recessed in “grooves” designed to guide fiber growth, “wings” to
maintain central position within implant channels, serpentine feature for greater
flexion, and wire bonding pads. (b) SEM image of bipolar gold electrodes in
recessed grooves. (c) Close-up image of bipolar groove electrode tip.

III. BIOCOMPATIBILITY AND SPIKE DETECTION EXPERIMENT

A. In Vitro Biocompatibility Tests of the SU-8 Neural Probe
Previous studies [12], [13] show that materials such as gold,

silicon, silicon dioxide, silicon nitride, and SU-8 commonly
employed for the construction of implantable MEMS and
other microdevices are generally compatible with body tissues.
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Fig. 4. Electrochemical impedance spectrum (1 Hz–10 kHz; measured in
buffered physiological saline) tests of the bipolar gold groove electrodes
in five SU-8 microprobes that were mounted in one regeneration tube for
implantation. Measured impedances ranged from 20 to 200 �� at the 1 kHz
frequency relevant for neural spike recordings (vertical line).

However, further tests are necessary to ensure that implants con-
structed using SU-8 microfabrication methods are specifically
compatible with the extremely sensitive tissue in peripheral
nerves. As a first step, our SU-8 probes were placed in direct
contact with three types of living cultures maintained in vitro:
human skin fibroblast cells; the Schwann cells responsible for
the myelination of mature peripheral nerve fibers; and neurons
from explanted dorsal root ganglia which are the source of the
sensory fibers in peripheral nerves.

Human skin fibroblasts were obtained from the American
Type Culture Collection (ATCC CRL-2522). Schwann cells
were obtained from adult rat sciatic nerves, purified and
transfected to produce Green Fluorescent Protein (GFP) ac-
cording to established methods [14], [15]. These cells were
cultured in serum-enriched Dulbecco’s Modified Eagle’s
Media (DMEM/10 % fetal bovine serum) supplemented with
forskolin, pituitary gland extract and herregulin. Cells were
plated onto 18-mm glass coverslips coated with poly-or-
nithine (2 mg/ml; Sigma) or with poly-L-lysine-laminin (10
g/ml; Invitrogen). To prepare primary cultures of explanted
neurons, dorsal root ganglions (DRGs) were dissected from
neonatal rats, cleaned of connective tissues, and placed onto
coverslips precoated with poly-L-lysine-laminin to promote
adhesion together with the microprobes embedded within an
extracellular matrix (Matrigel; BD Biosciences) maintained in
Neurobasal/B27/L-glutamine media. Cultures were incubated
for 36 48 h at 37 in a humidified atmosphere containing
5% .

The SU-8 microprobes were first tested in the fibroblast
cultures which are widely employed for toxicity screening.
Some signs of cellular degeneration were observed surrounding
the first microprobes tested in fibroblast cultures. As a re-
sult, the microprobe preparation procedures were modified
to ensure complete cross-linking of the SU-8 polymer sub-
strate by exposing the released microprobes to an extended
period of UV flood light at 1800 . In addition, the
microprobes were hard baked in a 95 convection oven
for about 8 h to further ensure the thorough evaporation of
solvents and other volatile residue from processing chemicals
that may contaminate the microprobes. The microprobes were

sterilized by immersion in hydrogen peroxide solution and
delivered to the sterile culture hoods. No subsequent evidence
of contamination was observed after these precautions were
added to our routine microprobe preparation procedures. Fig. 5
shows typical examples of cultures with healthy fibroblasts and
Schwann cells growing for several days in direct contact with
SU-8 microprobes. Fig. 6 shows examples of thriving nerve cell
cultures where microprobes were placed in direct contact with
DRG explants. Close-up images show nerve fibers covering
the probes and extending away from the explants along the
length of the microprobes for several millimeters. In all cases,
the SU-8 microprobes provided a compatible substrate for the
adhesion and guidance of migrating DRG cells and growing
nerve fibers without any signs of cellular toxicity. By using the
specific types of cells that will be exposed to these implants, the
positive results of these in vitro tests strongly support the use
of these SU-8 microfabrication methods for the construction
of implantable probes designed for peripheral nerve interface
applications.

B. Chronic Recording of Nerve Fiber Spike Signals

After in vitro tests verified that the SU-8 microprobes were
compatible with the sensitive cells found in peripheral nerves,
the long-term biocompatibility of the microprobes was further
evaluated by surgically implanting them into the Sciatic nerves
of rats to record neural spike signals from regenerated periph-
eral nerve fibers. Microprobes were prepared by attaching wires
(California Fine Wire, formvar-insulated stainless steel, 25
diameter) to both bonding pads of each bipolar SU-8 micro-
probe and securing the electrical connection with conductive
silver epoxy. Multiple, oven-cured coats of the well-known
biocompatible silicone elastomer, Sylgard 184 (Dow Corning
Corp., MI) were applied to seal and electrically insulate the
wire bond pads.

Wired, bipolar SU-8 microprobes were then inserted into
the agarose channels of one of our unique nerve repair tubes
(see Fig. 7), known as a Biodegradable Nerve Regeneration
Guide (BNRG), constructed within a convention polyurethane
tube (Renathane, Brain Tree Scientific) used for regenerative
tubulization. We have found [16] that these channels within the
biodegradable agarose substrate support more fiber regenera-
tion than is observed with conventional hollow tubes apparently
these channel provide the structural support necessary for
the coherent growth of fibers into artificial “fascicles.” These
channels also help improve the chances that the microprobe
grooves will become populated with fibers.

Unlike the “sieve electrode,” these agarose channels degrade
harmlessly before fibers may be damaged by the constriction
that would otherwise occur when the fibers grow thicker as they
mature and become myelinated.

As illustrated in Fig. 8, microprobes were surgically im-
planted by suturing the cut ends of a transected Sciatic nerve
into open ends of the BNRG tube. The wires leading from the
microprobes in the implant were guided through polyethylene
hypodermic catheters to the gold pins of a miniature headcap
connector cemented to the skull with cranioplast (Plastics One,
Roanoke, VA). The remarkable regeneration of these fibers
typically fills the 5 10 mm tube with nerve tissue in about two
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Fig. 5. (a) Phase-contrast optical image of cultured human skin fibroblasts growing without interruption in direct contact with an SU-8 microprobe (calibration
150 ��). (b) Fluorescence image of purified, GFP-transfected, primary Schwann cells growing in culture without interruption in direct contract with an SU-8
microprobe. (c) Close-up of healthy Schwann cells growing on the tip of the SU-8 microprobe [at site of box outlined in (b)].

Fig. 6. Optical images of: (a) explanted DRG from four-day old rat, cultured
for 14 days on two separate SU-8 microprobes shown placed at 8 and 2 o’clock
relative to the DRG explant; (b) neural fibers growing away from the DRG ex-
plants, adhering to every surface along the full length of the SU-8 microprobes
which appear to be guiding the growth of fibers along its shaft (arrows); (c) its
flexible wing extensions (calibration 75 ��); and (d) close up of neurons (ar-
rows) migrating away from the DRG explants along the shaft of the SU-8 mi-
croprobe.

Fig. 7. A conceptual schematic diagram of seven microprobes inserted into a
BNRG.

weeks. In less than four weeks after implantation, robust neural
spike signals could be recorded from the newly regenerated
fibers using the implanted microprobes.

Neural spike signals with signal-to-noise ratios
, and peak-to-peak amplitudes from were

successfully recorded for at least 4 weeks following chronic
implantation in 13 rats, including one case in which robust
spike activity was recorded for up to 51 weeks (recording

Fig. 8. (a) Peripheral nerve regeneration tube containing wired, bipolar SU-8
microprobe electrodes. (b) Surgical transection of the Sciatic nerve. (c) Cut ends
of transected nerve sutured onto ends of microprobe regeneration tube during
implant surgery. (d) Microprobe tube filled with regenerated nerve tissue recov-
ered from sacrificed animal 17 weeks after implantation.

Fig. 9. (a) Spontaneous fiber spikes recorded with a bipolar SU-8 microprobe
implanted into a regenerated Sciatic nerve for more than 12 weeks and (b) spike
sorting results using the Plexon spike analysis system (Plexon, Inc., Dallas,
TX) to isolate the unique shapes of spike waveforms generated by three sep-
arate fiber “units.” Notice that one unit (right unit c) has a positive-going spike
waveform indicating it was detected by the electrode used as the negative pole.
(���� ����� 	 
�� ��; 
������� 
����
 
���� 	 ��
 ��). (c) Distinct
inter-spike-interval characteristics of each isolated fiber records. (d) Individual
spike activity records showing relative timing of spikes generated by each iso-
lated fiber over a period of 10 min (color-coded spike rates, red �20 spikes/s).

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on November 11, 2008 at 11:48 from IEEE Xplore.  Restrictions apply.






