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Abstract— We present here a microfabricated, multi-
functional neural interface with the ability to selectively apply
electrical and chemical stimuli, while simultaneously monitoring
both electrical and chemical activity in the brain. Such a
comprehensive approach is required to understand and treat
neuropsychiatric disorders, such as major depressive disorder
(MDD), and to understand the mechanisms underlying
treatments, such as pharmaceutical therapies and deep brain
stimulation (DBS). The polymer-based, multi-functional neural
interface is capable of electrical stimulation and recording,
targeted drug delivery, and electrochemical sensing. A variety
of different electrode and fluidic channel arrangements are
possible with this fabrication process. Preliminary testing has
shown the suitability of these neural interfaces for in vivo
electrical stimulation and recording, as well as in vitro chemical
sensing. Testing of the in vitro drug delivery and combined in
vivo functionalities this neural interface are currently
underway.

1. INTRODUCTION

Recently, deep brain stimulation (DBS), a method of
electrically stimulating specific brain regions using an
implanted electrode, has been approved by the FDA for the
treatment of symptoms of Parkinson’s disease, essential
tremor, and dystonia. More recently, DBS has also been
applied to a variety of neuropsychiatric disorders, such as
obsessive-compulsive disorder (OCD) and major depressive
disorder (MDD) [1-4]. Ongoing studies of DBS targeting
the subcallosal cingulate white matter have shown sustained,
long-term, antidepressant response without appreciable side
effects in otherwise treatment resistant patients [1, 3-4].
Despite these encouraging results, DBS mechanisms are
unknown, slowing refinement of surgical targeting and
stimulation parameters that might further optimize clinical
outcomes.

To understand a subject as complex as brain function and
to treat an illness as elusive as treatment-resistant depression,
a comprehensive approach is required. We are developing a
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multifunctional neural interface to selectively apply electrical
and pharmacological treatments to a behaving animal, while
simultaneously monitoring electrical and neurochemical
brain activity.

Some of the most common neural interfaces are thin-film
micromachined probes, utilizing either silicon or polymer
backbones [5-18]. In general, these devices have limited
functionality, allowing for only electrical stimulation and/or
recording [5-6, 11-15] or only chemical sensing [16]. Initial
work has concentrated on incorporating fluidic channels for
drug delivery into these neural interfaces [7-10, 17-18].
Recently, Frey et al. have demonstrated a silicon-based
neural interface with electrical stimulation/recording, drug
delivery, and chemical sensing [10]. However, there are
concerns regarding the suitability of silicon-based neural
interfaces for long-term in vivo studies [19]. Further, the
continuous micro-motion of the neural tissue can induce
strain between the neural tissue and the implanted interface,
inducing chronic injury and glial scarring at the implant site.
Unlike silicon-based, polymer-based neural interfaces are
fully flexible. Thus, the strain between the neural tissue and
the implanted probe is minimized, thereby minimizing injury
and scarring at the implantation site [20].

We present here a microfabricated, multifunctional,
polymer-based neural interface (Fig 1.). The multifunctional
interface is capable of electrical stimulation/recording,
targeted drug delivery, and electrochemical sensing. The
fabrication process is extremely versatile, allowing a variety
of different electrode and fluidic channel geometries to be
produced.
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Figure 1. Model of the multifunctional neural interface presented here.

II. MULTIFUNCTIONAL NEURAL INTERFACE FABRICATION

A. Neural Interface Fabrication

The fabrication process depicted here can be used for a
variety of different electrode quantities (8 — 120), sizes (10
pm to 2 mm), and materials (e.g. platinum, iridium, iridium-
oxide, gold). This process can also be used for a variety of
different fluidic channel dimensions: height (I pm — 100
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pm), width (10 pm — 1mm), and length (5 mm — 100 mm).
In addition, multiple fluidic channels can be included on a
single neural interface.

A model of the multifunctional neural interface is shown
in Fig. 1. This multifunctional device contains: (1)
electrodes for both electrical stimulation and recording, (2)
fluidic channels for targeted drug delivery, and (3) post-
fabrication, surface-modified electrodes for electrochemical
sensing. The fabrication process is versatile, allowing for a
variety of different orientations of electrodes and fluidic
channels (Fig. 2). The fabrication steps are as follows:

1. Etch pillars into the silicon at the electrode and
electrical connector locations (Fig. 2A) using a
standard Bosch process. These pillars allow the
electrodes to be recessed from the surface of the
parylene, which creates more uniform electric fields
during electrical stimulation [21]. The height of the
pillars defines the recess depth of the electrodes.
The first layer of parylene is then deposited and O,
plasma is used to remove the parylene at the pillar
locations.

2. The electrode and trace metals are then deposited and
patterned (Fig. 2B). A variety of electrode metals
can be used (platinum, iridium, and iridium-oxide are
the most common). The trace metal is typically gold.
The metals can be patterned using either liftoff or
etching (wet or dry) techniques.

3. The next layer of parylene is then deposited (Fig. 2C)
and interconnection vias are etched through this
parylene layer using O, plasma (Fig. 2D) at both the
electrode and electrical connector locations. The
second layer of trace metal is then deposited and
patterned. The process is then repeated for a third
layer of parylene and a third layer of trace metal
(Fig. 2E).

4. The parylene is then through-etched using O, plasma
to create the fluidic inlet (Fig. 2F). This places the
fluidic inlet on the same side of the device as the
electrodes and the electrical connector. Although not
shown in the fabrication process depicted here, if the
fluidic outlet is desired on the same side of the
device as the electrodes, this would also be etched at
this time. Similarly, if the fluidic inlet is desired on
the opposite side of the device, this step can be
omitted.

5. The sacrificial photoresist used to define the fluidic
channel is patterned and the final layer of parylene is
then deposited (Fig. 2G). The fluidic outlet is then
etched through the parylene using O, plasma (Fig.
2H). The location of this fluidic outlet on either side
of the neural interface (as opposed to the tip of the
device) is crucial to prevent occlusion during
insertion [22].

6. Finally, the sacrificial photoresist in the fluidic
channel is removed and the devices are released from
the silicon (Fig. 2I). Individual electrodes are then
surface-modified to create the chemical sensors.

The process used here can be used with varying numbers
of trace metal layers (up to 4 layers of trace metal have been
demonstrated [23]) and varying orientations of electrodes
and fluidic channels. With this process it is possible to put
electrodes on both sides of the devices and/or inside the
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Figure 2. Fabrication process of the multifunctional neural interface.

B. Electrochemical Sensor

Post-fabrication chemical modifications are performed on
individual electrodes. These electrodes can be selectively
modified to detect multiple analytes. As a representative
chemical sensor, an amperometric dopamine (DA) sensor
was developed.  Platinum electrodes were chemically
modified with permselective polymers to allow for the
detection of dopamine and rejection of interferents [24]. Fig.
3 shows the results of an in vitro calibration of a DA sensor.
The sensor shows a step response to each injection of 10 pM
of DA but no response to injections of 250 uM of ascorbic
acid, a common interferent present in extracellular fluid.
Additionally, the sensor responds strongly to 1 uM hydrogen
peroxide, making the device suitable for use as an enzymatic
sensor when modified with appropriate enzymes.
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Figure 3. In vitro calibration showing a step response to 5 uM dopamine
(DA) and 1 pM hydrogen peroxide (H20,), but no response to the
interferent ascorbic acid (AA) at 250 uM per injection.

C. Electrical and Fluidic Connectors

A variety of different electrical connectors can be used
with this neural interface, depending upon the application.
Most standardly used are the Omnetics (Omnetics Connector
Co., Minneapolis, MN) and the zero-insertion-force (ZIF)
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connectors. This neural interface can also be used with
specially-designed, percutaneous connectors for long-term
use, such as that designed by Shah et al. [25]. Alternately,
specialized connectors, with on-board electronics and
wireless telemetry, can also be used [15]. All of these
methods allow for reliable and repeatable electrical
connections.

The most commonly used fluidic connectors for drug
delivery consist of tubing epoxied to the neural interface [8-
9, 17]. The neural interface presented here can be used with
this type of interface.

D. Polymer Neural Probe Insertion Stiffeners

A major challenge with these polymer-based neural
interfaces is their flexibility as the probes tend to buckle
upon insertion, thereby preventing successful penetration
into neural tissue. We have developed a method for
temporarily attaching the neural interface to a silicon
stiffener with biodissolvable polyethylene glycol (PEG) [26].
The silicon can easily penetrate the neural tissue, and once
inserted, the PEG dissolves, the silicon stiffener can be
extracted, and the polymer probe regains its intended
flexibility. The removable silicon stiffener has been tested
with devices that have electrical stimulation and recording
capabilities and no loss of functionality has been seen due to
the PEG dissolution or the removal of the stiffener. Plans
are underway to test the removal silicon stiffeners with the
chemical sensing and delivery functionalities.

III. NEURAL INTERFACE CHARACTERIZATION

Images of the multifunctional neural interfaces are shown
in Fig. 4. The images show both multi-shank and single-
shank interfaces, with both top (fluidic channel is on top) and
bottom views (electrodes are on top). As can be seen, the
fabrication process is compatible with a variety of different
probe, fluidic channel, and electrode designs.

A. In Vitro Electrical Characterization

Both iridium and platinum electrodes were tested. For
the iridium electrodes, activation was performed using
biphasic potential pulsing in phosphate-buffered saline to
form an activated iridium oxide film (AIROF). All
electrodes were characterized to determine charge storage
capacity (CSC) and impedance. Cyclic voltammetry (CV)
and electrochemical impedance measurements were made
with a Princeton Applied Research (PAR) potentiostat using
vendor-supplied software. All measurements were made in a
three-electrode cell using a Pt counter electrode, an Ag/AgCl
reference electrode, and phosphate-buffered saline (pH 7.4)
as the electrolyte. Potential cycling for the CVs was
performed between -600 mV and +800 mV at a scan rate of
100 mV/s. The CSC for a typical 100 pm AIROF electrode
is 21.8 mC/cm’, with an impedance of 3.3 kQ (at f = 1 kHz).
Other electrode sizes exhibit similar results. The CSC for a
typical 100 pm platinum electrode is 1.72 mC/em?, with an
impedance of 42.2 kQ (at f=1 kHz).

B. Preliminary In Vivo Testing

Preliminary in vivo testing of these neural interfaces was
performed to demonstrate their efficacy in both neural
electrical stimulation and recording. For these experiments,

two neural interfaces were used: one inserted into the
basolateral amygdala (BLA) and the other inserted into the
medial prefrontal cortex (mPFC).

Figure 4. Images of three different multifunctional neural interfaces. The
top image shows a probe with 4 separate shanks, where each shank has a
fluidic channel. The middle image shows a single-shank design. The
bottom image shows a single-shank design with a tetrode array. The top
and middle images show top-down views of the neural interfaces (i.e. the
fluidic channel is on top). The bottom image shows a bottom-up view of
the neural interface (i.e. the electrodes are on top).

1) Neural Recording

For this test, one of the neural interfaces presented here
was implanted in the BLA and used as the recording array.
A commercial monopolar electrode was implanted in the
mPFC and used for stimulation. Fig. 5 shows the evoked
response potentials (ERPs) recorded using the neural
interface in the BLA.
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Figure 5. Data recorded in the BLA by the multifunctional neural interface
(following stimulation in the mPFC).

2) Neural Stimulation

For this test, data was recorded from the BLA using a
commercial microwire array during stimulation from the
mPFC using a neural interface presented here. Fig. 6 shows
the data recorded after stimulation.

IV. CONCLUSION

We present a complete microelectrode array designed for
electrical stimulation and recording and chemical delivery
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and sensing. We have demonstrated a versatile fabrication
process for multifunctional neural interfaces. The neural
interface was designed to be implanted in soft tissue using a
removable stiffener. Preliminary testing has shown the
suitability of these neural interfaces for in vivo electrical
stimulation and recording and in vitro chemical sensing. In
vitro testing of the fluidic channels for drug delivery is
currently underway. Additional in vivo testing of the drug
delivery and chemical sensing functions of this neural
interface is also planned.
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Figure 6. Data recorded in the BLA following stimulation in the mPFC by
the multifunctional neural interface.

ACKNOWLEDGMENT

The authors would like to thank Terri Delima, Heeral
Sheth, and William Benett at Lawrence Livermore National
Laboratory for their lab support. This work has been funded
by Lawrence Livermore National Laboratory. This work
performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under
Contract DE-AC52-07NA27344. LLNL-ABS-612192

REFERENCES

[1] H. Mayberg, A. Lozano, V. Voon, H. McNealy, D. Seminowicz, C.
Hamani, J. Schwalb, and S. Kennedy, “Deep Brain Stimulation for
Treatment-Resistant Depression,” Neuron, vol. 45, pp. 651-660,
2005.

[2] B. Nuttin, P. Cosyns, H. Demeulemeester, J. Gybels, and B.
Meyerson, “Electrical stimulation in anterior limbs of internal
capsules in patients with obsessive-compulsive disorder,” Lancet.,
October 1999.

[3] B.D Greenberg, D.A. Malone, G.M Friehs, A.R. Rezai, C.S. Kubu,
P.F. Malloy, S.P. Salloway, M.S. Okun, W.K. Goodman, and S.A.
Rasmussen, “Three-year outcomes in deep brain stimulation for
highly resistant obsessive-compulsive disorder,” Neuropsychopharm.,
vol. 31, no. 11, pp. 2384-93, November 2006.

[4] S.H. Kennedy, P. Giacobbe, S.J. Rizi, F.M. Placenza, Y. Nishikawa,
H.S. Mayberg, and A.M Lozano, “Deep Brain Stimulation for
Treatment-Resistant Depression: Follow-up after 3 to 6 years,” Am. J.
Psych., vol. 168, pp. 502-510, 2011.

[5] A. Sharma, L. Rieth, P. Tathireddy, R. Harrison, H. Oppermann, M.
Klein, M. Topper, E. Jung, R. Normann, G. Clark, and F. Solzbacher,
“Long term in vitro functional stability and recording longevity of
fully integrated wireless neural interfaces based on the Utah Slant
Electrode Array,” J. Neural. Eng., vol. 8, no. 4, August 2011.

[6] C. Chestek, V. Gilja, P. Nuyujukian, J. Foster, J. Fan, M. Kaufman,
M. Churchland, Z. Rivera-Alvidrez, J. Cunningham, S. Ryu, and K.
Shenoy, “Long-term stability of neural prosthetic control signals from
silicon cortical arrays in rhesus macaque motor cortex,” J. Neural
Eng., vol. 8, no. 4, August 2011.

[7]1 Y. Li, K. Baek, M. Gulari, and K. D. Wise, “A Drug-Delivery Probe
with an In-Line Flowmeter Based on Trench Refill and Chemical

[8]

[91

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

5162

Mechanical Polishing Techniques,” in IEEE Sensors 2007 Conf.,
2007, pp. 1144-1147.

K.C. Cheung, K. Djupsund, Y. Dan, and L.P. Lee, “Implantable
Multichannel Electrode Array Based on SOI Technology,” J.MEMS,
vol. 12, no. 2, pp. 179-184, April 2003.

D.S. Pellinen, T. Moon, R.J. Vetter, R. Miriani, and D.R. Kipke,
“Multifunctional Flexible Parylene-Based Intracortical
Microelectrodes,” in Proc. 27th IEEE Eng. Med. Biol. Soc. Ann. Int.
Conf. 2005, Shanghai China, September 2005, pp. 5272-5275.

O. Frey, P.D. van der Wall, S. Spieth, O. Brett, K. Seidl, O. Paul, P.
Ruther, R. Zengerle, and N.F. de Rooij, “Biosensor microprobes with
integrated microfluidic channels for bi-directional neural chemical
interaction,” J. Neural Eng., vol. 8, 2011.

S. Lee, J. Jung, Y. Chae, J.-K. Suh, and J. Kang, “Fabrication and
characterization of implantable flexible nerve cuff electrodes with Pt.,
Ir, and IrOx films deposited by RF sputtering,” J. Micromech.
Microeng., vol. 20, no. 3, March 2010.

B. Rubehn, C. Bosman, R. Oostenveld, P. Fries, and T. Stieglitz, “A
MEMS-based flexible multi-channel ECoG-electrode array,” J.
Neural Eng., vol. 6, no. 3, June 2009.

J. Seymour, N. Langhals, D. Anderson, and D. Kipke, “Novel multi-
side, microelectrode arrays for implantable neural applications,”
Biomed. Microdevices, vol. 13, pp. 441-451, February 2011.

A. Mercanzini, K. Cheung, D. Buhl, M. Boers, A. Maillard, P. Colin,
J.-C. Bensadoun, A. Bertsch, and P. Renaud, “Demonstration of
cortical recording using novel flexible polymer neural probes,” Sens.
Actuators A, vol. 143, pp. 90-96, 2008.

A. Tooker, K.G. Shah, V. Tolosa, H. Sheth, S. Felix, T. Delima, and
S. Pannu, “Chronically Implantable, 121-Channel, Polymer
Microelectrode Array with Hermetically-Sealed Wireless Interface,”
in Proc. Transducers 2012, Hilton Head, SC, USA, June 2012.

KM. Wassum, V.M. Tolosa, J. Wang, E. Walker, H.G.
Monbouquette, and N.T. Maidment, “Silicon Wafer-Based Platinum
Microelectrode Array Biosensor for Near Real-Time Measurement of
Glutamate in Vivo,” Sensors, vol. 8, pp. 5023-5036, 2008.

D. Ziegler, T. Suzuki, and S. Takeuchi, “Fabrication of Flexible
Neural Probes with Built-In Microfluidic Channels by Thermal
Bonding of Parylene,” J. MEMS, vol. 15, no. 6, pp. 1477-1482,
December 2006.

S. Metz, A. Bertsch, D. Bertrand, and P. Renaud, “Flexible polyimide
probes with microelectrodes and embedded microfluidic channels for
simultaneous drug delivery and multi-channel monitoring of
bioelectric activity,” Biosens. Bioelectron., vol. 19, pp. 1309-1318,
2004

R. Biran, D. Martin, and P. Tresco, “Neuronal cell loss accompanies
the brain tissue response to chronically implanted silicon
microelectrode arrays,” Exp. Neurology, vol. 195, pp. 115-126, 2005.

V. Polikov, P. Tresco, and W. Reichert, “Response of brain tissue to
chronically implanted neural electrodes,” J. Neurosci. Meth., vol. 148,
pp. 1-18, 2005.

M. Suesserman, F. Spelman, and J. Rubinstein, “In Vitro
Measurement and Characterization of Current Density Profiles
Produced by Nonrecessed, Simple Recessed, and Radially Varying
Recessed Stimulating Electrodes,” IEEE. Trans. Biomed. Eng., vol.
38, no. 5, pp. 401-408, 1991.

K.B. Neeves, C.T. Lo, C.P. Foley, W.M. Saltzman, and W.L.
Olbricht, “Fabrication and characterization of microfluidic probes for
convection enhanced drug delivery,” J. Cont. Release, vol. 111, pp.
252-262, February 2006.

A. Tooker, V. Tolosa, K.G. Shah, H. Sheth, S. Felix, T. Delima, and
S. Pannu, “Optimization of Multi-Layer Metal Neural Probe Design,”
in Proc. 34th IEEE Eng. Med. Biol. Soc. Ann. Int. Conf. 2012,
California, USA, August 2012.

T.T Tseng and H.G. Monbouquette, “Implantable Microprobe with
Arrayed Microsensors for Combined Amperometric Monitoring of the
Neurotransmitters, Glutamate and Dopamine,” J. Electroanal. Chem.,
vol. 682, pp. 141-145, August 2012.

K.G. Shah, W. Benett, T. Delima, S. Felix, H. Sheth, V. Tolosa, A.
Tooker, and S. Pannu, “Percutaneous Electrical Connector for Long-
term Electrical Recording and Stimulation with Microelectrode
Arrays,” presented at the Neural Interfaces Conference, June 2012.

S. Felix, K.G. Shah, D. George, V. Tolosa, A. Tooker, H. Sheth, T.
Delima, and S. Pannu, “Removable Silicon Insertion Stiffeners for
Neural Probes using Polyethylene Glycol as a Biodissolvable
Adhesive,” in Proc. 34th IEEE Eng. Med. Biol. Soc. Ann. Int. Conf.
2012, California, USA, August 2012.



	MAIN MENU
	Help
	Search
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

