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Novel flexible Parylene neural probe with 3D sheath
structure for enhancing tissue integration

Jonathan T.W. Kuo,? Brian J. Kim,? Seth A. Hara,® Curtis D. Lee,® Christian
A. Gutierrez,© Tuan Q. Hoang® and Ellis Meng*=®

A Parylene C neural probe with a three dimensional sheath structure was designed, fabricated, and
characterized. Multiple platinum (Pt) electrodes for recording neural signals were fabricated on both inner
and outer surfaces of the sheath structure. Thermoforming of Parylene was used to create the three
dimensional sheath structures from flat surface micromachined microchannels using solid microwires as
molds. Benchtop electrochemical characterization was performed on the thin film Pt electrodes using cyclic
voltammetry and electrochemical impedance spectroscopy and showed that electrodes possessed low
impedances suitable for neuronal recordings. A procedure for implantation of the neural probe was
developed and successfully demonstrated in vitro into an agarose brain tissue model. The electrode-lined
sheath will be decorated with eluting neurotrophic factors to promote in vivo neural tissue ingrowth post-
implantation. These features will enhance tissue integration and improve recording quality towards
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Introduction

Reliable and robust brain machine interfaces (BMI) that
enable direct patient control of motor prosthetics are an
ongoing challenge. Electrophysiological methods to commu-
nicate and probe the nervous system have been explored
extensively since the discovery in the 18th century that
electrical signals modulate muscle movements." Implantable
probes with single or arrays of neural recording and stimula-
tion electrodes, simply referred to sometimes as ‘“neural
probes”, that reliably interact and communicate with neurons
have served as standard neuroscience research tools for
studies of brain function for decades but have yet to achieve
their potential in clinical use. Individuals with neurodegen-
erative disorders or other neurological deficits may benefit
from neural probe technologies to restore brain function lost
by disease (stimulating electrodes) or re-establish previously
severed brain-limb connections as in limb control (recording
electrodes).

Earlier BMI technology consisted of individual metal
microwires (>75 um diameter)* with de-insulated tips for
recording neural signals.” Later, arrays of microwires held
together with adhesive led to improved spatiotemporal neural
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realizing reliable chronic neural interfaces.

recordings.” With the emergence of microfabrication technol-
ogies, silicon (Si) shanks supporting patterned microelec-
trodes were developed for use as neural probes; today, two
probe types are prevalent. The Michigan probes, introduced in
1986, consists of Si micromachined probes with multiple
electrode recording sites patterned along the shank (later
commercialized by NeuroNexus).” The Utah probe array,
introduced shortly thereafter, consists of arrays of Si micro-
machined shanks each with an individual metal recording site
located at the shank tip (later commercialized by Blackrock
Microsystems).® Dense arrays of recording sites are possible
with either technology platform.

Despite many decades of development, however, current
implanted neural probes possess short recording lifetimes;
reliable neural recordings are typically obtained in durations
measured in months. This short lifetime is attributed to the
physiological response of surrounding neural tissue to the
implanted neural probe.” Upon implantation, brain micromo-
tion due to blood flow, respiration, and head movement
aggravates the tissue surrounding the device and a physiolo-
gical response begins that involves inflammation, glial scar
encapsulation of implant, and retraction of neurons from
recording sites leading to a loss of recordable neural signal.
One contributing factor for tissue aggravation is the mechan-
ical mismatch in elastic moduli between the stiff probe
material and surrounding soft neural tissue. Microwires made
of noble metals or micromachined Si shanks (Young’s
modulus, E~100-400 GPa) possess Young’s moduli many
orders higher than neural tissue (E~0.1-6 kPa).® A chronic
strain is induced on the probe-tissue interface upon implanta-
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tion with resulting shear forces scaling with the moduli
difference between probe and tissue.” Besides the material
mechanical mismatch, the common practice of anchoring the
implanted neural probe to a stationery object such as the skull
also increases tissue aggravation since the skull-anchored
probe opposes natural brain micromotion.

A neural probe technology which has achieved long
recording lifetime (in both animals and humans) measured
in years is the neurotrophic cone electrode.’®*® This non-
micromachined technology is fundamentally different from
other microwire or silicon-based neural probes. The long term
success of the neurotrophic cone electrode is attributed to its
use of growth factors and its hollow structure. The overall
structure is based on a glass cone formed by pulling a heated
pipette and then cutting to achieve the desired length (1-2
mm). Microwires are then manually positioned within the
cone and glued into place. Next, growth factors that promote
neural tissue growth such as Matrigel and nerve growth factor
(NGF) are coated within the cone prior to implantation. The
release of factors in vivo is thought to attract neural tissue
growth into the cone towards the microwire recording sites.
The ingrowth of neural tissue into the cone mechanically
integrates and anchors the probe to the tissue; thus the
detrimental effects of brain micromotion are minimized by
reducing chronic strain at probe-tissue interface. The ingrowth
of neural processes into the cone toward recording sites leads
to better neural signal recording since the distance between
neuron and recording site is minimized.

Unlike silicon probes, neurotrophic cone electrodes are
individually assembled using a manual labor intensive process
that is prone to low yield, throughput, and probe-probe
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repeatability. Glass (E~100 GPa) still poses a mechanical
mismatch issue with neural tissue. Finally, microwire spatial
requirements limit the number of recording sites possible per
cone; a maximum of four recording sites per cone electrode
was demonstrated.

To overcome manufacturing and electrode density limita-
tions of cone electrodes that prevent its widespread use, a
batch fabricated Parylene flexible neural probe using a novel
process that enables a three dimensional (3D) sheath structure
was developed."”” Microfabrication technologies allow for
precise patterning of multiple recording electrodes per sheath
(eight electrodes for this device; Fig. 1). Electrodes can be
placed on both inner and outer surfaces of the sheath. Batch
fabrication ensures high throughput with repeatability of
dimensions and high fidelity of characteristics and behaviors
throughout multiple probes. A post-fabrication thermoform-
ing process is used to obtain the final 3D structure and open
the lumen of the sheath. The lumen can accommodate
neurotrophic factor coatings and allows for tissue ingrowth
upon implantation thereby anchoring the neural probe to
tissue and improving its recording by attracting neural
processes to interior recording sites. Coatings of eluting anti-
inflammatory factors may also be applied to the sheath to
mitigate inflammatory and encapsulation processes in the
surrounding tissue.

Methods

Parylene C, a micromachinable and FDA-approved USP class

VI biocompatible polymer,'®' was selected as the structural

Fig. 1 Parylene neural probe with 3D sheath structure. The sheath structure allows for ingrowth of neural processes leading to improved tissue/probe integration
post implantation. The sheath interior can be coated with neurotrophic factors to promote ingrowth and attract processes to recording sites for improved recording
quality and longevity. Eight Pt recording electrodes per sheath probe are patterned, four on the sheath interior and four on the exterior.
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material for the 3D sheath structure and cable substrate as it
improves upon the mechanical mismatch between neural
probe and neural tissue since (E~4 GPa is an order of
magnitude lower than glass and silicon®®). Platinum (Pt), a
highly inert and biocompatible metal,'® was selected as the
recording electrode material. Pt is a common material used for
neural electrodes and preferred over other metals since it is
known to be inert under biological environments and
possesses a high charge injection limit.>" Also no adhesion
layer is required when depositing Pt onto Parylene substrate.>
First, surface micromachining techniques were used to define
the initially flat Parylene neural probe structure (Fig. 2). A bare
Si wafer with its native oxide layer was used as a carrier
substrate during the microfabrication process. The native
oxide facilitates release of the Parylene probe from the wafer
surface at the conclusion of the surface micromachining
process. A base layer of 5 um Parylene (Parylene C, Specialty
Coating Systems, Indianapolis, IN) was first deposited onto a
dehydration baked (120 °C, 20 min) Si wafer. Pt metal
electrodes, leads, and contact pads were patterned, e-beam
deposited (2000 A), and liftoff processed to create recording

Fig. 2 Fabrication process of the Parylene neural probe. (a) Base layer of 5 um
Parylene was deposited onto a bare Si wafer. (b) Pt recording electrodes were
patterned onto the wafer by liftoff. Another 1 um Parylene insulation layer was
deposited and recording sites and contact pads were patterned and plasma
etched. (c) Sacrificial photoresist was patterned to create the desired
microchannel shape. (d) A 5 um Parylene layer was deposited over the sacrificial
photoresist. (e) Pt recording electrodes were patterned atop the microchannel
and a 1 um Parylene insulation layer was deposited and plasma etched to open
the recording sites and contact pads. (f) Openings in the microchannel as well as
the device cutout were plasma etched. The sacrificial photoresist was removed
with an acetone soak. The Parylene microchannel is now ready for the
thermoforming process which creates the final 3D sheath structure.

556 | Lab Chip, 2013, 13, 554-561

sites located on the sheath interior. Next, an insulation layer of
Parylene (1 um) was deposited, patterned, and O, plasma
etched (100 W, 100 mT) to expose the recording sites and
contact pads. A thick photoresist, AZ 4620 (AZ Electronic
Materials, Branchburg, NJ) was spun on (9.6 pm) and
patterned; this serves as the sacrificial material for the
Parylene microchannel which eventually becomes the 3D
sheath. 5 pm Parylene was deposited over the sacrificial
photoresist creating the microchannel. A dual layer photo-
resist liftoff scheme (AZ 1518/AZ 4620; AZ Electronic Materials,
Branchburg, NJ) was utilized to pattern outer sheath electrodes
located on top of the microchannel. The dual layer photoresist
scheme was necessary to ensure trace continuity across the
microchannel following liftoff.>® Another Parylene insulation
layer (1 pm) was deposited and plasma etched to expose the
outer electrodes and contact pads. Microchannel openings
and the neural probe outline were plasma etched. An acetone
soak followed by an isopropyl alcohol rinse removed any
remaining photoresist and released the microchannels.
Finally, the Parylene neural probe was released from the wafer
by applying a gentle lifting force with tweezers with the wafer
submerged in DI water.

A custom fabricated tungsten (MicroProbes for Life Science,
Gaithersburg, MD) or stainless steel microwire (Cooner Wire
Co., Chatsworth, CA) matching the desired probe shape was
carefully inserted into the microchannel opening using a
microscope (Fig. 3). The apparatus was then held in a custom
made aluminum jig and placed into a vacuum oven
(Laboratory Vacuum Oven Model V0914A, Lindberg/Blue,

Fig. 3 Thermoforming process. (a) Thermoforming commenced following the
surface micromachining process. (b) A microwire was inserted into the
microchannel and the assembly was thermoformed. (c) After thermoforming,
the microwire mold was removed and the three dimensional sheath was
retained in the final structure.
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Asheville, NC) for thermoforming to produce the final 3D
sheath shape. Although this process was performed on
individual sheaths, this technique is easily extended to linear
sheath arrays with corresponding microwire arrays.

Parylene is a thermoplastic that can be thermoformed with
a mold to transform its as-fabricated shape.>*** The thermo-
forming process takes place at 200 °C (well above Parylene’s
glass transition temperature of ~90 °C>®), results in increased
crystallinity of the polymer, and allows the thermoplastic film
to take on the shape of the mold even after the mold is
removed. Parylene sheaths can thus be obtained by thermo-
forming following the surface micromachining process
(Fig. 3). Thermoforming was performed under vacuum to
prevent Parylene oxidative degradation. Nitrogen purging was
used to minimize oven oxygen content. The probes were
annealed under vacuum at 200 °C for 48 h. After cooling to
room temperature, the microwire was easily removed without
the assistance of any release coatings.

External electrical connections with electrodes were estab-
lished using zero-insertion-force (ZIF) connectors (HIROSE
Electric USA, Inc., Simi Valley, CA).>” A polyetheretherketone
(PEEK) polymer sheet (8504K13, McMaster-Carr, Aurora, OH)
cut out to match contact pad area was applied behind the
Parylene substrate with cyanoacrylate adhesive (Instant Krazy
Glue, Elmer’s Products, Inc., Westerville, OH) to stiffen the
flexible cable assembly and match the required cable thick-
ness for the ZIF interface. The stiffened contact pad region was
inserted into the ZIF connector, the connector pins aligned,
and the cable lock flipped into place (Fig. 4). It should be
noted that the electrical connector assembly is not implanted
and so material biocompatibility is not strictly required.

The neural probe was electrochemically characterized using
electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV). Electrodes were connected to a potentiostat
(Reference 600, Gamry Instruments, Warminster, PA) using
the ZIF interface and placed in a Faraday cage (VistaShield

ZIF connector

Parylene

Fig. 4 Electrical packaging scheme for the fabricated Parylene sheath neural
probe. PEEK was attached to the back of the Parylene contact pads with
cyanoacrylate adhesive to serve as a stiffener material. The contact pads were
inserted into the ZIF connector and the pins were aligned to the contact pads.
The flip lock was secured to complete the electrical connection.
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Faraday Cage; Gamry Instruments, Warminster, PA) to mini-
mize ambient electrical noise. For EIS, probes were immersed
in 1x phosphate buffer solution (PBS; OmniPur 10 x PBS,
EMD Chemicals, Darmstadt, Germany) with a separate Ag/
AgCl reference electrode (RE-5B Ag/AgCl Reference Electrode,
BASi, West Lafayette, IN). Impedances were recorded over 1 Hz
to 100 kHz. CV was performed by immersing probes in 0.05 M
sulfuric acid (EMD Chemicals, Darmstadt, Germany) along
with an Ag/AgCl reference electrode. One probe electrode was
set as the working electrode while an adjacent Pt electrode
served as the counter. Voltage was cycled between —0.2 to 1.2
V with a scan rate of 250 mV s~ '. 50 scans were taken to ensure
a stable voltammogram was obtained and recorded.

Polymer neural probes were designed to be compliant in
order to minimize brain tissue aggravation upon implantation.
This compliance poses a problem during probe implantation
since the probe may buckle while attempting to penetrate
neural tissue. Compliant probes may also deflect during
implantation and miss the target neural area. Techniques to
temporarily stiffen polymer probes during implantation have
been investigated and involve coating or filling with biode-
gradable polymers that dissolve in vivo>>®
shuttles that are removed after implantation.*”

A procedure for surgical placement of individual probes
was developed and made use of a custom introducer tool
consisting of a stainless steel or tungsten microwire attached
to a Si support plate. The microwire was aligned to the sheath
under a microscope and inserted into the sheath. Polyethylene
glycol (PEG; MW 8000, Sigma-Aldrich, St. Louis, MO), a
biodegradable polymer, was melted at 90 °C and transferred
by pipette to temporarily adhere the probe to the microwire.
PEG is biocompatible, water soluble, and was used as a
temporary adhesive during neural implantations.>*® PEG was

or attaching to stiff

[_\ Polyimide PCB

PEG

Neural

4« Probe 8T

Fig. 5 Surgical introducer tool for sheath neural probe. The introducer tool
consisted of a microwire attached to a flat silicon support. The microwire was
inserted into the micromachined Parylene sheath structure and PEG was applied
as a temporary adhesive. PEG was also applied to temporarily adhere the
Parylene cable to the introducer tool. The probe shown in the photograph on
the right was attached via ZIF interface to a polyimide flexible printed circuit
board which interfaced to electrophysiological recording equipment.

1cm
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also used to temporarily connect the Parylene cable to the
introducer tool (Fig. 5). The introducer tool with the attached
sheath probe was placed onto a stereotaxic frame.

An agarose (A9539-50G, Sigma-Aldrich, St. Louis, MO) gel
block (0.5%) was prepared as a brain tissue model. Agarose is
widely used within the neuroscience community to mimic the
biomechanical viscoelastic properties of neural tissue since
0.5% agarose possesses similar elastic and shear moduli.®
Using the stereotaxic frame, the probe was positioned over the
agarose and slowly lowered. Since the intended targets for
these probe designs are the cortical layers in rat barrel cortex
at 2 mm depth, the probe was inserted 2 mm into the agarose,
as measured by the built-in micrometer.

The sheath probe and cable were released by dissolving the
temporary PEG adhesive using saline solution applied by a
syringe. After a short wait period (up to 5 min) to ensure
complete dissolution, the introducer tool was retracted using
the stereotaxic frame.

Results and discussion

Parylene sheath neural probes were fabricated with each probe
possessing eight Pt recording electrodes of 45 um diameter;
four electrodes each were linearly arranged and evenly spaced
along the interior and exterior of the sheath over a length of
800 um (Fig. 6). An electrode surface area of ~1500 um?* was
chosen to maximize neural recording while minimizing cross-
talk and impedance.*® Successful electrical connection to
recording electrodes using the ZIF interface was confirmed
with a multimeter (2700 MultiMeter, Keithley Instruments
Inc., Cleveland, OH). Lead impedances ranging 325-389 Q
were found demonstrating that the dual photoresist liftoff
scheme was successful in patterning continuous leads from
the base of the sheath structure to the top.

Fig. 6 Fabricated flexible Parylene sheath neural probe with integrated Parylene
cable. The thermoformed 3D sheath structure is clearly seen at the neural probe
end of the device.
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Probe Openings
Design Tip [um] |Base [um]
A 50 300
B 50 450
C 300 300

Fig. 7 Fabricated sheath probe design variations. 45 um diameter Pt electrodes
were patterned for all devices. All designs spanned a length of 800 um to fully
capture neural signals in targeted multiple cortex layers upon implantation.
Designs A and B feature sheath structures with different tapers while design C
possesses a cylindrical structure.

Different sheath shapes and designs were fabricated for
future in vivo studies to determine the effect of sheath
dimension on neural tissue ingrowth as it is currently
unknown whether different neural probe shapes will affect
the reliability of long-term neural recordings (Fig. 7). Design A
dimensions were selected to closely match those of the
neurotrophic cone electrode. A sheath with a wider taper was
also fabricated in design B. In design C, a cylindrical sheath
structure was fabricated. For all sheath probe variations, the
recording electrodes were spaced equidistantly along the
length of the sheath structure (800 pm) to fully span and
record from the rat barrel cortex layers IV-VI.

Thermoforming with a microwire mold produced consis-
tent 3D sheath structures. SEM micrographs of the sheath
structures taken a week after the thermoforming procedure
demonstrated that structures maintained their shape and did
not sag or otherwise revert to the original flat microchannel
shape (Fig. 8). Thermoforming at 200 °C also served to anneal
the multiple Parylene layers leading to improved Parylene/
Parylene adhesion®'* and improved sheath probe mechan-
ical robustness. Improved mechanical robustness of the
sheath probe was confirmed using a
(Berkovich tip, MTS Nano Indenter XP) to determine stiffness
of the sheath structure. The cone structure stiffness increased
up to 60 times following a thermoforming process (compared
to an as-fabricated sample), and returned to its original shape
following deformation with a fine-tipped probe (data not
shown).

The method of manual insertion of a microwire into the
microchannel structure is potentially labor intensive and can
pose a throughput issue. However, this limitation can easily be
overcome by patterning the neural probes on the wafer such
that they are spaced with a defined distance. An array of
microwires in which the spacing between microwires matches
the defined distance of the microchannel openings can then

nanoindenter
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Fig. 8 SEM imaging of thermoformed Parylene sheath structures taken a week
post-thermoforming. A conical sheath structure (a), a cylindrical sheath (b), and
a close up of the interface between the Parylene layers that define the sheath (c)
are presented. Thermoforming of Parylene creates structures that hold their
shape indefinitely; the Parylene does not revert to its original microchannel
geometry.

be used to insert many microwire molds into multiple
microchannels in one step. Then mold-mounted probes can
be thermoformed simultaneously in large quantities.

Electrical packaging of the sheath probes with ZIF
connectors was verified by successful electrochemical char-
acterization. Electrical signals from the Pt recording electrodes
transmitted successfully through the leads in the Parylene
cable through the ZIF connector to the potentiostat and were
recorded. ZIF to Parylene connections are mechanically robust
and were demonstrated to withstand loads up to 120 g without
failure.>”

These connections are reversible, reusable, and amenable
to scaling since multiple electrical connections are made or
broken at once by engaging or disengaging, respectively, the
cable lock. In contrast, traditional wire bonding and con-
ductive epoxy methods are permanent, can be labor intensive,
and may suffer from low yield when contacts must be
manually established.

Electrochemical characterization of the electrodes con-
firmed that the fabricated sheath probe possessed desirable
characteristics for successful neural recordings. EIS of the
electrodes revealed impedances of 20-60 kQ at 1 kHz.
Impedances of less than 1 MQ are desirable for neural
recording®® and lower impedances portend neural recording
success upon implantation (Fig. 9).>* CV of the Pt electrodes
immersed in sulfuric acid resulted in voltammograms that
matched the classic electrochemical response of bulk Pt in
sulfuric acid. Hydrogen adsorption and desorption peaks were
observed as well as peaks from the formation and reduction of
Pt oxide (Fig. 10). This demonstrates that thin film Pt
electrodes possess the same electrochemical properties as
bulk Pt and can be reasonably expected to possess the same
recording capabilities as traditional Pt microwires used for
neural recording.

This journal is © The Royal Society of Chemistry 2013
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Fig. 9 Representative EIS of a Pt electrode.

In vitro insertion of the neural probe into the brain tissue
model was successful. Upon release of the device from the
introducer tool and microwire, the neural probe remained
embedded in the agarose solution as the introducer tool was
retracted (Fig. 11). The implanted neural sheath probe did not
collapse, remained in its target insertion depth of 2 mm, and
did not change position based on visual inspection (data not
shown).

The Parylene sheath probes represent an improvement over
neurotrophic glass cone electrode technology. Parylene batch
microfabrication ensures probe-to-probe repeatability with
multiple recording electrodes placed on sheath lumen as well
as outer surfaces in contrast to the individual assembly of
neurotrophic cone electrodes with a limited number of
recording sites. Parylene is much more compliant than glass
and so alleviates mechanical mismatch. Like the cone

300 ~ Platinum oxidation
Hydrogen desorption ~—
#
200 -
<
£
€
o
3 100-
\ Oxide reduction
P Hydrogen adsorption
0 —
0.4 0.0 0.4 0.8 10

Potential (V)

Fig. 10 Representative voltammogram of a Pt electrode immersed in sulfuric
acid. Hydrogen adsorption and desorption peaks as well as Pt oxide formation
and reduction peaks were clearly seen. The recorded voltammogram matched
that of bulk Pt in sulfuric acid.
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Introducer tool

Fig. 11 /n vitro implantation of fabricated neural probe using the introducer
tool was successful. (a) The neural probe attached to the introducer tool with
PEG was first lowered into agarose gel with a stereotaxic frame. (b) Upon
release of neural probe from the introducer tool by dissolution of PEG, the
introducer tool was raised out of the agarose while the neural probe remained
implanted in the brain tissue model.

electrodes, the 3D sheath structures can accommodate growth
factor and anti-inflammatory coatings that elute and lead to
ingrowth of neural tissue for improved tissue-probe mechan-
ical anchoring. In this work, sheath probe dimensions were
chosen to match the neurotrophic cone electrode; it is
important to note that smaller dimensions are possible with
the same fabrication process and are limited only by
photolithographic resolution. For thermoforming, it is possi-
ble to custom etch tungsten microwires to match smaller
sheath probe dimensions.*

Conclusions

A Parylene neural probe with a 3D sheath structure for
improved neural recordings and integration was designed and
fabricated. A novel fabrication scheme was introduced in
which a 3D hollow sheath structure was produced with
multiple Pt recording electrodes on the interior and exterior
using a combination of surface micromachining and thermo-
forming processes. Convenient and reusable electrical con-
nections with flexible Parylene cables were achieved with ZIF
connectors. Electrochemical characterization of the electrodes
demonstrated desirable properties for neural recordings. A
novel implantation method suitable for this probe architecture
was developed and successfully demonstrated in vitro in a
brain tissue model. The novel fabrication method presented in
which flat surface micromachined structures can be modified
post-fabrication to form 3D structures is not only an enabling
technology for next generation neural probes but also has
implications on flexible and 3D microfluidic platforms for
fluid delivery or tissue ingrowth.

Current work includes development of deposition pro-
cesses for decorating neurotrophic factors onto probe surfaces,
evaluation of Parylene sheath probe designs in vivo, and
development of sheath probe arrays to allow recording from
large areas and multiple sites of interest. The fabrication
process developed for manufacture of single probes is easily
extended for the fabrication of probe arrays. This novel probe
approach will also be investigated for a variety of neural

560 | Lab Chip, 2013, 13, 554-561

recording and stimulation applications in the central and
peripheral nervous systems.
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