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ABSTRACT (urrent neural prosthetic devices (NPDs) induce chronic inflammation due to complex mechanical

and biological reactions related, in part, to staggering discrepancies of mechanical properties with neural tissue.

Relatively large size of the implants and traumas to blood-brain barrier contribute to inflammation reactions, as

well. Mitigation of these problems and the realization of long-term brain interface require a new generation of

NPDs fabricated from flexible materials compliant with the brain tissue. However, such materials will need to

display hard-to-combine mechanical and electrical properties which are not available in the toolbox of classical

neurotechnology. Moreover, these new materials will concomitantly demand different methods of (a) device

micromanufacturing and (b) surgical implantation in brains because currently used processes take advantage of

high stiffness of the devices. Carbon nanotubes (CNTs) serve as a promising foundation for such materials because of their record mechanical and electrical

properties, but CNT-based tissue-compliant devices have not been realized yet. In this study, we formalize the mechanical requirements to tissue-compliant

implants based on critical rupture strength of brain tissue and demonstrate that miniature CNT-based devices can satisfy these requirements. We fabricated

them using MEMS-like technology and miniaturized them so that at least two dimensions of the electrodes would be comparable to brain tissue cells. The

nanocomposite-based flexible neural electrodes were implanted into the rat motor cortex using a surgical procedure specifically designed for soft tissue-

compliant implants. The post-surgery implant localization in the motor cortex was successfully visualized with magnetic resonance and photoacoustic

imaging. /In vivo functionality was demonstrated by successful registration of the low-frequency neural recording in the live brain of anesthetized rats.

Investigation of inflammation processes around these electrodes will be required to establish their prospects as long-term neural electrodes.

KEYWORDS: flexible neural prosthetic electrode - nanocomposite - carbon nanotube - layer-by-layer assembly - MEMS -
photoacoustic microscopy - magnetic resonance imaging - tissue-compliant electrodes

mplantable neural prosthetic devices

(NPDs) have attracted considerable at-

tention in the field of fundamental and
clinical neuroscience research. They can
potentially transform the treatments and
diagnostics of many neurological disorders
and traumas.' ~3 Furthermore, NPDs are the
central technological component for ad-
vances toward a functional brain—computer
interface.* Classical NPDs being used to
record or stimulate neural cells, especially
in the clinical setting, are typically noble
metal microwires with diameters of 50 to
200 1m.>® Recently, improvements in neural
electrode research have been centered around
silicon-based microfabricated devices”® that
offer unprecedented control over the size,
shape, and spacing of the neural electrodes.
However, neither microwire nor silicon-
based devices can reliably retain a
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NPD—tissue interface sustaining communi-
cation with neurons over long periods of
time.'® One of the distinctive reasons for the
loss of device functionality is formation of
the scar from glial cells around the brain
implants due to chronic inflammation.’"'2

Initial electrode insertion inevitably da-
mages the blood-brain barrier (BBB) by rup-
turing multiple blood vessels in the brain.
Penetration of plasma proteins in brain tissue
leads to activation of glial cells, initiation of
immune response cascade,'® and onset of
scarring. Minimization of the physical “foot-
print” of NPDs to reduce the BBB damage is
most significant at this stage.

With time, other physical characteristics
of neural electrodes also contribute to inflam-
mation that eventually becomes chronic.One
could notice that there is a staggering mis-
match between the mechanical properties of
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the electrodes and tissue.* The Young's modulus of
silicon and metals—typical materials for most NPDs for
brain—spans the range from 70 to 180 GPa. The
stiffness values of typical implants are about 5 orders
of magnitude higher compared to the Young's mod-
ulus of the brain (1 kPa). The mechanical behavior of
NPDs in soft matrix depends on the size/shape of
implants, in the case when such behavior of the NPD
is noncompliant with the tissue, such as when the
system does not behave as a single body and there is a
discontinuity of deformations at the interfaces. Such
strong discrepancy of stiffness of adjacent macro-
scopic objects cannot remain unnoticed by the cells
especially over the long period of time because many
cellular functions are reactive to mechanics of the
cellular environment.'> Importantly, the stiff inflexible
nature of the implants generates mechanical stress
around it due to the microscale motions between the
stationary implant and the soft brain tissue in the
course of everyday movements of the body. These
mechanical stresses caused by the mismatch in me-
chanical properties are essential for consideration of
glial scar formation because they are believed to
stimulate mechanoactivated signal transduction path-
ways of resident immune cells'® and lead to chronic
BBB disruption by continuous damage to surrounding
blood vessels.'” Soft and flexible neural electrodes are
needed to reduce the mechanical mismatch and im-
prove the mechanical compliance of NPDs in the brain
tissue.

Besides the reduction of the initial damage and
improvement of materials compliance between the
material and the soft tissues, there is another reason to
minimize the dimensions of NPDs. They need to be
small with at least two physical dimensions compa-
rable to that of cells (~10 um) because crossing this
threshold is expected to reduce the probability of
macrophage adhesion,'®~2° while retaining the ability
to form tight junctions between neurons and electro-
des should still be retained.?' Indeed, carbon fiber
NPDs with diameter of ~8 um showed marked reduc-
tion of chronic inflammation,?® while being able to
record activity of single neurons in the motor cortex of
rats. Carbon fiber, however, still has a Young's modulus
as high as 250 to 500 GPa and has suboptimal electro-
chemical parameters essential for neural implants
(conductivity, impedance, charge storage capacity).

An additional aspect of NPDs related to the inflam-
mation that needs to be addressed here is the im-
plantation procedure. Typically, it can be described as
micromanipulator-controlled surgical insertion of the
device in the tissue reaching a specific depth corre-
sponding to the desirable cell layer in the motor cortex
or other part of the tissue. Notably, the implant stiffness
is quite helpful for the surgical procedure and enables
its facile penetration into the soft brain tissue. Hard-rod
types of NPDs are being widely used, in part, for
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simplicity of the implantation procedure, and the
realization that this format of the device may not
optimal for its subsequent functionality becomes ap-
parent only after consideration of all the issues related
to micromotions and stiffness mismatch described
above. On the other hand, there is no alternative up
to date to this surgical protocol because of the funda-
mental difficulties of penetrating a soft object by an
equally soft object.

Therefore, we can identify three interconnected NPD
requirements for the reduction of the inflammatory
reaction of the brain tissue and related improvement of
their long-term functionality: (a) drastic improvement
of electrode mechanical compliance with the tissue;
(b) reduction of its dimensions; and (c) development of
a new surgical procedure capable of implanting flex-
ible compliant NPDs. These NPD requirements directly
translate into material properties. Assuming that a
device can be manufactured in some way and is
nontoxic to neurons, the NPD inflammation problem
can be restated in terms of materials properties as
follows: we need to have the material simultaneously
(a) be strong enough to enable miniaturization to
dimensions <10 um, (b) be flexible enough to be
compliant with tissues at these dimensions, (c) be
conductive enough in the bulk to support a sufficient
amount of charge passing through it for neural record-
ings or stimulation, (d) form a cell—electrode interface
with minimal charge transport losses (i.e., with minimal
impedance, 2), and (e) be tough enough to withstand a
variety of deformations during some kind of implanta-
tion procedure and over the period of its operations
(several years) without deterioration of electrical and
other properties. According to our calculations based
on a target resistance of 10 um by 10 um electrode (see
Supporting Information), the requirement for bulk
conductivity is probably the easiest one to achieve
and could be satisfied by many metals. However, the
other requirements represent a challenge.

Many scientists realized the need for advanced
materials to improve interfacial transport and minimize
impedance between cells and NPDs. This led to a
tremendous amount of research effort resulting in
the use of gold films, >~ 2* iridium oxide (IrO,),** con-
ductive polymers,® carbon nanotubes (CNTs),*® and
other NPD materials. Nevertheless, these materials
are utilized mostly as coatings on electrodes made
from other materials because the toughness and
strength of free-standing thin sheets of IrO, and gold
are not sufficient enough to withstand stresses typical
for NPDs. Therefore, the most common approach for
fabrication of the flexible electrodes is to combine
polymer substrate with conductive coating.?>~2* How-
ever, such devices did not, so far, resolve the mechanical
mismatch issue or produced composite electrodes that
satisfy the aforementioned requirements, which high-
lights the need for the new materials for neuroprosthetic
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devices. Their availability will help to avoid harsh com-
promises between the device functionality, its size, and
the inflammatory side effect limiting the longevity.?’*®

A special analysis needs to be given to CNT-based
NPDs because there has been an overwhelming
number of studies demonstrating that CNTs have
exceptional material properties for neural interfaces®®
in terms of electrochemical performance,*® chemical
stability,>' and mechanical properties.>* Surveying the
state-of-the-art of NPDs from CNTs, we can see again
how difficult it is to satisfy the materials requirements
(a—e) discussed above and combine desirable me-
chanical and electrical properties. Typically, CNT
layers were made on polymer substrates by using low-
temperature growth conditions®? as well as stamping
techniques.3**> These methods often give rise to
weak adhesion between CNTs and substrates. Conse-
quently, buckling behavior during device implanta-
tion led to delamination and device failure.® Thus,
electrodes with only relatively large dimension of
200 um in width have been fabricated by these
techniques.3* Layer-by-layer (LBL)-assembled CNTs
can improve adhesion, strength,32 flexibility, conduc-
tivity,>”*® and impedance®® of the conductive films.
Several in vitro studies reported successful neuron/
neural stem cell cultures and direct neural stimulation/
recording on LBL-made CNT substrates.®3?~** In vivo
studies with CNT-modified traditional electrodes
showed that the CNT coatings enhanced the record-
ing quality of NPDs** and improved the chemical
stability of the recording materials.?' Similarly to
noble metals and IrO,, all of these studies describe
the use of CNT coatings on traditional metal electro-
des or on silicon substrates. A recent publication
describes CNT-based fibers made by dielectrophore-
tic assembly.*® This work can be an interesting ex-
ample of a free-standing CNT electrode, but at the
same time, these electrodes were implanted using
standard hard-rod penetration technique and neural
recordings were similar in quality to free-standing
carbon fiber electrode.?° The problems with the mis-
match of mechanical properties, realization of the
tissue-compliant devices, their miniaturization, devel-
opment of a new surgical procedure for their implan-
tation, and finding out the corresponding effects on
long-term scarring, therefore persist.

In this study, we aimed to demonstrate the funda-
mental possibility of flexible tissue-compliant devices
with at least two dimensions comparable to those of
cells, namely, thickness and width of the flexible strips.
Since this goal led to necessary departure from the
standard NPD protocols, we also searched for new meth-
ods to manufacture flexible substrate-less electrodes and
their implantation in the brain tissue. We took advantage
of mechanical and electrical properties of LBL-made
CNT nanocomposites and manufactured flexible and
compliant NPD devices. Their successful insertion in
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the motor cortex area could be visualized by two
complementary imaging techniques, while their func-
tionality was verified by registration of brain activity in
this area in the form of low-frequency neural recording.

RESULTS AND DISCUSSION

As a materials foundation of this project, we decided
to take LBL-assembled CNT composites that repre-
sented themselves well in the form of coatings?%>°
and in various tests for materials properties.>>*® Their
toxicological profile,*” strength, flexibility, conductiv-
ity, impedance, and toughness were demonstrated to
be adequate to satisfy requirements (a—e) outlined
above. Although we do not know enough about their
long-term stability in tissues and biological effects on
adjacent neuronal and other cells, these materials
can be a promising starting point for this study. In this
case, the first challenge on the way to small tissue-
compliant LBL-made nanocomposite electrodes is the
development of microfabrication techniques adequate
for miniature NPDs with dimensions of ~10 um.

Microfabrication. We decided to address this chal-
lenge by integration of the layered CNT nanocompo-
sites with established microfabrication technologies
that are similar to those used in MEMS devices from
silicon. The composite neural electrodes were fabri-
cated using a two-mask process with an optical photo-
lithography technique illustrated in Figure 1A. The CNT
nanocomposite was LBL-assembled from nanotubes
wrapped with poly(sodium 4-styrenesulfonate) (PSS)
and poly(vinyl alcohol) (PVA) as partner polymers fol-
lowing the process described in our previous publica-
tions.3%3? As a substrate, we used glass coated with
parylene-C by chemical vapor deposition (CVD). Note
that the versatility of LBL assembly and its ability to
form strongly adhesive layers even on such an unlikely
underlying material as hydrophobic parylene-C plays
a significant role in the realization of this protocol.
Equally important is the fact that a photoresist can
be uniformly spun on the LBL-made CNT composites.
Both of these seemingly mundane attributes of the
well-known process enable a wide spectrum of micro-
manufactured architectures and devices made from
composite materials.

After developing the photoresist, the LBL-made
CNT composite and the first parylene-C layer were
etched by oxygen plasma. Compared to the manufac-
turing protocols for fabricating metal/polymer flexible
electrodes used previously,*® this method eliminated
the extraneous steps of lift-off and wet etch of metal
that could introduce additional toxic components in
the composite. The second layer of parylene-C was
deposited after the plasma etching to serve as the top
insulation layer for the neural probe. The entire sub-
strate was etched slowly by oxygen plasma to avoid
erosion of the CNT composite. This slow etching step
served the purpose to expose the parylene-covered
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Figure 1. (A) Fabrication scheme of the nanocomposite electrodes combining LBL and MEMS-like microfabrication. (B)
Optical image of composite electrodes on glass substrate. (C) Nanocomposite electrode on parylene-C sheet bent at 180° to
demonstrate flexibility. (D) SEM image of a composite electrode with a width of 10 um. The “window” in the parylene-C
coating serves as the neural recording site and has high contrast with the insulating coating due to electrical conductivity of
the LBL-made CNT composite. (E) Close-up SEM image of the CNT neural recording site on the 10 um wide electrode. (F) Cross-
section SEM image of the recording site on the fabricated electrodes. Distortion of the parylene-C and composite layers of the
device occurs due to sheer stress due to cutting. Note that no delamination of the CNT composite layer can be observed.

CNT composite as the recording site. The electrodes
were fabricated on the glass substrate and were lifted-
off with HF to produce free-standing devices after wire
bonding to the circuit lead. Note that HF is highly toxic
to all cells and volatile. Within the limits of the current
knowledge, it does not affect the biocompatibility of
the nanocomposite devices because it can be easily
removed by washing. Care needs to be given though
to this step and avoid potential problems related to its
toxicity. Other lift-off techniques can also be utilized for
LBL films that do not involve HF.%°

The implantable part of the nanocomposite elec-
trode had a thickness of 3 um along the shaft and 2 um
at the recording site (Figure 1F and Figure 3G). These
NPD dimensions are smaller than typical cell diameters
and within the dimensional targets set for this project.
Micrometer-scale thickness provided the electrodes
with required flexibility. Deformations that might be
considered to be extreme for NPD devices (Figure 1C)
do not affect its integrity due to high strength and
adhesion of the CNT composite to parylene-C. The
nanocomposite electrode can be flexed over 180°
without breaking.

The width of the electrode is the second dimension
that would be desirable to reduce to sizes comparable
to that of neurons. Here we varied the width of the
electrodes in three sizes: 10, 25, and 50 um. The smaller
versions of the composite NPDs are within the desir-
able size range and dimensional targets for NPD width.
They are equal or comparable to the smallest implan-
table electrodes reported so far.2*>*® Qur electrodes
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are also considerably smaller than other silicon-based
devices®? The high strength of the LBL composites
without high bending stiffness will facilitate their
further miniaturization.

The recording sites were varied between three dif-
ferent sizes: ~100, ~625, and ~2500 ymz depending on
the width of the implant. The examination of the micro-
manufactured NPDs by scanning electron microscopy
(SEM, Figure 1D) showed that the 100 #m? recording site
at the tip of the electrode was highly conductive while
the rest of the composite electrode was insulated by
parylene-C. A zoomed-in image of the recording site
showed that the integrity of the CNT composite is
preserved through the fabrication process (Figure 1E).

The total length of the shaft of the micromanufac-
tured electrode was 5000 um (Figure 1B), which is
sufficient to reach deep structures within the rat and
human brain. For comparison, the depth of the motor
cortex in rats is 5000 um,*® while the same for humans
is 20 000 um.*® Depending on the clinical purposes of
neural recording, the smaller depths of implantation
could be targeted and even preferred, as well.

Mechanical Properties. After successful fabrication of
the electrodes, mechanical tests were performed to
better understand the mechanical properties of the
micromanufactured neural electrode (Figure 2A). The
complete analysis will require detailed finite element
modeling of the system consisting of hard beam with
rectangular or cylindrical cross-section in a soft matrix
for different deformations as well as for vibrations,
which should be the subject of a separate study.
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Figure 2. (A) Tensile test of nanocomposite electrode, Young's modulus of 2.2 GPa. (B) Typical impedance (2) of the electrodes
with different sizes of the functional sites. (B) Typical cyclic voltammetry of the electrodes with different sizes of the functional
sites, sweep from 0.8 V to —0.6 V at 1 V/s scan rate. (C) Cumulative electrochemical properties of the nanocomposite

electrodes. Eight electrodes were tested for each size.

Here we suggest a simplified version of evaluation of
mechanical compliance based on the mechanical da-
mage to the tissues upon deformations to the implant
that is reflective of the chronic BBB trauma around
implants. In this approximation, we describe mechanical
compliance with brain tissue by comparing the pressure
associated with buckling deformation of the implant
and the critical rupture strength of the brain tissue.
If the pressure from the brain to buckle the implant is
higher than the critical rupture strength of the brain
tissue, this system will be considered to be noncompliant
and vice versa.

Buckling force for a simple beam is a function of
geometry and Young's modulus. The specific expres-
sion for calculating the buckling force of a rectangular
beam is given by eq 1.

TEl

KL Mm

where E is the Young's modulus, which is 2.2 GPa for
the nanocomposite electrode (Figure 2A); | is the area
moment of inertia; L is the unsupported length of
the beam; and K is the column effective length factor,
which is 0.5 for the two-end fixed beam. We can
consider that the nanocomposite electrode is a rec-
tangular cross-sectional beam with dimensions of
5000 um in length, 3 um in height, and 10 um in width.
For this geometry, the area moment of inertia is
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where h is the height and w is the width. We can calculate
the force required for the electrode to buckle and convert
this force to a pressure term by considering the footprint
of the electrodes. This pressure is about 2.37 kPa for the
nanocomposite electrode. It is smaller than the critical
rupture strength of the brain tissue, which is typically
about 3 kPa.>® This indicated that the composite electrode
will likely deform before inducing the brain tissue rupture.

Electrical Properties. We evaluated their electroche-
mical performance in terms of impedance (2) and
charge storage capacity (CSC) measured in a three-
electrode electrochemical setup and calculated with a
custom MATLAB (Mathworks Inc., MA) script. The exact
Z and CSC needed for NPDs depend on neural tissues
and the type of the projected treatment/interface.”’
Nevertheless, the minimization of Z and maximization
of CSC are the typical requirements for implantable
electrodes as they reflect the key electrochemical
parameters for their reduction of noise in NPDs, reduction
of electrical damage to the tissue, and improving their
long-term performance. Impedance was measured by a
frequency response analyzer from 10 Hz to 32 kHz for
three different sizes of electrodes (Figure 2B). As expected,
we observed a negative correlation between electrode
size and impedance since larger electrodes have high-
er electrical conductance and larger surface area for
the functional site. The impedance decreased as the
voltage frequency increased which was also expected
from the resistor/capacitor model for impedance®’
because Z is inversely related to frequency. Capacitive
response dominates the impedance values at high
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frequencies. Importantly, we found that the impe-
dance of the 10 um wide electrode with 100 um? site
is ~1 MOhm at 1 kHz, which is the physiological
relevant spiking frequency of neurons. Z=1—2 MOhm
is considered to be sufficiently low to allow for success-
ful recordings of neural activity.”’*° These data also
indicate that future development of the NPD materials
will need to address further reductions of the imped-
ance because we would want to miniaturize the elec-
trode even more. This goal will necessitate further
improvements in conductivity of the material and its
interface with tissues. The recently developed highly
conductive composites based on gold nanoparticles
could be potential candidates.®’

Cyclic voltammetry (CV) curves obtained at a scan
rate of 1V/s from —0.6 to 0.8 V (Figure 2C) were used to
calculate CSC. For quantitative comparison among
electrodes of different sizes, we plotted the impedance
magnitude of the electrodes at 1 kHz and the total
amount of charge injected by integrating the area
enclosed in the CV curve, which is a key parameter
for neural stimulation (Figure 2D). The correlation
between electrode size and electrochemical properties
indicated the precision over the control of the electro-
de's functional site. We obtained a CSC value of
1.55(£0.34) mC/cm? for 100 um? recording site and
2.57(£0.76) mC/cm? for 2500 um? recording sites
(Figure 2D).

Surgical Procedure. As expected, the softness and
flexibility of the nanocomposite electrodes became a
major challenge during the electrode insertion into the
brain. Several methods were considered to circumvent
the problem of insertion of a soft ribbon into soft
matrix, such as using water-soluble polymers to tem-
porarily stiffen the probes®? and chemically modified
probe-releasing shuttles.”® The use of stiffening mate-
rials was not favored by us because (a) they inherently
restrict the size of the implant to those that can
perform as stiff rods, which limits the possibilities of
microminiaturization (b) remnants of the polymers can
cause inflammation; and (c) if products of biodegrada-
tion of such polymers remain at the NPD—tissue inter-
face, they will increase interfacial impedance.

To have a more universal technique to implant soft
electrodes, we tested the use of an electrode-releasing
shuttle, taking advantage of capillary interactions be-
tween the composite strip and a simple gold wire
(60 um in diameter, A-M Systems). The gold wire was
used as received and was not modified or microma-
nufactured in any way except antiseptic treatment. A
completed description of the procedure of the electro-
de's insertion is given in Supporting Information
Figure S2. In brief, the flexible micromanufactured elec-
trode and the metal wire were initially stored in dry ice
for more than 1 h. Then the electrode and the needle
were removed from the dry ice and kept at room
temperature until water condensed on both objects.

ZHANG ET AL.

The composite electrode was placed on top of the wire
adhering to it via condensed water. The entire assem-
bly was stored in a refrigerator at —20 °C until the
implantation. After the craniotomy on the animal was
performed, the electrode-on-the-needle assembly
was removed from the refrigerator, transferred in
dry ice to the surgical table, and quickly inserted into
the brain tissue by a micromanipulator. When the
interfacial ice layer between the shuttle and electrode
melted, the shuttle was removed while the flexible
electrode remained inside the brain. This method
allowed us to insert the produced flexible electrodes
without any additional chemicals of polymeric or
other nature. We believe it can also be equally applic-
able to other tissue-compliant NPDs because the
capillary forces are generic and temporary attach-
ment of the flexible strips to the gold needle can also
be accomplished for other materials. The initial foot-
print of the shuttle can be further miniaturized by
selecting/manufacturing smaller and thinner needles
that can be potentially as thin as nanowires.

Post-Surgery Imaging. To assess the integrity of the
electrode after the implantation and its resilience to
shear forces during the surgery, we removed the
electrode from the brain and investigated the cross
section of the implanted electrode by SEM (Figure 3G).
As one can see, the structure of the device was well-
preserved and no obvious delamination of neither the
top nor the bottom layer of the electrode occurred.

Several aspects of implantation method need
further evaluation for its routine usage, such as the
effect of the initial low-temperature condition to the
brain, sterile condition of the ambient condensed
water, and initial acute damage from the shuttle. Here
we made a preliminary investigation of the tissue
damage induced by the procedure using ex vivo con-
focal microscopy. The electrode was green stained
with FITC-albumin solution prior to implantation
(Figure 3F); the brain tissue cells were stained with
toluidine blue having red luminescence after electrode
implantation. We observed a concentration of brain
cells close to the electrode (bright red emission). The
size of this particular area is similar to the shuttle
footprint (50 um). It is possibly because the shuttle
insertion damaged the extracellular matrix and
packed brain cells close together. Alternatively, the
same imaging effect could be associated with the
cellular damage that is reflected by the higher
permeability of the dye. The effect of this damage
on the long-term functionality of the CNT electrodes
and its relationship to chronic inflammation will re-
quire further study.

In addition to trauma assessment, noninvasive and
label-free imaging techniques are important to guide/
monitor the electrode through different stages of the
implantation.>*** In this study, the state of the electrodes
after implantation was examined by two imaging
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Figure 3. (A) Schematic of the photoacoustic microscopy (PAM) setup. (B) PAM image of two electrodes inserted into the
brain. (C) MRI image of the implant in the y—z plane (Sagittal plane). (D) Zoomed-in MRI image of the y—z plane (Sagittal
plane). (E) MRI image of the x—y plane (transverse plane). (F) Confocal microscopy of brain tissue and inserted electrode.
Electrode was stained with FITC (green), and cells were stained with toluidine blue (red). (G) Cross-section SEM image of the
electrode after brain insertion. There are three distinct layers as labeled in the graph.

modalities ex vivo: photoacoustic microscopy (PAM)>%>7

and magnetic resonance imaging (MRI).

Prior to electrode insertion and after craniotomy,
one needs to closely assess the insertion site to identify
the specific region of interest and also avoid blood
vessels to minimize bleeding and BBB trauma. PAM
combines optical and acoustic imaging techniques to
produce images with excellent optical contrast and
great imaging depth. This technique is based on the
difference of optical absorption in tissues and was
realized by rastering laser beam over the brain tissue
(Figure 3A). It offers higher imaging depth than optical
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microscopy and provides the same functional informa-
tion. It would be an excellent tool for monitoring
vasculature within the region of the interest that could
potentially compete with two-photon microscopy
(TPM).>*>> In our specific setup, photoacoustic signals
were detected by a calibrated needle hydrophone and
the ultrasound coupling was through water. With this
imaging system, we can achieve lateral resolution
of 5 um and axial resolution of 100 um. Figure 3B
represents a surface PAM image of the nanocom-
posite electrode inserted into the brain tissue. Due
to its strong optical absorption, the nanocomposite
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Figure 4. (A) Harvested animal brain after recording experiment. (B) Low-frequency signal recorded from the brain with the
10 um wide nanocomposite electrode (100 um? recording site). (C) Power spectrum of the low-frequency signal recording;

signal peak at 5 Hz.

electrodes displayed high contrast in the image, which
is the portion of the electrode outside of the brain in
Figure 3B. CNT electrodes were curved from the side
due to its flexibility, and we purposefully curved the
particular part of the electrode to observe where the
electrode was inserted. Moreover, we could also visua-
lize the vasculature near the brain surface due to
strong absorption of hemoglobin. Three-dimensional
mapping of the blood vessels is very important for
electrode insertion.’**> PAM makes possible high-
resolution imaging of blood vessels in the brain tissue
which can be utilized to minimize their rupture during
the insertion procedure, thus reducing insertion trau-
ma and preserving brain cells from contact with blood
components resulting in inflammation reactions. Com-
bining electrodes with high PAM contrast image of
blood vessels could be a valuable tool for clinical neural
surgery.

Assessing implanted flexible neural electrodes in-
side the brain during and after the surgery is also
crucial, especially after the electrodes were closely
sealed inside the skull. MRl is a well-established tech-
nique that can provide a noninvasive and high-depth
3D image of the nanocomposite electrodes inside the
brain.>® It could monitor precisely the position of the
electrode with the skull intact. We acquired MRIimages
after implanting the compliant electrode from nano-
tubes (Figure 3C—E). The high contrast of the nano-
composite electrode is attributed to both the loss of
water proton and disturbance of the magnetic field
created by the nanocomposite electrodes. Figure 3C is
the cross-sectional view of the electrodes in the
brain. We observed that the implant procedure
successfully delivered the electrode into the brain
without any kinks or curvature, which is essential for
both accuracy of its placement in motor cortex and
mechanical deformation behavior. Figure 3E is the
zoomed-out image of the cross-sectional view. We
can identify the position of the electrode and the
depth of the electrode in the brain to be 500 um,
which is the forelimb control area of the primary
motor cortex in rats.
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Recording of Brain Activity. After verifying the electro-
chemical performance of the as-fabricated neural elec-
trodes and carefully assessing the state of the neural
electrodes, we conducted in vivo physiological record-
ing experiments with rats. The typical procedure of the
animal preparation and neural recording was pub-
lished previously’ and is described in the Materials
and Methods section. The neural electrode with
100 pum? recoding site was inserted into the brain
tissue as described in the previous paragraph. Nano-
tube electrodes were inserted into four different ani-
mals. Acute neural recordings were conducted
immediately after electrode insertion. Figure 4C is the
typical low-frequency neural signal recorded over time.
The color spectrum of the plot represents the intensity
of the local field potential. We observed high signal
intensity (dark red color) in the low-frequency range (0
to 20 Hz) over the entire recording session. We con-
cluded that the electrode can record a low-frequency
signal consistently over time. To further identify the
peak of the low-frequency neural recording, we accu-
mulated the intensity data over time to generate a
power spectrum. The power spectrum showed a peak
around 5 Hz. We did not observe any intensity peak at
60 Hz, which is common for instrumental background
noise. The power spectrum clearly demonstrated that
the neural electrode could specifically identify the low-
frequency neural signal from instrumental noise
(Figure 4D). Furthermore, we conducted a blank re-
cording experiment in buffer saline solution. We ob-
served much lower signal power compared to the
recoding in the animal brain (Supporting Information).
We did not observe single neural spike in our recording
session; it is possibly due to the effect of isoflurane as
anesthetic agent.>® Electrical problems with interfacial
contact of brain cells are also possible, although less
likely, and will be carefully evaluated continuing this
work.

CONCLUSIONS

This study demonstrated that LBL assembly is capable
of producing tissue-compliant CNT nanocomposites
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with electrochemical performance particularly suitable
for neuroprosthetic devices. These composites can
be microfabricated with required precision using stan-
dard photolithography technology into flexible neural
electrodes. The footprint of the electrodes can be
miniaturized to 10 um in width with thicknesses
as small as 3 um, which is smaller than any stiff'® or
flexible®® functional NPDs reported to date. Impor-
tantly, the process of implantation of such compliant
devices was developed, which could be applied to
other devices with similar mechanical properties
made from nanocomposites or other suitable materials
satisfying conditions discussed above. We want to
point out that better understanding of the mechanics
of the flexible brain implants in soft brain tissue and,
therefore, requirements for the materials used in neu-
roprosthetic devices is needed.

The low-frequency neural signal was recorded in the
animal model to demonstrate the functionality of the

MATERIALS AND METHODS

High-purity single-wall carbon nanotubes (P2-SWNTs, >90%
purity) were purchased from Carbon Solution, Inc. (Riverside,
CA). Poly(vinyl alcohol) (PVA; MW 70k fully hydrolyzed) and
poly(sodium 4-styrenesulfonate) (PSS; MW 100k) were obtained
from Sigma-Aldrich. All other chemicals were obtained from
Sigma-Aldrich.

Layer-by-Layer Assembly of SWNT Film was initially
carried out on microscope glass slides cleaned in piranha
solution (mixture of sulfuric acid and hydrogen peroxide
DANGEROUS!) overnight and then thoroughly rinsed with
deionized water prior to the use. SWNTs were first dispersed
at 0.5 mg/mL in 2 mg/mL PSS (MW 100k) solution by ultra-
sonication. A 0.1 wt % PVA solution was prepared by dissolving
the correct amount of PVA in near boiling water. For each
deposition cycle, the electrode was immersed in the PVA
solution for 2 min, followed by rinsing with deionized water
and drying with an air stream. Then the electrode was immersed
in SWNT solution for 5 min, followed by rinsing with deionized
water and drying with an air jet. The cycle was repeated
300 times by a commercially available LBL deposition robot
(NanoStrata Inc., Tallahassee, FL).

Electrode Fabrication. First, 800 nm parylene-C thin film
was deposited by chemical vapor deposition method (PDS 20350,
SCS Equipment) on a clean glass slide. The first layer of parylene-
C served as the bottom insulation layer for the electrodes.
Then a 1 um CNT:PSS/PVA nanocomposite was deposited on
the parylene-C film using the layer-by-layer (LBL) assembly
method. After parylene-C and CNT composite deposition, the
positive photoresist (SPR220-3.0, Rohm Haas) was spin coated
and exposed by the first mask on the CNT composite. After
developing the photoresist, the entire substrate was treated by
oxygen plasma (790 RIE, Plasma Therm) to pattern the base
layer of the neural electrodes. After the oxygen plasma etching,
a second layer of parylene-C was deposited onto the base layer.
This served as the top insulation layer for the neural probe. Then
the positive photoresist was spin coated again and exposed by
the second mask on top of the second layer of parylene-C. The
entire substrate was etched slowly by oxygen plasma to avoid
overetch of the CNT composite. The second mask created the
outline for the final electrode shape and opened the functional
CNT site at the tip of the electrodes.

Scanning Electron Microscopy (SEM) images were ob-
tained using a FEI Nova Nanolab SEM at 10 kV accelerating
voltage.
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neural electrodes. Further exploration of high-frequency
recordings of neuronal signals and microfabrication
of arrays of tissue-compliant electrodes is necessary. If
the ability to record high-frequency signals and single
neuronal activity requires changes in electrode design
in addition to the use of a different anesthesia drug, the
developed MEMS-like manufacturing process that we
used for these electrodes provides such capabilities as
well as the potential for further miniaturization. Simi-
larly to our previous study,?® the evaluation of the
chronic tissue response should also be carried out to
demonstrate the long-term functionality and inflam-
mation response of this new class of nanocomposite
electrodes. We also utilized both emerging and well-
established imaging modalities to examine these flex-
ible neural electrodes in the brain. In aggregate, the
results reported in this paper take us a step further to
the use of nanocomposite-based neural prosthetics in
a clinical setting.

Electrochemical Impedance Spectroscopy (EIS) was car-
ried out on an Autolab PGSTAT 12; Frequency Response Analy-
zer software (EcoChemie, Utrecht, Netherlands) was used to
record impedance spectra of the electrodes. A solution of
1x phosphate buffered saline (PBS, pH = 7) was used as an
electrolyte in a three-electrode configuration. The working
electrode was connected to the electrode site. The counter
electrode was connected to a gold foil immersed in PBS, and a
Ag/AgCl reference electrode was immersed in PBS. An AC
sinusoidal signal of 25 mV in amplitude was used to record
the impedance over a frequency range of 10—32000 Hz.

Cyclic Voltammetry (CV) experiments were performed
using an Autolab PGSTAT 12 instrument and General Purpose
Electrochemical System software (EcoChemie, Utrecht, The
Netherlands) in a three-electrode configuration as described
for EIS. For CV, a scan rate of 1 V/s was used and the potential on
the working electrode was swept between —0.8 and 0.6 V. Three
cycles were swept to ensure that the film had reached a stable state.

Craniotomy Preparation. Adult male 550—600 g Sprague—
Dawley rats (Charles River Laboratories) were anesthetized with
2% isoflurane. The depth of anesthesia was observed by
monitoring heart rate and breathing rate. The animal was placed
into a stereotaxic frame, and a 2 mm by 2 mm craniotomy was
made over the motor cortex. Once the dura was incised and
resected, the animal brain was ready for implantation.

In Vivo Electrophysiological Data were recorded using a
TDT RX5 Pentusa Recording System (Tucker-Davis Technolo-
gies, Alachua, FL). These neuronal signals were acquired
through a head-stage buffer amplifier to avoid signal loss in
data transmission. Signals were sequentially filtered by an anti-
aliasing filter in the preamplifier, digitized at a ~25 kHz sam-
pling rate, and digitally band-pass-filtered from 2 to 5000 Hz.
Wideband signals were acquired to capture both spiking and
local field potential (LFP) activity. Signals were continuously
recorded in 10 min intervals. Neural recording segments
were analyzed offline using a custom automated MATLAB
(Mathworks Inc., MA) script. LFP power spectral density plots
were created using a Hamming window for smoothing with a
32768 point fast Fourier transform (FFT).

Photoacoustic Microscopy was carried out through a Nd:
YAG laser (Spot-10-200-532, Elforlight Ltd., UK) working at
532 nm with a pulse duration of 2 ns and a repetition rate
(PRR) of 0—50 kHz. The laser light was spatially filtered by an iris
and then expanded to a parallel beam which was rastered over
the tissue object by 2D galvanometers. The intensity and the
stability of the laser beam was monitored and calibrated by a
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photodiode (DET10A, Thorlabs, NJ). An achromatic lens with a
focal length of 50 mm was used as the objective lens. Photo-
acoustic signals were detected by a calibrated needle hydro-
phone (HNC-1500, Onda, CA) with —10 dB bandwidth of
300 kHz to 20 MHz. The distance between the hydrophone
and the tissue was 5 mm, and the ultrasound coupling was
through water. The detected photoacoustic signals, after a low
noise amplifier (AH 2010, Onda, CA), was digitized by an A/D
card (Razor CS14X2, GaGe, IL). The spatial resolution of this
system was measured by imaging a USAF resolution template
(T-20-P-TM, Applied Image Inc., NY). The lateral resolution was
5um, determined by the optical focusing. The axial resolution of
this system was 105 um, which was limited by the central
frequency and bandwidth of the hydrophone.

Magnetic Resonance Imaging was performed with a 3D
gradient echo pulse sequence at 2.0 T (Varian Inc., Palo Alto, CA)
using a home-built RF coil. Data were obtained with TR =100 ms
and TE = 10 ms and with 100 um isotropic voxels. Following
acquisition, the data were processed by scripts written in
MATLAB (The Mathworks, Natick, MA).

Confocal Microscopy was performed by a commercial
Leica Inverted microscope. The nanocomposite electrode was
stained by soaking in FITC-albumin solution (1 mg/mL) for 1 h.
The brain tissue was stained by toluidine blue for an hour (5 mL
of 0.01 mg/mL ethanol solution diluted in 45 mL of 1% sodium
chloride solution).
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