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Abstract
Direct recording from sequential processing stations within the brain has provided opportunity
for enhancing understanding of important neural circuits, such as the corticothalamic loops
underlying auditory, visual, and somatosensory processing. However, the common reliance
upon microwire-based electrodes to perform such recordings often necessitates complex
surgeries and increases trauma to neural tissues. This paper reports the development of
titanium-based, microfabricated, microelectrode devices designed to address these limitations
by allowing acute recording from the thalamic nuclei and associated cortical sites
simultaneously in a minimally invasive manner. In particular, devices were designed to
simultaneously probe rat auditory cortex and auditory thalamus, with the intent of recording
auditory response latencies and isolated action potentials within the separate anatomical sites.
Details regarding the design, fabrication, and characterization of these devices are presented,
as are preliminary results from acute in vivo recording.
(Some figures in this article are in colour only in the electronic version)

sites. Three-dimensional Michigan type devices have also
been demonstrated by assembling stacks of planar arrays
[9–12], thus allowing high-density recordings at multiple
depths within the volume being probed.
Although microfabricated microelectrodes are typically
designed for cortical recording, capability for simultaneous
cortical and thalamic recording is also of interest. This
interest is driven by the desire to probe the complexity of the
corticothalamic loop [13–15], which consists of ascending,
descending, and recurrent sets of neuronal connections
[16]. While simultaneous corticothalamic recording has
been reported by others, these efforts have relied on use
of microwire-based microelectrodes [17–19]. Since each
microwire only provides capability for single-site recording,
studies of large numbers of discrete neurons or neuronal
ensembles require use of correspondingly large numbers of
devices, which increases surgical complexity, as well as trauma

1. Introduction
By providing capability for direct recording from discrete
neurons and neuron ensembles, penetrating microelectrodes
have aided the field of neuroscience in elucidating the
mechanisms by which information is processed in the brain
[1, 2]. Microfabrication technologies derived from integrated
circuit manufacturing have greatly advanced these efforts by
enabling realization of microelectrode devices with improved
recording consistency and yield, as well as higher recording
site density and spatial positioning accuracy relative to
microwire-based electrodes [3–6]. Thus far, microfabricated
microelectrodes have typically employed either the ‘Michigan’
or ‘Utah’ architectures [7, 8], the former consisting of planar
penetrating shanks with a multiplicity of recording sites along
their length, and the latter consisting of three-dimensional
arrays of penetrating shanks with single, tip-located recording
1741-2560/11/046007+09$33.00
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to the brain. Microfabricated microelectrodes would provide
capability for high-density recordings in multiple anatomical
sites along their insertion pathways in a less invasive manner,
thus providing impetus for their development.
Recently, we reported the realization of titaniumbased devices designed to address this need, which
enabled the first demonstration of simultaneous acute
corticothalamic recording using a single microfabricated
penetrating microelectrode [20]. Titanium represents a new
material for microfabricated microelectrodes whose use is
motivated by the desire to mitigate limitations associated with
prevailing device materials [21, 22], such as the intrinsic
brittleness of silicon and the poor rigidity of polymeric
materials. Herein, we expand upon this report to detail the
design, fabrication, and testing of these devices in vitro and
in vivo.

2. Methods
2.1. Device design, fabrication, and packaging
Devices with shank lengths of 4.9 and 5.4 mm were designed
for acute recording in the auditory cortex and thalamus of the
rat model. Both device types were modeled on commercially
available ‘Michigan’ type microelectrode arrays (e.g. A1 ×
16–5 mm 100–413, NeuroNexus Technologies, Ann Arbor,
MI; shank length—5 mm, recording site diameter—23 μm,
recording site pitch—100 μm). Each microelectrode device
contained 16 independently addressable circular recording
sites. Twelve distinct design variants were developed with
different shank lengths (4.9 and 5.4 mm), recording site
diameters (23 and 40 μm), and pitch (50, 100 and 150 μm)
[21, 22]. The given variation of the recording site diameter
and pitch was reflective of the desire to eventually optimize
the design parameters to develop the most consistent sampling
of discrete neurons with high signal to noise ratio.
The microelectrodes were designed with two sets of
recording sites, with the first set of eight sites positioned
within 2 mm of the base of the microelectrode, and the
second set either 2.9 or 3.4 mm further down the shaft. The
exact positioning of the recording sites was determined by
their diameter and pitch. This device design was chosen to
maximize the number of sites monitoring electrophysiology
in both the auditory cortex and thalamus. Figure 1 shows
a schematic of a 4.9 mm microelectrode with thickness of
35 μm and width tapering from 65–209 μm.
The microelectrode fabrication process has been
previously detailed elsewhere [21, 22]. Briefly, titanium
foil substrates with lateral dimensions of 25 mm × 25 mm
and thickness of 25 ± 7.62 μm were cleaned in solvents,
followed by deposition of SiOx dielectric layer (0.6 μm) using
plasma enhanced chemical vapor deposition (PECVD). A gold
layer (0.5 μm) was then patterned using photolithographic liftoff techniques and electron-beam deposition. An additional
dielectric layer was then deposited using a combination of
Six Ny (0.2 μm) and SiOx (0.8 μm). After the contact windows
were opened using dry etching techniques, a mask layer
consisting of Six Ny (0.2 μm) and SiOx (3.0 μm) was deposited

Figure 1. Schematic representation of a titanium-based
microfabricated microelectrode device designed for simultaneous
acute recording in rat auditory cortex and thalamus.

Figure 2. Cross-sectional schematic of a single trace fabricated
within a titanium-based microelectrode.

and patterned to form the microelectrode shank outline.
Titanium inductively coupled plasma deep etch (TIDE) [23]
was then performed to form the microelectrode, followed
by a short dry etch of the dielectrics in order to reopen the
contact windows. Figure 2 shows a cross-sectional schematic
of a single trace fabricated within the microelectrode, while
figure 3 shows scanning electron micrographs of the resulting
titanium-based microelectrodes.
The microelectrode devices were packaged by bonding
to commercially available printed circuit boards (PCBs)
(A-16, NeuroNexus Technologies) using cyanoacrylate
adhesive.
Gold wire-bonding was then used to make
2
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Figure 4. Titanium microelectrode gold wire-bonded to a PCB.

Figure 3. Scanning electron micrographs of a titanium-based
microelectrode.

Figure 5. In vitro testing apparatus.

Netherlands) with built-in frequency analyzer (Brinkmann,
Westbury, NY) [26]. In vitro testing was performed utilizing a
three-electrode setup. A calomel electrode (Fisher Scientific,
Waltham, MA) was used as the reference electrode with
a platinum wire as the counter electrode. As illustrated
in figure 5, the microelectrode devices were immersed at
room temperature in 1× phosphate-buffered saline (PBS)
at sufficient depth to allow testing of all recording sites on
the device. Measurements of recording sites were taken
individually with the test apparatus isolated in a copper mesh
‘Faraday’ cage (not shown in figure). A 25 mV RMA sine wave
was applied to the recording site for EIS tests with frequencies
ranging logarithmically from 0.1 to 10 kHz. CV testing was
performed using a linear voltage sweep from −0.3 to 0.8 V
with a scanning rate of 1 V s−1 . These data were then used
to calculate the charge carrying capacity as the area of the
cathodal current within the potential limits of hydrolysis.

connections between the contact pads on the devices and
their respective bond pads on the PCBs (7400A, WestBond, Anaheim, CA). Afterwards, an additional layer of
cyanoacrylate was applied over the contact pad area as an
encapsulant to protect the exposed wires. Figure 4 shows a
titanium microelectrode bonded to a PCB with its contact pads
wire-bonded to the PCB gold traces.
2.2. In vitro recording site cleaning
As described in greater detail elsewhere [22], devices were
subjected to a 1 min, 1.5 V dc pulse using the in vitro
EIS/CV testing apparatus described in section 2.3. The
resulting electrolysis at the recording sites facilitated removal
of fabrication process residues, thus reducing impedance. This
in vitro recording site cleaning process is similar to those that
have been performed during in vivo studies with a shorter pulse
duration [24, 25].

2.4. In vivo acute corticothalamic recording
2.3. In vitro electrical testing

In vivo electrical testing was performed in a rat model
with the titanium microelectrodes. The goal of the testing
was to examine the response to auditory stimulus within
the auditory cortex and thalamus simultaneously. Two

Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) measurements were collected using an
Autolab potentiostat PGSTAT12 (EcoChemie, Utrecht, The
3
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Figure 6. Surgical head holder mounting.

constructing peri-stimulus time histograms of acoustic noiseevoked responses to verify electrode function and placement.
The neural data analysis was conducted as per Ludwig et al
[29]. Briefly, signals were first identified with customwritten MATLAB software based on peaks that were 3.5
standard deviations above and below the sample distribution.
Subsequently, 2.4 ms snippets centered on the minimum
of the peaks were removed from the recordings, and then
the root mean squared amplitude of the remaining data was
used as an estimate of the noise. The signal amplitude
was calculated as the mean peak-to-peak amplitude of the
originally removed snippets. Finally, the signal to noise ratio
was calculated as the signal amplitude divided by 2× the noise
amplitude.

Long-Evans rats (Harlan, Indianapolis, IN) were chosen for
testing. The rats were weighed and placed under anesthesia
using a combination of ketamine hydrochloride (80 ml kg−1
body wt) and xylazine (5 ml kg−1 ) with subsequent 1 ml
injections of ketamine every 30 min as required to maintain an
areflexic state. The experimental procedures complied with
the guidelines for the care and use of laboratory animals
and were approved by the Purdue Animal Care and Use
Committee.
During surgery, a midline incision was made through the
scalp and the muscles were retracted. Four holes were then
drilled into the skull using a burr. Allen-type screws were
attached and a hexagonal nut was placed in the center as
shown in figure 6. Dental acrylic (Co-Oral-Ite Dental Mfg.
Co. Inc., Diamond Springs, CA) was placed over the screws
and around the nut and left to dry creating a mold. Once the
mold hardened, a head holder was attached to the hexagonal
nut anterior to bregma. This mount served to stabilize the
rat’s skull during subsequent microelectrode insertion and
testing. The skull over the primary auditory cortex of the
right hemisphere was drilled open using a burr. Once the brain
was exposed, the area was cleaned and prepared for device
insertion.
Prior to insertion, cortical tonotopy was verified based on
vascular landmarks [27]. Based on stereotactic measurements
[28], the devices were then inserted such that the eight
recording sites at the tip of the microelectrodes would
interface with the auditory thalamus while the eight sites
at the base of the microelectrodes would interface with
the auditory cortex.
The microelectrode devices were
inserted through the intact dura mater into the cortical
mantle. Broadband acoustic noise stimuli (70 dbSPL for
100 ms) were then administered via an external speaker
approximately 10 cm from the animal’s left pinna (RX7,
Tucker-Davis Technologies (TDT), Alachua, FL). Recording
was performed through the connection of an external preamplifier (MS16, TDT) connected to the microelectrode
PCB. The pre-amplifier digitized and transmitted the neural
signals to the RX7 neural recording system for amplification,
analysis, and storage. Auditory physiological data were
analyzed using custom software (MATLAB, Natick, MA) by

3. Results
3.1. In vitro electrical testing
The EIS results for the titanium-based microelectrodes
indicated impedance values between 0.20 and 0.43 M
at a frequency of 1 kHz for recording site diameters of
40 μm, while a range of 0.75–1.38 M was found for smaller
23 μm recording sites [21, 22]. CV tests revealed maximum
charge carrying capacities ranging from 0.1 to 1.9 mC cm−2 .
Figure 7 displays the resulting plots for a typical recording
site. Commercially available silicon microelectrodes typically
have an impedance range of 0.5–3.0 M at 1 kHz depending
on the recording site diameter (NeuroNexus Technologies).
Therefore, most of the impedance values for the titaniumbased devices are comparable to these commercially
available devices. Also, the current literature suggests that
the charge carrying capacities of the gold recording sites are
comparable [30].
3.2. In vivo acute corticothalamic recording
Two microelectrodes were successfully implanted: (device 1)
4.9 mm length, 40 μm diameter sites, 100 μm recording site
pitch, implanted into rat 1; and (device 2) 5.4 mm length,
23 μm diameter sites, 100 μm recording site pitch, implanted
into rat 2. Despite their significant length, the microelectrodes
4
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(a)

(b)

Figure 7. (a) EIS and (b) CV plots for a 40 μm recording site from
a 5.4 mm length titanium-based microelectrode.

were able to penetrate the dura matter, whereas commercially
available silicon-based devices typically require retraction
of the dura prior to insertion. While this demonstrates
opportunity for simplification of surgical procedure afforded
by use of titanium microelectrodes, it is important to
acknowledge that this advantage arises primarily from the
increased cross-sectional area of the titanium microelectrodes
relative to first-generation, commercially available, siliconbased microelectrodes (i.e. shank thicknesses of ∼35 μm
and ∼15 μm, respectively). Si-based devices with greater
cross-sectional areas are now available, and it is reasonable
to expect that such devices might also provide sufficient
stiffness for dural penetration. Figure 8 shows a sequence
of images from the successful insertion of device 1 through
the dura matter. No buckling of this device was observed
during its insertion. Slight buckling of device 2 was observed
during its insertion, but was quickly resolved once the dura
was penetrated.
To verify the placement and functionality of the microelectrodes, broadband, acoustic noise stimuli were used to induce multi-channel responses via the same method presented
in section 2.4. Properly inserted and functioning microelectrodes would be expected to provide data of differing auditory response latencies for the two anatomical sites within
the brain, with approximately a 15 ms delay in the auditory thalamus and approximately a 20 ms delay in the cortex
from the onset of the stimulus, reflecting the acoustic trans-

Figure 8. Image captures from video recording of a titanium-based
microelectrode insertion (through intact dura matter) into the
auditory cortex.
Table 1. Action potential recordings.

Amplitude (mV)
Noise (mV)
Signal to noise ratio
Units
Total units: 13

Min

Max

Mean

Standard
deviation

62.87
16.89
3.09
0

432.55
39.83
13.05
2

173.91
31.93
5.23
0.81

109.79
6.18
3.05
0.75

mission and neural processing delays. Although recordings
of acoustic-evoked responses were achieved with both devices, the lack of thalamic latencies observed in device 1
(data not shown) suggested that its length was insufficient
to reach desired thalamic nuclei.
Figure 9 shows recording traces from device 2, where
normal acoustic threshold physiology was observed on 15 of
the 16 recording sites and a number of clearly isolated action
potentials were evident across several channels. Simultaneous
recording from both cortex and thalamus was confirmed
by the observation of expected auditory processing delays.
Table 1 provides a summary of signal to noise ratio analyses
of the recorded responses. The average signal to noise
ratio of the 15 recording traces in this experiment was 5.23,
5
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to reverse-engineer the brain via the corticothalamic loop.
Nicolelis et al have reported several studies recording
in multiple cortical and sub-cortical structures within the
somatosensory system simultaneously [17–19]. In these
studies, recordings of up to 135 neurons in multiple anatomical
sites were performed simultaneously using up to three
electrode arrays, each containing 8–16 microwires (50 μm
diameter). While these studies offered unprecedented insight
into communication and function within the somatosensory
system, this came at the expense of extensive damage to
the neural tissue. Since a single microfabricated titanium
microelectrode device provides opportunity for simultaneous
recording from multiple anatomical sites along its insertion
pathway, the number of device insertions required for such
studies can be reduced, thus, significantly reducing surgical
complexity and trauma. Moreover, reduced trauma would also
provide potential for greater long-term recording reliability in
chronic studies, since studies have suggested that the latter
is strongly influenced by the former [32, 33]. Finally, we
expect that the current device design could be easily modified
to accommodate visual or somatosensory corticothalamic loop
studies as well, thus further broadening its potential utility.
The data presented herein expand upon our earlier
reporting of the first simultaneous corticothalamic recording
using a single titanium-based microfabricated microelectrode
[20]. However, it is important to acknowledge a recent
report by Torfs et al demonstrating similar capability using
silicon-based microelectrodes [34]. In this report, which
was an extension of earlier efforts based on similar devices
[9, 35], two-dimensional Michigan-style microelectrodes were
demonstrated.
A unique feature of these devices was
the monolithic integration of switching electronics, which
provided capability for simultaneous recording from eight
independent recording sites selectable from 256 total sites
available on the device. This enabled real-time selection of
recording sites to optimize recording quality and/or selectively
target neural regions of interest, such as the cortex and
thalamus.
The fabrication of the titanium-based devices presented
herein was made possible by recently developed techniques
that allow, for the first time, deep etching of bulk titanium
substrates [23, 36]. As demonstrated in our earlier studies
[22], titanium possesses a number of advantageous properties
that make it a desirable structural material for microelectrodes.
For example, its fracture toughness, which is a measure
of resistance to crack propagation, far exceeds that of
silicon (55 MPa m−1/2 and 0.95 MPa m−1/2 [37], for Ti
and Si, respectively), thus enhancing safety by minimizing
potential for device fragmentation within the brain. Moreover,
its elastic modulus, which is a measure of the effective
‘stiffness’ of the material, far exceeds that of polymeric
materials (107 GPa [37] and 4 GPa [38], for Ti and
polyimide, respectively), thus allowing for reduction of
device cross section, without adversely affecting insertion
reliability and placement accuracy. Finally, its intrinsic
capability to plastically deform allows for retention of
recording functionality under loading situations that would
cause comparable silicon-based devices to fracture and lose
all functionality.

Figure 9. Extracellular recordings from the auditory thalamus
(bottom eight traces) and auditory cortex (top eight traces) of an
anesthetized rat.

which is comparable to ‘good’ recordings from commercially
available microelectrode arrays [31]. Figure 10 shows peristimulus time histograms generated by analyzing the auditory
physiological data elicited by acoustic noise bursts. Each
box reflects the response from a single recording site. The
top two rows reflect data from the eight recording sites in
the auditory cortex, while the bottom two rows reflect data
from the eight sites in the auditory thalamus. The horizontal
axis within each image represents time from 20 ms before the
acoustic noise burst to 300 ms afterwards. The vertical axis
within each image reflects increasing intensity noise bursts
(−100, 30, 40, 50, 60, 79 dB sound pressure levels). The
expected auditory processing delays are evident and additional
physiological phenomena (i.e. inhibition, offset response) are
also observed on some of the recording sites (e.g. site 12 in
figure 10). Significantly more inhibition and offset responses
are observed in auditory cortex (the top two rows of figure 10).
Furthermore, one thalamic site (site 14, figure 10) exhibited a
sustained response to the acoustic stimulus.

4. Discussion
The simultaneous recording of auditory thalamus and cortex
is of interest to neuroscientists and neuroengineers attempting
6
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Figure 10. Simultaneously recorded, noise-evoked, peri-stimulus time histograms from the auditory cortex (top 2 rows) and thalamus
(bottom 2 rows) of an anesthetized rat. The green bar along the x-axis reflects the timing of the broadband acoustic noise stimulus.

studies will seek to exploit the opportunity provided by these
devices to study corticothalamic communication and function
by stimulating within one anatomical site while recording in
the other, all in a minimally invasive manner.

Despite these advantageous properties, it is important to
also acknowledge the potential limitations imposed by the use
of titanium. For example, monolithic integration of electrical
switching capability similar to that demonstrated by Torfs
et al is precluded, since this requires use of a semiconducting
material, such as silicon. Moreover, it is conceivable that
the electrical conductivity of titanium might allow shorting
between neurons contacting the exposed underside of the
device. Although evidence of such shorting was not observed
in the current study, this issue could be easily mitigated by
coating of the exposed titanium with insulating materials (e.g.
SiO2 , Si3 N4 , or polyimide). Finally, as with silicon-based
devices, large elastic modulus mismatch with surrounding
neural tissue (166 GPa [38], 107 GPa [37], and 1–10 GPa
[39], for Si, Ti, and brain, respectively] may result in
generation of micromotion-induced inflammation that could
degrade recording quality in chronically implanted devices
[40, 41].
Finally, it is important to acknowledge that chronic
implantation studies are still needed to assess long-term
stability and recording reliability of the titanium-based
microelectrode devices. For example, vascular damage is a
concern for any penetrating device, thus techniques to avoid
vascular penetration or minimize subsequent inflammation
would likely increase reliability [42–44]. Moreover, while
the intrinsic toughness of titanium will enhance mechanical
reliability, use of titanium in and of itself is unlikely to
mitigate potential for a reactive tissue response (i.e. gliosis),
since there will still be a foreign body response [45–47].
Various strategies to limit the reactive tissue response
have been previously explored, including pharmacological
intervention [43, 48–52], surface modification [53, 54],
and novel device design [33, 55]. Future studies will
focus on establishing the chronic recording reliability of
titanium-based microelectrodes and exploring opportunities
for implementation of such strategies. In addition, future

5. Conclusion
We have reported the design, fabrication, and in vitro and
acute in vivo testing of titanium-based, microfabricated,
microelectrodes for simultaneous corticothalamic recording
in rat. In vitro characterization studies demonstrate that the
devices provide recording performance comparable to that
of commercially available silicon-based devices. Results
from in vivo studies demonstrate simultaneous recording of
multi-unit data and isolated action potentials in rat auditory
cortex and thalamus. These results demonstrate the potential
embodied within such devices to serve as an enabling tool
for neurophysiological studies focused on elucidating the
mechanisms underlying corticothalamic communication.
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