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Abstract

We developed and validated silicon-based neural probes for neural stimulating and recording in
long-term implantation in the brain. The probes combine the deep reactive ion etching process and
mechanical shaping of their tip region, yielding a mechanically sturdy shank with a sharpened tip
to reduce insertion force into the brain and spinal cord, particularly, with multiple shanks in the
same array. The arrays’ insertion forces have been quantified in vitro. Five consecutive
chronically-implanted devices were fully functional from 3 to 18 months. The microelectrode sites
were electroplated with iridium oxide, and the charge injection capacity measurements were
performed both in vitro and after implantation in the adult feline brain. The functionality of the
chronic array was validated by stimulating in the cochlear nucleus and recording the evoked
neuronal activity in the central nucleus of the inferior colliculus. The arrays’ recording quality has
also been quantified in vivo with neuronal spike activity recorded up to 566 days after
implantation. Histopathology evaluation of neurons and astrocytes using immunohistochemical
stains indicated minimal alterations of tissue architecture after chronic implantation.
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l. INTRODUCTION

IMPLANTABLE microelectrode systems based on batch processing and micromachining
techniques continue to evolve and expand their applications in treating diseases and
disorders in the central and peripheral nervous systems, as well as advancing basic
neuroscience. Applications include rehabilitation following spinal cord injury and sensory
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deficits such as hearing loss. Recovery of limb movements by paralyzed persons may be
assisted by brain—machine interfaces using recording micro-electrodes. In the future, devices
for the treatment of neurodegenerative diseases, including Parkinson's disease, epilepsy, and
depression, may employ microelectrodes. Batch-processed microelectrodes have been
developed using a variety of substrates, including silicon [1], [2], silicon-on-insulator [3],
ceramic [4], and metal [5]. Despite these advances, there has been limited progress in
demonstrating chronically-implantable systems that can continue to function for many
months.

We previously introduced a novel way of fabricating silicon-based microelectrode arrays
[6]-[8], and in this report, the details of the fabrication processes, the chronic implantation,
electrochemical characterization, and tissue studies are presented. The use of deep reactive
ion etching (DRIE) has enabled the formation of probe shanks with a range of thicknesses,
which is an alternative to the dopant concentration-based wet etching process [9]. The DRIE
process increases stiffness, for example, by a factor of eight for each doubling of the probe's
thickness [10]. A drawback of the DRIE technique, however, is that it yields wedge-shaped
tips [see Fig. 1(a)], and it has been difficult to shape the out-of-plane dimensions [5], [11].
We combined the DRIE technique and mechanical grinding of the probe tips, resulting in a
configuration that is pointed in two planes, as shown in Fig. 1(b). This method enables a true
3-D tip configuration with excellent reproducibility. Table | shows a comparison of different
methods of shaping the probe tips. Although the effect of probe tip shape on tissue response
remains debatable [12]-[13], a reduced tip profile does lessen the insertion force into the
tissue [10], [14] and reduces probe bending or buckling. In addition, arrays with multiple
shanks require higher insertion force, and therefore, a pointed tip profile facilitates scaling of
the number of shanks without excessive dimpling during the penetration of the pia mater.

Maintaining the electrical integrity of chronically-implanted microelectrodes is an important
and challenging task. The use of low-pressure chemical-vapor deposition (LPCVD) silicon
oxide and nitride films as insulating materials precluded the use of commonly-used metals
such as gold and titanium as interconnect traces because of LPCVD's high temperature
requirement [9]. As a result, the process required using a conductive material such as
polysilicon, which in turn, requires doping to lower its resistivity, adding to the complexity
of the wafer processing. We used the low-temperature plasma-enhanced CVD (PECVD)
process to deposit the oxide—nitride—oxide (ONO) insulation. The use of the low-
temperature deposition method, and the use of gold as interconnects and electrodes, also
allows electrodeposition of iridium oxide film (EIROF) onto the gold seed layer [15]. The
EIROF process does not require wafer-level deposition of iridium oxide film, and offers low
impedance and higher charge injection capacity than gold or platinum. Other methods of
depositing iridium oxide include electrochemical activation of pure iridium and sputtering of
iridium oxide in vacuum deposition systems, both of which require sputtering from iridium
or iridium-containing targets.

In typical multisite microelectrode arrays, the insulation over the interconnects is only
present on the feature plane of the probe, leaving the edges of the device uninsulated and
exposed to the saline environment after implantation. This may also expose the uninsulated
silicon on the back of the probe [9]. We developed a procedure for encapsulating the entire
probe shank with a conformal layer of Parylene C, a United States Pharmacopeia (USP)
Class VI material suitable for human implantation (refer to step | of Fig. 3).

We evaluated our silicon-based microelectrode arrays in vitro and in the central auditory
system. The cochlear nucleus (CN) array, for chronic implantation into the cat CN, is
comprised of two probes, each with two 2.5 mm shanks, and each shank with four electrode
sites measuring 100 um in thickness. Because the device was custom designed by the
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authors, the dimension, placement, and spacing of the electrode sites, as well as the
thickness, length, and number of the shanks can be reconfigured to meet different
experimental needs without relying on a commercial vendor.

IIl. METHODS

A. Development of Multisite Microelectrodes Arrays

The completed CN array is shown in Fig. 2. The major fabrication steps for the arrays are
illustrated in Fig. 3. Briefly, they are elaborated as follows.

a.

On a silicon-on-insulator wafer, the first triple sandwich of silicon dioxide—silicon
nitride—silicon dioxide (ONO) is deposited by PECVD.

A bilayer of photoresists is patterned, followed by evaporation and lift-off of
titanium, platinum, and gold films, defining the transmission lines, electrodes, and
bonding pads.

The second ONO triple sandwich is deposited.

RIE is used to etch the ONO layers to open the recording/stimulating sites and
bonding pads.

A thick photoresist layer is spun onto the wafer and patterned to define the shape of
the probes.

RIE is used to etch through the ONO layers.

The upper (“device”) silicon wafer is etched by DRIE down to the buried oxide
layer, yielding probe profiles of a desired thickness.

A layer of Parylene C is deposited as a protection layer. Another layer of
photoresist is then spun onto the device side to bond to a backing wafer (not shown
in the drawing) in order to provide mechanical support during the backside DRIE.

Backside DRIE is used to etch up to the buried oxide layer of the wafer.

Following RIE of the oxide layer, individual probes are released from the wafer
plane by cutting the holding bars.

The tips of the probes are then shaped by mechanical grinding, reshaping the probe
tip from a wedge-like “vertical” edge to a beveled tip. The resulting bevel angle is
approximately 20° when viewed from the side.

A 3-um conformal layer of Parylene C is deposited onto all surfaces (PDS 2010,
Specialty Coating Systems) at room temperature and annealed for 24 h at 180 °C
under vacuum. The electrode sites and bonding pads are opened using an excimer
laser (FTSS266-50, CryLaS, Berlin, Germany), followed by a brief residual
cleaning in oxygen plasma at 100 Watt in 250 mTorr (PEIIA, Technics). For
assembly into the CN chronic arrays, 0.001” platinum lead wires insulated with
Teflon or Parylene C are wedge bonded onto the gold bonding sites, which in turn,
are overlaid with MED 4210 silicone elastomer. Two such probes are then placed
in a custom Teflon mold with the probe shanks aligned using a custom tool. The
mold is filled with a USP V epoxy material (Epotek 301, Epoxy Technologies, Inc.,
Billerica, MA) to encapsulate the bonding areas. The 16 platinum wires are wound
to form a flexible helical cable and are coated with MED 1011 silicone, and the
leads are attached to a percutaneous connector.

Finally, iridium oxide is electroplated onto the gold electrode sites to enhance the
charge injection capacity [15]. The voltages are cycled between 0 and 625 mV
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(versus Ag/AgCI) at a rate of 50 mV/s until there is no further increase in the
charge storage capacity (CSC), or when CSC reaches 25 mC/cm?.

B. Microelectrode Properties and Characterization

Impedance measurements were obtained using a PC4/300 potentiostat system (Gamry
Instruments, Warminster, PA). For in vitro measurements in a phosphate buffered saline
(PBS), a three-electrode chemical cell configuration was used with an Ag/AgCl reference
electrode, a large carbon counter electrode, and working electrodes. For in vivo
measurement, the chemical cell was a large implanted platinum counter electrode, an
implanted Ag/AgCI reference electrode, and the array's electrode sites. For the ac impedance
measurements, sinusoids from 1 to 100 000 Hz at a level of 10 mV peak to peak were
utilized. For cyclic voltammetry (CV) measurement of CSC, a scan rate of 50 mV/s was
used [21]. CV is also used before and after the electroplating of iridium oxide film in order
to evaluate the effectiveness of the procedure.

Charge injection capacity Qinj was obtained in PBS and after implantation. Cathodic current
pulses of 150 us was applied to each electrode, riding on an anodic bias of +0.6 V, which
increased the charge injection capacity of the EIROFs [15]. The amplitude of the cathodic
input current pulse was increased until the output peak voltage (“voltage transient”) reached
—0.6 V (and in some cases, —1.2 V) versus Ag/AgCl. The —0.6 V limit is a very
conservative estimate of reversible charge injection since a portion of the voltage transient is
due to resistive drop in the surrounding medium. Fig. 4 shows an example of the current
pulse sequence and the resulting voltage transient. Qj is calculated, as summarized in Table
I1, by integrating the charges within the current pulse. The cathodic voltage limits for fully
reversible charge injection are ensured by using a “compliance-limited” current stimulator
that reduces the stimulus current when the electrode voltage transient attempts to exceed the
specified limit [22].

In order to quantify the advantage of shaping the probe tips, we measured insertion forces
into the agar by the blunt “wedge” tips [see Fig. 1(a)] and the sharpened tips [see Fig. 1(b)],
using arrays with two, four, six, and eight shanks each. The setup is similar to [23] with a
load cell (Transducer Techniques, GS0-50) and a constant-speed linear drive system, but is
also equipped with a displacement transducer (Measurement Specialties, M12). The arrays
were inserted at a speed of 0.9 mm/s into a gel of 2% agar (Fisher Scientific) in water.
Labview was used to record all measurements. The data were analyzed in Minitab with a
two-way analysis of variances (ANOVA), in which the factors were the number of shanks
and the tip shapes (unsharpened or sharpened).

C. Chronic Implantation

The CN arrays were implanted into the feline ventral CN following ethylene oxide
sterilization and degassing. The procedure for implanting the array was as described
previously [24]. The target location of the array is intended to model a clinical auditory
brainstem implant in which an array of penetrating electrodes is inserted into the ventral CN
[25].

D. Auditory Physiology Experiment

The ability of the chronically implanted CN arrays to access the tonotopic organization of
the ventral CN was confirmed by recordings from the inferior colliculus (ICC) in
nonrecovery experiments using an “ICC probe” (photos not shown). This probe is a single
shank with 16 recording sites, each with a geometrical area of 550 xm?2, and was used for
acute recording of single- and multiunit activity in the central nucleus of the cat ICC. The
shape of the tip region and the rigidity of the DRIE-generated shank allow these long (6
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mm) probes to penetrate through the pia membrane covering the cat's ICC without bending
or buckling. Other details of the procedures are described in [8]. Briefly, electrical
stimulation with controlled-current, stimulus pulses (each pulse with 150 s in duration,
ranging from 0 to 30 xA; 50 pulses per second) was applied to the microelectrode sites in the
CN. Poststimulus time histograms, one for each recording site in the ICC response maps,
were generated from the histograms, as shown in Fig. 6.

E. Analysis and Quantification of Neuronal Recordings

F. Histology

We measured the SNRs of the neuronal action potentials (APs) recorded in the cats” CN.
Data were recorded from all electrically functional electrode sites with the cats lightly
anesthetized. The amplitude distribution and the standard deviation (STD) of all peaks were
calculated. Events whose amplitude is greater than 3 x STD were omitted from the
distribution, and the STD recalculated to yield the mean noise amplitude N. Events with
peak amplitude greater than 3 N are classified as neuronal APs. This procedure does not
require any assumptions regarding the amplitude distribution of the noise, except that the
distribution is unimodal. The overall SNRs of all events classified as AP is computed from
the mean of the peak amplitude of all APs. Since this metric is weighted by the S/N of the
(more numerous) spikes with lower amplitudes, we also computed the mean SNRs of the
10% of the APs with the largest SNRs as a separate metric.

For the evaluation of neurons and the tissue responses in proximity to the chronically-
implanted microelectrode arrays, CN arrays without electrical connections were implanted
into the cerebral cortex of adult rabbits: two rabbits for two months and one rabbit for five
months. Each array had a silicone cable connected to emulate our intracortical array
packaging. The animals were anesthetized and then perfusion-fixed with 4% formaldehyde
in phosphate buffer, pH 7.4, immediately following a 100-mL initial perfusion of PBS
prewash solution to remove blood from the vasculature. After the arrays were removed from
the cortex, the tissue was embedded into paraffin and sectioned at a thickness of 5 um
perpendicular to the lengths of the probe shanks to permit a cross-sectional view of the
shank tracks. Tissue sections of cortical layers were evaluated using immunohistochemical
markers for neurons (neuronal specific nuclear protein; NeuN) and astrocytes (glial fibrillary
acidic protein; GFAP). The sections were treated for 1 h with 20% normal goat serum in
PBS. The primary antibodies (NeuN, 1:2000, monoclonal mouse; GFAP, 1:500, polyclonal
chicken) were applied. Biotinylated secondary antibodies (antimouse for NeuN and
antichicken for GFAP; both at 1:200) were used. The primary and secondary antibodies
were diluted in PBS containing 10% normal goat serum. The horseradish peroxidase-based
Avidin Biotin Complex kit was used for visualizing the antigen—antibody sites. Nova Red
(SK-4800, producing a reddish brown reaction product) was employed for NeuN and SG
(SK-4700, producing a bluish black reaction product) for GFAP.

lll. RESULTS

A. Electrochemical Properties

AC impedances were first measured in PBS for five CN arrays with a total of 77 electrode
sites. The impedance of gold electrodes (surface areas of approximately 2000 xm?) prior to
EIROF electrodeposition was uniformly high at 1.58 + 0.83 MQ at 1 kHz. Electroplating
decreased the impedance to 133 + 286 kQ. The CSC of the EIROF microelectrode was more
than one order of magnitude greater than that of gold (averages of 20.5 + 6.9 mC/cm? versus
1.9 mC/cm?, respectively). Despite some variations between arrays, the overall
measurements in PBS confirmed successful electrodeposition of the iridium oxide film. The
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in vivo impedance values at 1 kHz typically ranged from a few hundred kilohm to below 1
MQ for the entire duration of implantation of the five arrays.

Table Il summarizes charge injection results with different voltage compliance levels and
measurement conditions. An example of charge injection capacity Qjnj of EIROF is shown
in Fig. 4 for Array CN173. In this case, the current levels [see Fig. 4(a)] were selected to
limit the maximum potential transient of —0.6 V versus Ag/AgCl [see Fig. 4(b)]. Average
Qinj of the EIROF in the PBS was 1.39 + 0.68 mC/cm? for 56 electrodes in four arrays
tested. When the maximum potential excursion was extended to 1.2 V, the corresponding
average Qjnj was increased to 2.65 + 1.56 mC/cm?, as measured from 44 electrodes in three
arrays.

After implantation, Qjnj of 63 electrodes ranged from 0.01 to 0.16 mC/cm? with a
compliance limit of —0.6 \V versus Ag/AgCl and 0.23 + 0.04 mC/cm? with a compliance
limit of —1.2 V. In one array with 16 electrodes at 84 weeks after implantation, Qjnj at —0.6
V was 0.14 + 0.07 mC/cmZ. It should be noted that the ohmic IR drop has not been
subtracted from the voltage transients; therefore, all Qj,; values presented in this report
should be viewed as a conservative measure of the charge injection limit, especially for the
values obtained with the —0.6 V compliance limit [21].

B. Mechanical Properties

The insertion force of the arrays into an agar substrate was measured to quantify the
advantage of the mechanical shaping of the probe tips (five insertion trials each into a
pristine agar surface), and is plotted in Fig. 5. All of the tested groups, from two to eight
shank arrays, showed that the sharpened tips resulted in less insertion force than those of the
wedge-shaped, unground tips. The two-way ANOVA of the data showed highly significant
differences in insertion force for different numbers of shanks and for tip configuration (p <.
001 for both effects).

Mechanical robustness of the CN arrays has also been verified in acute and chronic animal
studies by insertions into the CN, spinal cord, and cerebral cortex of cats and rabbits (see
Table I11). The arrays were inserted at a low speed (approximately 1 mm/s) or a high speed
(approximately 1 m/s). In all cases, the probes penetrated though the pia mater, and no
shanks were fractured. In most cases, there was minimal bleeding from the network of blood
vessels on the surface of the brain and spinal cord [26]. In order to penetrate the thick pia
covering the feline lumbar spinal cord, a high-speed inserter tool [27] was used. Due to their
sharpened tips, the arrays penetrated fully into the targets with little dimpling of the pia.

C. Auditory Physiology Testing

D. Neuronal

A total of five CN arrays were implanted into the cochlear nucleus of five cats. On day 88,
cat CN172 was used in a terminal experiment in which the responses in the central nucleus
of the ICC were recorded as described previously [8]. Fig. 6 shows the time-depth maps of
the responses evoked in the ICC from two microstimulating sites in the contralateral ventral
CN. These maps illustrate the precise access to the tonotopic organization of the CN that can
be obtained with this type of microstimulating array.

Recordings and Analysis

Although the electrodes in the CN are intended primarily for stimulation, and thus have
relatively large geometrical areas (~2000 xm?), most sites recorded spontaneous single- and/
or multiunit neuronal activities. An example is shown in Fig. 7, where an electrode site in
the CN of cat CN174 recorded well-resolved APs at 566 days after implantation. Fig. 8
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shows a compilation of long-term recording quality from three arrays, at 16 to 566 days after
implantation of the arrays into the cats’ ventral CN.

The NeuN- and GFAP-stained rabbits sections are shown in Figs. 9 and 10. In two months,
some polarized astrogliosis, as revealed by increased expression of GFAP adjacent to one
side of the probe shank, were present around the tracks [see (Fig. 10(c)], but were decreased
by five months [see Fig. 10(d)]. Neurons were visible within 50 zm of the edge of the probe
tracks. Overall, these cross-sectional views of the silicon shank tracks showed typical
medium- and long-term tissue responses to chronic implantation of rigid silicon probes [28].

IV. DISCUSSION

To our knowledge, this is the first report on the potential advantages of shaping the tip
region of a thick silicon probe using postwafer mechanical grinding. Neither wet nor drying
etching alone could provide such flexibility in controlling the shape of the probe tip. The
mechanical robustness of the chronic probes, formed by DRIE, has been apparent during the
in-wafer fabrication, fabrication of the implantable arrays, insertion into the brain and spinal
cord, and explantation after sacrifice of the animal subjects. We believe that the use of
DRIE-based thick silicon shanks coupled with post-wafer tip shaping of the tips will render
these devices practical for insertions through the thicker pia covering the human brain and
spinal cord.

The conformal coating of Parylene C over the entire probe shanks of silicon-based multisite
microelectrode arrays offers several advantages, as discussed in Section I: (1) it rounds off
the edges of the probe tips and sides, potentially reducing tissue damage during insertion
[13], (2) it provides additional electrical insulation for the ONO layers that will cover any
defects of the silicon dioxide-silicon nitride—silicon dioxide (ONO) insulation stack on the
probes’ feature plane, and in particular, prevents the entrance of electrolytes from the edges
of the feature plane, where all six ONO layers would be subject to prolonged exposure to a
saline environment, and (3) it encapsulates the probe within a coating having well-
established biocompatibility properties. Without the Parylene C coating, the sides and back
of the silicon shanks would expose the tissue to the doped silicon, which does not have Food
and Drug Administration approval for long-term implantation into the human body.

We deposited ONO layers using a PECVD process, which does not preclude the use of
commonly used metals (e.g., gold, titanium, platinum) unlike the LPCVD-based films for
which high temperature is required [29]. The use of high conductivity metal such as gold for
the conductor traces reduces impedances and driving voltages during stimulation compared
to polysilicon [29]. We have shown through chronic implantation into the brain that high-
quality PECVD films can be an adequate insulation material that can last for many months
in vivo. This also allows the use of EIROF, which is conveniently electroplated onto the gold
seed layer. Additionally, for one array tested, we found no noticeable change in impedance
or charge transfer density of EIROF electrodes before and after sterilization with ethylene
oxide.

There are two main advantages of utilizing compliance voltage limits during current
injection. The first is based on the observation that there is always variability in the
amplitude of the voltage transient for different electrode sites, both within and across arrays,
and over time for individual electrode sites. Coupled with varying “access voltage” (which
is attributed to the resistive medial surrounding the implanted electrode), one would have the
burden of identifying for each electrode, and at any given time, the amount of stimulus
current that can be injected by completely reversible electrochemical processes. The exact
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definition of access voltage may be subjective. The use of compliance limits ensures that the
stimulus charge is injected by reversible electrochemical processes, although a recent report
showed that such a condition did not preclude neuronal loss during chronic microstimulation
using microwire arrays [30]. Also, excessively large current pulses may cause irreversible
damage to the electrode materials (personal observation). An advantage in terms of power
consumption in very large scale integration implementation has been discussed [31], and a
hardware approach to provide safe stimulation has been demonstrated [32].

The charge injection capacity Qjy; of the electroplated iridium oxide obtained in PBS, as
reported here, is comparable to those of activated iridium oxide film on silicon substrate [33]
and on microwires [34]. However, there are little data available in the literature with which
we can compare our in vivo Qj,; values obtained up to 84 weeks after device implantation.
Weiland and Anderson reported an estimated value based on CSC [35]. A short-term two-
week evaluation of poly(3,4-ethylenedioxythiophene) (PEDOT) showed values larger than
those of platinum iridium electrodes [36], but potential degradation of the PEDOT film was
noted, and in vivo Qjnj Was not reported. The reasons for the disparities between the CSC
versus Qjnj, as well as in vitro versus in vivo properties of stimulating electrodes, have been
explained in [21]. We hope that the values of Qjj reported in this paper will serve as a
useful reference for future development of chronically-implanted microstimulating arrays.

The results of long-term recording from Cat CN174 [see Fig. 8(a)] illustrate the potential of
our devices for long-term recording of neuronal activity as well as for long-term micros-
timulation. However, the reduction in the SNRs and signal amplitudes in CN171 indicates
that the neuronal environment and tissue responses near the implant strongly influence
chronic recording. This premise is supported by the similarity across arrays and the stability
over time of the noise amplitude (see Fig. 8(b), dotted lines), which suggests that the devices
themselves retained all or most of their electrical functionality. (Much of the “noises”
recorded are in fact unresolved neuronal activity [37].)

A paper discussing in vivo recording quality using multisite silicon electrode arrays is by
Vetter et al., using “Michigan-" type probes [28]. Their results are not directly comparable
to ours since their electrodes were implanted in the rat cerebral cortex, whereas our data are
from the cat ventral CN; the area of their electrodes sites was 312 um? or less, whereas ours
were 2000 zm? (primarily intended for microstimulation). Their mean SNRs of all spikes
were 5-9 versus 3-4.5 for ours (4— 8 for the 10% of spikes with the largest SNRs). Their
mean signal amplitudes ranged from 50 to 100 xV, versus our 100 to 250 uV for the top
10% of recorded spikes). We recorded for a longer duration (566 days versus 127 days).
Ward et al. also reported in vivo recording quality using multisite ceramic and silicon
devices, but were able to record APs only for 31 days [38]. During the period, their SNRs
ranged from 5-7; signal amplitudes 60-400 xV. Their electrode areas were 1250 xm? and
1760 um2, respectively. In general, we can conclude that the ability of our device to record
multiunit neuronal activity is comparable to what has been reported for similar electrodes in
terms of SNRs and signal amplitudes, even considering our larger electrode site area. It also
illustrates that electrodes with a surface area of 2000 xm? are suitable for both chronic
recording and stimulation, which is a valuable asset for some applications.

As shown in Fig. 5, the difference between the insertion forces of the sharpened and
unsharpened shanks increased with the number of shanks. While we would not expect the
insertion force into the agar gel to be quantitatively representative of those encountered
during insertion through the pia mater of various animal subjects or human patients, they do
illustrate the advantage of the sharpened tips. One advantage of reduced insertion force
during passage through the pia mater and then through the brain parenchyma is less
mechanical distortion (strain) within the parenchyma [12].

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2012 February 1.
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The tissue response to silicon probes with a boron-doped back surface has been previously
shown to produce tissue responses and neuronal loss that are confined to the immediate
vicinity of the probes, and in that sense, can be considered to be biocompatible [39, 40]. In
this study, the tissue responses to our Parylene C-coated, DRIE-based arrays were
investigated after implantation for two to five months. All chronic tissue responses were
limited to a localized repair process with a glial sheath formed around the probe shank
tracks. This is believed to be the first tissue response study with DRIE-based silicon probes
with a conformal coating of Parylene C over the entire probe shanks.

V. CONCLUSION

We have fabricated and validated silicon-based chronicallyimplantable multisite neural
probe arrays with a unique combination of features: DRIE-based thick and mechanically
sturdy shanks, mechanically ground true 3-D tips, and a conformal coating of Parylene C
over the entire probe shanks. The overall insulation quality of the chronic device allowed all
five chronically-implanted devices to be fully functional at least for several months. The
functionality of the chronic array has been validated for both microstimulation and neural
recording. Histologic analyses of the tissue adjacent to the DRIE-processed shanks of the
chronically implanted arrays showed only a localized inflammation around the probe
shanks. We expect that this probe system will prove valuable in basic neuroscience research,
and with further development, may be used clinically in neural prostheses and
neuromodulation.
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Fig. 1.

Shapes of the tips in silicon-based probes. (a) Scanning electron microscopic (SEM) of a
100-um-thick tip of a probe after DRIE. The dotted line shows the approximate portion of
the tip region to be ground out. (b) True 3-D tip, formed by mechanical grinding.
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(a) (b)

Fig. 2.

Silicon-based microelectrode arrays developed at HMRI. (a) SEM view of a CN array with a
total of four 100-uzm-thick shanks and 16 electrode sites. (b) Enlarged view of the tip region
of a probe shank showing the sharpened tip and electrode sites on the feature plane.
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Fig. 3.
Process flow chart illustrating major fabrication steps. See the texts for details.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2012 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Han et al.

100 | 800 |
0 T < 400
1 £
3_ 160 q 0 300 £ 5
£ g
£-200 S 208
S .
-300 - Time (ps) -800
-400

(a)

Fig. 4.

Page 17

100 250

¥ Time (ps)

(b)

Representative charge injection plots of electrodes in one array in PBS. A monophasic
cathodic current pulse was injected through the EIROF electrodes (a), while monitoring the
resulting voltage (b), which also shows a +0.6 V anodic voltage bias applied to the channel
under study. Current pulses of 150 s in width were used with +0.6 V bias, and cathodic
current intensity, in (a), was kept below the resulting potentials of —0.6 V versus Ag/AgCl,
at which point Qjnj values were obtained. Qjj of EIROF in the PBS was 1.39 + 0.68 mC/
cm?2 . When the maximum potential excursion was extended to —1.2 V, its corresponding

Qinj Was 2.65 + 1.56 mCm/cm2.
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Fig. 5.

Comparison of the insertion forces of sharpened and unsharpened probes into an agar
substrate. The sharpened tips yielded lower insertion forces than those of the wedge-tip
probes for arrays with two, four, six, and eight shanks. The arrays were assembled similarly
to Fig. 2(a). The center-to-center spacing of the shanks was 1 mm. Error bars represent two
STDs over five insertion trials.
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Fig. 6.

Two response maps overlapped, in cat CN172, evoked by a micro-electrode site implanted
in the CN for 88 days, that produced a response in the 10 kHz region of the ICC (top
contours) and another microelectrode site on an adjacent probe shank in approximately the
30 kHz region (bottom contours). The left ordinate is calibrated in microns above the tip of
the multisite recording electrode in the ICC. The calibration based on best responses to
acoustic tones is shown on the right ordinate. The contour lines show the multiunit activity
as a percentage of the maximum (from 20% to 100%). The stimulation intensity was 30 zA.
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0.5ms

Fig. 7.
Sample of spontaneous single-unit neuronal activity recordings from an electrode site in a
cat's CN array at 566 days after implantation.
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Summary plots of long-term recording quality from three arrays, recorded from 16 days to
566 days after implantation into the cats’ ventral CN. (a) SNRs of all neuronal units (dotted
line) and those of the top 10% of units with the largest SNRs (solid). (b) Mean amplitudes of
top 10% units (solid) and of the noises (dotted line). Error bars represent one STD.
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Fig. 9.
Low-magnification micrograph of NeuN-stained section showing the four silicon shank

tracks and a nonuniform distribution of the neurons around the tracks two months after
implantation into the cerebral cortex of a rabbit. The array used was similar to the one
shown in Fig. 2(a). The sections were cut perpendicular to the axis of the shanks.
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Fig. 10.

Histologic sections of rabbit cerebral cortical tissues showing tissue response at different
times after implantation. (a) and (b) NeuN stain for neurons. (c) and (d) GFAP stain for
astrocytes and their processes. The tissues were sectioned perpendicular to the length of
probe shanks after the arrays were removed from the tissue. (a) and (c) Two months after
implantation. Astrogliosis is visible mostly near one side of the track. (b) and (d) Five
months after implantation. Astrogliosis is reduced from that occurring at two months.
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TABLE |

Methods to Shape Probe Tips

Grinding Doped Etch-stop Wet-Etching
References This article [16, 17] [18-20]
Fabrication Easy Difficult Moderate
Wafer Orientation Requirement | No No Yes
Etching Mask needed No Yes Yes
Etching Angles Flexible; Independently controlled | Limited Limited

Advantages

Economical. Any angle.

Batch process

Batch process

Disadvantages

Serial process

Requires dopant dosing

Fixed angle only; rough surface
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Charge Injection Capacity of EIROF Microelectrodes, With a +0.6 V Anodic Voltage Bias Versus Ag/AgCl

Compliance Limit

AVG (mC/cm?) | STD (mC/cm?)

# of electrodes/arrays

| PBS
-0.6V 1.39 0.68 56/4
-1.2v 2.65 1.56 4413
| In-Vivo
-0.6V (2 - 84 weeks) 0.01-0.16 0.001-0.07 63/4
-1.2V (At Week 84) 0.23 0.04 13/1
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TABLE Il

Summary of Insertions Performed at Various Targets

Targets Number of Array/Insertions | Insertion speed

Cerebral cortex 11; 18 High (~1 m/sec) & low (~1 mm/sec)
Spinal cord 4;10 High and low

Cochlear nucleus | 8;8 Low
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