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Summary
A minimally invasive electrical recording and stimulating technique capable of simultaneously
monitoring the activity of a significant number (e.g., 103 to 104) of neurons is an absolute
prerequisite in developing an effective brain–machine interface. Although there are many
excellent methodologies for recording single or multiple neurons, there has been no methodology
for accessing large numbers of cells in a behaving experimental animal or human individual. Brain
vascular parenchyma is a promising candidate for addressing this problem. It has been proposed
[1,2] that a multitude of nanowire electrodes introduced into the central nervous system through
the vascular system to address any brain area may be a possible solution. In this study we
implement a design for such microcatheter for ex vivo experiments. Using Wollaston platinum
wire, we design a submicron-scale electrode and develop a fabrication method. We then evaluate
the mechanical properties of the electrode in a flow when passing through the intricacies of the
capillary bed in ex vivo Xenopus laevis experiments. Furthermore, we demonstrate the feasibility
of intravascular recording in the spinal cord of Xenopus laevis.
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1. Introduction
The brain–machine interface (BMI) or brain–computer interface (BCI) has been viewed
primarily in terms of offering potential new therapies capable of restoring motor control in
profoundly disabled patients, particularly those suffering from devastating conditions such
as amyotrophic lateral sclerosis (ALS), spinal cord injury, stroke, and cerebral palsy (3, 4).
BMI or BCI extracts the patient's intentions via neural activity and provides them with a new
nonmuscular channel to control various devices. Today's BMI/BCI may be categorized as
noninvasive techniques such as electroencephalography (EEG), magnetoencephalography
(MEG), and functional magnetic resonance imaging (fMRI), and invasive techniques that
implement direct cortical recordings with multielectrode arrays and electrocorticogram
(ECoG) (4–12); such approaches have both advantages and disadvantages. Noninvasive
recording methods such as an EEG interface record only neuronal activity from superficial
brain areas with low spatial resolution. Empirically, the amount of information obtained
with the EEG is limited to about 25 bits/min [4]. While MEG and fMRI are capable of
recording more information, they require larger, more expensive instruments. On the other
hand, the latest invasive methods can obtain about 7 bits/s, a roughly 10- to 100-fold
increase; however, this requires craniotomy [9].
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We are addressing the possibility of intravascular neural recording or stimulation as a neural
interface that does not require craniotomy: that is, it is less invasive, yet can obtain large
amounts of information [1,2]. In this method, a statistically significant number (e.g.,
ultimately 103 to 104) of nanometer-scale electrodes are introduced through the capillary
system. A catheter is used to deliver the electrodes into a deep brain area from a brachial or
femoral artery. Such catheterization is an established surgical procedure for treatment of
brain vasculature disorders.

In the investigation reported here we developed a prototype and evaluated its capabilities as
an intravascular neural interface. Specifically, we developed an intravascular nanowire
electrode that could be used as a probe for the interface. First, the method of fabrication of
the electrode, including a nanowire manipulation method, was developed. Next, the fluid-
dynamics characteristics of the nanowire needed to reach capillary were evaluated. Finally,
the electrical properties of the electrodes were measured and neural activity was recorded
from the central nervous system intravascularly.

2. Design of Nanowire Electrodes
Figure 1A shows a schematic diagram of the intravascular neural interface. To introduce
probes into a blood vessel, we used the microcatheter illustrated in Fig. 1B (i). The
microcatheter consists of a polyimide tube with a diameter of 90 to 300 μm depending on
the diameter of the blood vessel of interest. The tube is connected to a T-shape connector,
one end of which is used for saline input and the other for connection to an amplifier. Figure
1B (ii) shows the nanowire electrode. The electrode is introduced from the end of the
microcatheter opposite to the T-shape connector and each tip is carried into the deep
vasculature of the brain by the bloodstream. The wire is insulated with polymer and the tip
of the electrode is electroplated with ϕ10 μm platinum black to reduce the electrode
impedance. Since the required electrical properties of the nanowire electrode can be
achieved by electroplating with platinum black, here we consider the mechanical properties
of the nanowire electrode.

Within a blood vessel, the nanowire electrode is carried by the blood flow. This force can be
decomposed into two components, one parallel and the other perpendicular to the axis of the
wire center. When the wire is carried by a fluid quasi-statically with time, the force parallel
to the center axis acts as a tensile force in the wire and the force perpendicular to the center
axis acts as the moment. Even in tortuous blood vessels, blood flow follows stream lines
along the vessel, and so does the wire. Therefore, the blood flow keeps generating the
moment in the wire and forces the wire to follow along the stream line. In this situation, the
wire must be flexible enough to advance.

The flexural rigidity of the wire is described as the product of the Young's modulus E and
the second moment of the area with respect to the center axis of the wire Iz, that is, EIz.
When we define the diameter of the wire as dw, Iz is

(1)

Thus, the flexural rigidity of the wire is proportional to the fourth power of dw. The
contribution of the insulation layer to the flexural rigidity is small compared to that of the
wire itself and so can be ignored. Considering that in the vicinity of the electrode tip, the
wire may be viewed as a beam of length l and a concentrated load Fd located at the tip of the
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electrode, the moment M acting on the beam and the radius of curvature ρ can be described
as

(2)

(3)

Next, for simplicity, the platinum black on the tip of the electrode is assumed to be a sphere
of diameter Dp. Taking the relative velocity between the electrode tip and the working fluid
as Ur, the density of the fluid as ρf, and the coefficient of viscosity as μ, we can express the
Reynolds number Re as

(4)

where Ur = 1 cm/s, Dp = 5 mm, ρf = 1 × 103 kg/m3, μ = 1 × 10−3 Pa-s, Re = 5 × 10−2. The
value for water is used for the coefficient of viscosity. Since Re < 1 indicates laminar flow,
by using the Stokes approximation equation, the force acting on the tip of the electrode Fd is
described and estimated as

(5)

so that Fd = 4.7 × 10−10 N. The force of the blood flow, acting directly on the wire, is
proportional to the surface area of the wire. However, when the wire diameter is sufficiently
smaller than the electrode tip diameter, the force on the wire is not dominant. Therefore,
since we consider only the behavior of the wire close to the tip, we ignore the force acting
on the wire.

We now consider a platinum (Pt) wire. The Young's modulus E of Pt is 168 GPa. In order to
obtain a radius of curvature ρ of about 10 μm with Fd, dw must be 0.3 μm according to Eq.
(3). If the working fluid is blood, the viscosity coefficient μ is about 0.45 Pa-s, 450 times
that for water. In this case, using the same calculation as for water, dw for ρ ≈ 10 μm is 1.3
μm. However, in this case, the Reynolds number, Re = 23, is too high, and the flow will not
be laminar; thus, Fd is smaller than the estimate given by Eq. (5), and consequently ρ is
slightly larger than the estimate given by Eq. (3).

Taking these considerations together, we employ platinum Wollaston wires with diameters
ϕ1 μm and ϕ0.65 μm (Nilaco Corp.). Their second moments of area are 0.79 and 0.13 μm4,
respectively, and their flexural rigidities are 1.32 × 10−23 and 2.21 × 10−24 N-m2. Under
these conditions, the estimated radii of curvature ρ are 1750 and 312 μm for water, and 4
and 0.7 μm for blood.

3. Prototyping of Nanowire Electrode
Figure 2 shows the fabrication process of the nanowire electrode. This process comprises
(A) preparation, (B) etching, (C) insulation, and (D) platinization. Because submicron Pt
wire is fragile, all processes require proper manipulation, as described in Fig. 2. First, a
special chamber equipped with protection against air currents and with heater functions was
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developed. Second, to prevent the platinum wire from adhering to dielectric materials as a
result of static electricity it was held by using the surface tension of a droplet controlled by
syringes during etching and platinization. Third, during insulation, the Pt wire was held in a
laminar flow generated by vacuum from a ϕ0.4 mm tube.

During preparation, a micro catheter system incorporating a Pt Wollaston wire protected by
a silver layer was assembled. Before assembly, the wire was insulated on the silver layer
except for the portion that would be exposed. During etching, the silver cover was dissolved
by nitric acid and the thin Pt wire was exposed. During insulation, the Pt wire was dipped
into a polyester resin solution (Cashew Co., Ltd., Cashew Strone Paint) and baked at 100 °C.
This insulation process was repeated three times. During platinization, the tip of the Pt wire
was immersed in a platinum (IV) ion plating solution (an aqueous solution of chloroplatinic
acid 3.3% and lead acetate 3.3 × 10−2%) and electroplated at a voltage of 1 V while
reversing polarities every 1 s for a total of 4 s.

Figure 3 shows the microcatheter system and the tip of the nanowire electrode. The
electrode prototype consists of a 1-cm-long nanowire with diameter ϕ5 μm and a 30-μm-
long platinum black section on the wire tip. The thickness of the insulation layer is about
100 nm.

4. Evaluation
4.1 Evaluation method

A. Evaluation of mechanical properties of the nanowire—Using a fine channel as
shown in Fig. 4, we measured the flexibility of the nanowire. In the channel, we used pouch
film (Kokuyo S&T Corp., MSP-F70100). The width and depth of the channel were 500 and
100 μm, respectively. Using a micro syringe pump (KD Scientific Inc., IC3210), a constant
flow of saline solution (0.9 M NaCl) was introduced into the channel so that the nanowire
was pushed perpendicularly by the flow. Under these conditions, we measured the flexibility
of the wire in terms of its radius of curvature. In this experiment, the working fluid could be
approximately regarded as in laminar flow. The flow speed was calibrated with ϕ3 μm beads
(Technochemical corp., Polybead® Polystyrene Microspheres). The test flow speeds were
0.1, 1, and 10 cm/s. The Pt wire diameters tested were 0.65 and 1 μm, and for both wires the
length exposed to the flow pushing the wire was 300 μm. The temperature of the water was
17 °C and the viscosity at this temperature was 1.1 mPa/s.

The movement of the electrode in a blood vessel was measured to evaluate the ex vivo
mechanical properties of the prototype nanowire electrode. A segment of intestine was
removed from Xenopus laevis, placed in a Petri dish, and superfused with saline. A
microcatheter was inserted into a vessel and a nanowire electrode was introduced using
saline perfusion. We observed the movement of ϕ1 μm and ϕ10 μm wire electrodes.

B. Evaluation of electrical properties of the nanowire electrode—The electrical
properties of the prototype nanowire electrode as a neural interface were first evaluated.
One-centimeter wires were immersed in saline solution and their impedance was measured
at 1 kHz with an LCR meter (Yokogawa Hewlett Packard, 4274A). The ground and
reference electrodes were Ag/AgCl electrodes with a surface area of 0.3 cm2. In this
measurement, to evaluate the insulation and electrode properties separately, the impedance
was measured before and after platinization.

Next, the feasibility of recording neuronal activity was evaluated using the prototype
nanowire electrode within a blood vessel. The spinal cord of Xenopus laevis was exposed
and a ϕ1 μm nanowire electrode was inserted into the anterior spinal artery using a
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microcatheter. A constant current pulse delivered through a bipolar stimulation electrode
placed on the spinal cord elicited action potentials. The elicited neural activity was recorded
with the nanowire electrode. A silver electrode, placed on the surface of the spinal cord, was
used to compare the recordings of neural signals with the intravascular nanowire electrode.
The stimulating pulse width was 20 μs and the current was 0.1 to 0.5 mA.

4.2 Results
Figure 5A shows the movement of the nanowire in the micro channel. As shown in the
picture, the radius of curvature of the wire varied with the wire diameter and the flow
velocity in the channel. Figure 5B summarizes the experimental results and the relationship
of the human blood vessel diameter and blood velocity. In this figure, the blood flow
velocity in a ϕ50 μm arteriole is about 1 cm/s [14]. At this velocity, the minimum radii of
curvature of ϕ1 and 0.65 μm nanowires were 800 and 50 μm, respectively. A blood vessel
bending at a right angle with a diameter D is shown in Fig. 5B. When the minimum radius
of curvature R of the nanowire is smaller than the diameter D, the nanowire can pass
through the blood vessel in the flow. Therefore, the results suggest that we can introduce ϕ1
μm and ϕ0.65 μm Pt wires into blood vessels with minimum diameters of 0.8 and 0.1 mm,
respectively. The ϕ0.8 mm and ϕ0.1 mm blood vessels correspond to human small arteries
and arterioles, respectively.

Figure 6A (i) shows an experimental system using the intestinal blood vessels of Xenopus
laevis. In Fig. 6A (ii), the intestinal blood vessels have a relatively simple vasculature with
blood vessels ranging from ϕ100 μm to ϕ500 μm, offering an appropriate place to
investigate the movement of nanowires. As a control, when we inserted a ϕ10 μm Pt wire
into a vessel, the flexural rigidity was so high that the wire did not follow the bending blood
vessel, but penetrated the blood vessel wall. Next, when we inserted a ϕ1 μm nanowire
electrode, the saline solution flow with a velocity of about 5 mm/s carried the wire along the
wall of a blood vessel branch with a radius of curvature of near 700 μm (Fig. 6B).

The impedance of the prototype nanowire electrode tip was over 10 MΩ, while the
impedance of the insulated nanowire was about 100 kΩ. Before the insulation, the naked Pt
wire had 0.5-kΩ impedance, which increased to 40 kΩ and 1 MΩ after the first and second
treatments of the dipping and baking process, respectively. Thus, the impedance of the
insulated wire increased with repeated dipping and baking. To assure insulation reliability,
this process should be repeated three times or more.

Figure 7A shows an experimental setup using the spinal cord of Xenopus laevis. With a
nanowire electrode inserted within a blood vessel, we recorded the neural signals shown in
Fig. 7B (i). In this recording, after the stimulus artifact, positive and negative peaks at
latencies of 0.75 and 1.50 ms were elicited. These neural responses were obtained with a
current 5 times the threshold stimulus. Increasing the stimulus current increased the response
amplitude with no change in the response latencies. Likewise, Fig. 7B (ii) shows similar
neural signals that were recorded using the silver ball electrode placed on the spinal cord.
The similarity of the recordings from the two electrodes suggests successful intravascular
neural recordings with the nanowire electrode.

5. Discussion
In the present study, we designed an intravascular neural interface consisting of a
microcatheter and nanowire electrode. We examined the mechanical and electrical
properties of the nanowire electrode and showed the feasibility of intravascular neural
recording with the nanowire electrode.
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The present set of experiments described the steps of nanoelectrode implantation requiring
the incision of an artery followed by insertion of a microcatheter into the artery. However,
smooth muscle in the artery contracted and shrank the incision site, making it difficult to
insert the catheter into arterioles smaller than 100 μm in diameter. Considering this problem,
the next generation of microcatheters should have an incision function. One of the design
solutions can be, instead of a conventional syringe, a quartz capillary with a tip diameter of
about 10 μm that is ground to be sufficiently sharp.

It is practically difficult to analyze and quantify the flexibility of a wire with a diameter on
the submicrometer order in a blood vessel. The main reasons are:

• The representative length of the wire is extremely short;

• The fluid in a blood vessel is a multiphase flow including biological tissues; and

• The flow boundary is a contractile blood wall.

Therefore, in this study, we implemented a simplified model to quantify the flexibility of the
wire in fluid as an evaluation indicator and quantified the radius of curvature of the wire
under conditions where the wire was bent maximally by the fluid flow. The radius of
curvature estimated by Eq. (3) showed a good fit to our experimental results, suggesting that
it is useful for the design of nanowire electrodes.

The arteries in the brain are categorized subdivided into the carotid artery, small arteries,
arterioles, and capillaries. The spacings between small arteries, arterioles, and capillaries are
about 1 mm, 0.1 mm, and a few tens of micrometers, respectively. We demonstrated that a
ϕ1 μm nanowire electrode can approach an arteriole without damaging the blood vessel
wall. Therefore, the results suggest that after x-ray angiography to visualize arterioles, it is
feasible to insert a microcatheter into an artery with a diameter of a few millimeters and
introduce ϕ1 μm Pt nanowire electrodes into the vasculature and record central nervous
system activity within an arteriole network. Likewise, we can introduce ϕ0.65 μm nanowires
into small artery networks.

This study shows that it is impossible to introduce the intravascular nanoelectrode into
capillaries unless we decrease the flexural rigidity of the ϕ0.65 μm Pt wire nanowire
electrodes to 1/10 to 1/100 of their present value. To achieve this goal, the diameter of the Pt
wire must be 0.3 to 0.2 μm. Another promising solution is implementation of a conductive
polymer [2], whose Young's modulus is 1/200 that of Pt.

On the other hand, instead of decreasing the flexural rigidity, another conceivable solution is
to increase the fluid resistance of the electrode tip by enlarging the platinum black coating.
However, in low Reynolds number flow such as that in arterioles, the contribution of the tip
shape to the fluid force is small and the high friction of platinum black increases the
probability of adhesion to a blood vessel wall. Thus, enlarging the platinum black tip to
increase the fluid resistance is not a good solution. The diameter of the platinum black tip
should be chosen with reference to the decrease in impedance needed to record neural
activity.

The prototype nanowire electrode described here was able to record neural activities
intravascularly, indicating that our design fulfilled the minimum required functions of a
neural interface. However, the neural activity recorded in this experiment was a local spinal
cord field potential, not the action potentials generated by individual neurons. Although we
must verify that the prototype electrode can measure action potentials, it is highly likely,
because the electrode had comparably low impedance with a conventional small metal
electrode. However, for neural recordings in a volume conductor of brain parenchyma, low-
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frequency local field potentials decay on the order of 500 μm, while action potentials of
high-frequency signals decay on the order of 50 μm. Therefore, for action potential
recordings, it is highly likely that we must deliver the nanowire electrodes into an arteriole
that is smaller than 50 μm in diameter or a capillary that is much smaller than an arteriole.

The intravascular neural interface system still has a number of future issues to be resolved.
Among the most significant is determining the signal-to-noise ratio as a function of
nanowire length, and thus the maximum vascular depth for the nanowire segment in the
vascular bed. A second issue concerns the development of a technique to localize the tip of a
nanowire electrode using MRI or CT. Third, we must determine the durability of wire
electrodes and the stability of impedance for chronic implantation. Finally, the
biocompatibility of implanted electrodes must be explored in terms of potential tissue
reaction.

6. Conclusions
We have designed, developed, and evaluated an intravascular neural interface that records
neuronal activities intravascularly. This interface consists of a microcatheter and nanowire
electrode. The microcatheter introduces the electrode into a blood vessel with a saline flow.
We used submicrometer Wollaston Pt wire as a material and manufactured a nanowire
electrode. The electrode had an electroplated platinum black tip with a diameter of 2 μm and
length of 10 μm. During the fabrication processes, it was mandatory to manipulate the
extremely fragile submicrometer platinum wire by means of the surface tension of a droplet
and a laminar air flow. We evaluated the flexibility of the nanowire electrode within a
laminar flow in a small channel and found that ϕ1 and ϕ0.65 μm nanowire electrodes are
applicable to the vasculature network of ϕ1 mm small arteries and ϕ0.1 mm arterioles,
respectively. An ex vivo experiment showed that a ϕ1 μm nanowire electrode can be carried
along the shape of blood vessel branches with a radius of curvature of 700 μm within ϕ400
μm blood vessels with saline flow at a velocity of 5 mm/s. The impedance of the ϕ1 μm
nanowire electrodes was near 100 kΩ at the tip and over 10 MΩ in the insulated portion,
fulfilling the required electrical properties as a neural interface. Finally we demonstrated that
the prototype electrode could measure the neuronal activity in the spinal cord from the
anterior spinal artery.
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Fig. 1.
Schema of intravascular neural interface.
(A) A saline flow from a branch pipe introduces nanowires into an artery and the blood flow
carries nanowires to a capillary close to a nerve. (B) (i) A microcatheter is made of
polyimide tube with a 90 to 300-μm diameter. In the microcatheter, each nanowire has a
wire connection extending through the branch pipe and syringe to external devices. (ii) The
nanowire has a platinum black tip as an electrode interface and a polymer insulation layer
along the entire wire.
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Fig. 2.
Fabrication of the nanowire electrode.
(A) Preparation. A tip of a Wollaston wire, i.e., a submicron Pt wire covered with Ag 40 μm
in thickness, was insulated. The wire tip of 1 mm was left uninsulated for further processing.
(B) Etching. The Ag-coated Pt nanowire was dipped in a drop of nitric acid, and the Ag
topcoat was removed to expose the Pt wire. During this process a drop of water held the tip
of the wire to keep the wire straight. (C) Insulation. The Pt wire was dipped in a drop of
insulating fluid, and the drop moved toward the wire tip. The insulation fluid was baked in a
laminar airflow holding the wire. (D) Platinization. A drop of platinic acid was applied to
the wire tip to plate it with platinum black.
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Fig. 3.
End product.
(A) Microcatheter. (B) Magnified view of nanowire under scanning electron microscope.
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Fig. 4.
Experimental setup for assessment of wire flexibility.
A platinum wire is placed perpendicularly to a saline flow. The minimum radius of
curvature represents the wire flexibility.
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Fig. 5.
Assessment of wire flexibility.
(A) Behaviors of wires in a saline flow. (B) Curvature radius of platinum wire of ϕ1 μm and
ϕ0.6 μm as a function of flow velocity. Blood vessel diameter as a function of flow velocity
is also merged. As shown in inset, a wire with a radius of curvature R is expected to pass
through a vessel with diameter D, when R < D.
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Fig. 6.
Assessment of nanowire electrode in frog mesentery artery.
(A) Experimental setup. (i) Microcatheter and frog intestine. (ii) Polyimide microcatheter
(ϕ300 μm) is inserted into the mesentery artery. (B) Thick Pt wire of ϕ10 μm penetrates the
blood vessel. (C) Fine Pt wire of ϕ1 μm is able to pass through the branch with a radius of
curvature of about 700 μm in the 5 mm/s saline flow. The top panel shows a schematic
diagram of the experiments. The bottom panels are time-series single video frames. Circle
indicates location of electrode.
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Fig. 7.
Intravascular neural recording.
(A) Experimental setup. (i) The intravascular nanowire electrode is inserted into the frog
spinal anterior vessel through the microcatheter to record neural activities. Action potentials
were elicited by bipolar electrode and conducted through the spinal cord. A surface
electrode also recorded the activities for reference. (ii) Anterior side of spinal cord was
exposed. A surface electrode is placed adjacent to the intravascular electrode. (B) Neural
signals. Intravascular neural recording (i) and surface recording (ii) obtained comparable
neural signals consisting of stimulus artifact and biphasic fast spikes.
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