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Chapter

Interface Nerve Tissue-Silicon
Nanowire for Regeneration of
Injured Nerve and Creation of Bio-
Electronic Device

Klimovskaya Alla, Chaikovsky Yuri, Liptuga Anatoliy,
Lichodievskiy Volodymyr and Serozhkin Yuriy

Abstract

This overview presents the results of scientific and practical research into the
development of the interface “neuron-electronic device” based on silicon nanowire.
The work has been carried out for several years by a team of scientists specializing in
various fields of science and technology: neuroscience, surface science, nanoelectron-
ics, crystal growth, physics and chemistry of nanotechnology, and nanocomputing.
The technology of formation of the interface “nerve fiber-silicon nanowire” was devel-
oped. The experiments were performed iz vivo on Wistar rats. The developed technol-
ogy was used in the manufacture of implants for the regeneration of the injured sciatic
nerve. The results of the studies showed the effectiveness of using such implants not
only for the regeneration of nerves with severe injuries but also for the creation of a
bioelectronic interface for neurocomputers that can be used in vivo for a long time.

Keywords: interface, silicon nanowires, Wistar rats, sciatic nerve, experiment
in vivo, laser heterodyne interferometric technique, application of SINW-FET,
physical model of the interface nervous tissue-silicon nanowires

1. Introduction

In the last decade, along with the solution of medical problems on the restora-
tion of the human nervous system by traditional methods, a new direction of neu-
roscience arose related to the development of hybrid intellect that has to combine
the best intellectual resources of human brain and the best achievements of nano-
and quantum computing. By the computation speed, modern computers consider-
ably exceed human capabilities, but they have two significant drawbacks. Providing
their work with the intellectual capabilities of man using modern nanoelectronics
requires considerable power consumption. This leads to an increase in the physi-
cal dimensions of the computer in order to provide a thermal regime acceptable
for modern nanoelectronics. On the other hand, the human brain, accomplishing
a huge amount of work on physical and intellectual interaction and to ensure the
correlated work of the organism as a whole, is characterized by extremely low energy
costs in comparison with quantum computers. Therefore, an idea arisen on creating
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a hybrid intellect that physically combines the neural networks of the brain with
modern, including quantum, computing devices. The development of such devices
required detailed studies of the structure of neural networks of the brain and subse-
quent modeling of such networks on silicon nanostructures using living neurons
or by implanting silicon nanostructures into a neural network of a living organism.
The end product of this device will be a hybrid brain that is capable, unlike tradi-
tional computers, including quantum ones, to apply both logical and associative
methods of solving problems with low energy consumption. The main task of the
hybrid brain is to provide a constant two-way communication between the central
and peripheral nervous system, which will allow, in extreme case, to constantly
monitor the organism as a whole and, if necessary, already in the first stages of the
disease, to correct the work of those organs that have deviations from the norm,
using, first of all, the internal resources of the body.

By 2015, the strategy for creating hybrid brain has already been developed [1],
and a call has been issued [2, 3] to the international community to concentrate scien-
tific and financial resources on the solution of the problem that will make a revolu-
tion not only in the field of medicine but also in all spheres of human existence.

Detailed studies of neural networks were started about 10 years ago with the
work on the study of the morphology of neural network [4]. Then, a large number
of animal studies were made of the relationship between the structure of neural
networks and the behavioral characteristics of animals. A detailed review of these
studies was published recently [5]. In parallel with studies of the central nervous sys-
tem and its connection with the peripheral nervous system, work was begun on the
creation of a bioelectronic complex on silicon nanostructures with the artificial culti-
vation of neural networks in a biological environment [6-8]. The results obtained in
experiments iz vitro allowed the transition to animal experiments and then to begin
clinical experiments for the treatment of diseases that could not be treated with
application of traditional medicine. Massachusetts General Hospital and Draper Labs
develop a tiny, implanted chip to place it between a patient’s skull and scalp. A series
of electrodes placed at varying depths in different regions of the brain would record
neurological data. In the framework of the program ElectRx;, a closed-loop system is
developed to monitor and to regulate organ functions using the internal resources
of the body. Silent speech information generated directly from the activity of neurons is
involved in speech production via an intracortical microelectrode brain-computer
interface [9]. It was shown that Macaca nemestrina monkeys can directly control
stimulation of muscles using the activity of neurons in the motor cortex. Monkeys learned
to use artificial connections from cortical cells to muscles to generate bidirectional
wrist torques and controlled multiple neuron-muscle pairs simultaneously [10].

Despite encouraging results in the development and testing of bioelectronic
complexes capable of recording neural impulses produced by a neuron and transfer-
ring them to subsequent processing into a nanocomputer, there are still many unre-
solved problems, the first of which is the development of a central link of the hybrid
intelligence the “neuron-electronic device” interface [11-15]. To date, the greatest
difficulty in creating such an interface is the problem of maintaining its working
capacity in a living organism for a time comparable to the human lifespan. The most
suitable material for creating such an interface is crystalline silicon. First, silicon is
a biocompatible material, and, second, it is the main material of nano- and micro-
electronic technology, which makes it easy to integrate it into electronic circuits
for subsequent signal processing. Taking into account the size of neurons (of the
order of tens of micrometers), the silicon wires are the most suitable for creating an
interface with a neuron. So, in the past decade, the “silicon crystal-nervous tissue”
interface has been attracting huge interest. Various designs of electronic circuits of
field-effect transistors [16] (SINW-FET) have been developed. The main attention
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in the development of these devices was given to obtaining a high sensitivity of the
device for reliable registration of nerve impulses. For this purpose, the SINW-FET
design was developed, in which a dielectric layer between the neuron and the SINW
was created of the ultimate small thickness. The best results on the sensitivity of
the SINW-FET were obtained using the chemical compound poly-L-Lysine as a
dielectric between neuron and FET. However, after long-term tests of this design,

it was found that the lifetime of such an interface is estimated in a several days or a
maximum of a few weeks.

So, a major hurdle in brain-machine interfaces (BMIs) is the lack of an implant-
able neural interface system that remains viable for a substantial fraction of the user’s
lifetime and the lack of a high-density, chronic interface to enable recording and stimu-
lation from thousands of sites in a clinically relevant manner with little or no tissue
response remains as one of the grand challenges of the twenty-first century.

The success of the research of our group in experiments on laboratory animals
has shown the prospects for application of silicon nanowires in creation of bio-con-
sistent and bioactive implants. The key problem of these works was the study of the
biophysical state of the interface “neuron-silicon nanowire” and the development of
methods for the purposeful management of its properties. At present, on the basis
of this interface, we have developed and patented technology for the manufacture
of implants [17], which provides auto-electronic stimulation of the regenerative
processes of damaged nerve tissue. The most important feature of the developed
technology that significantly distinguishes it from existing ones is to provide condi-
tions for the continuous effective migration of biological cells to the implant site.
This feature indicates the promise of its use for the development of neuro-electronic
interfaces for neurocomputers, suitable for use over a long period of time, compa-
rable to the years of human life.

In 2-d part of the overview, we present the research on formation of the interface
“silicon wire-nerve tissue.” Experiments were carried out iz vivo by simulation of a
sciatic nerve injury and following recovery of the injury using silicon nanowires.

In 3-d part, we present experimental techniques used to test how nerve fibers
restore functional ability after implantation a conduit with silicon nanowires. In addi-
tion to the techniques traditionally used for this purpose, we apply a test to evaluate
bidirectional communication between the brain and corresponding peripheral nerve
by registration in real-time in vivo a nerve displacement initiated due to action potential
propagation. We apply additionally SINW-FET to measure charge state of the inter-
face, when it forms. Furthermore, this experiment gives rise to direct definition of sign
and surface charge densities both on silicon wire and nerve fiber in living organism.

In 4-d part we present experimental results on evolution of the restore function-
ality of the damaged nerve after implantation conduit with silicon nanowires. We
analyze prospects to use the interface nervous tissue—silicon nanowire in the global
problem brain-computer interface—particularly on possible application quantum
HEM device [18] based on silicon nanowires as a nerve pulse binary adder [19, 20].

2. Formation of the interface silicon wire-nerve tissue

The research on formation of the interface “silicon wire-nerve tissue” was
carried out in vivo on Wistar rats by simulation of a sciatic nerve injury and further
replacement fault of the nerve trunk by implant with a set of silicon nanowires.

One of the procedures published in details elsewhere [21, 22] includes several stages:
growing of silicon wires, handling the implants, surgical procedure, and various test
experiments in vivo for evaluation of motor function recovery by “the method of walk-
ing track” [23] and by recording a bilateral interaction between neuronal nets of a brain
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and actuators of peripheral nerve by real-time registration nerve displacements due to
action potential propagation [24-27] and test experiments in vitro to examine morpho-
logical features of the interface by optical and electron transmission microscopy.

2.1 Growth of silicon wires

Silicon wires (see Figure 1) were grown by the technology developed by
Sandulova et al. [28]. This technology is based on a method of gas-phase reaction in
a sealed tube at a temperature gradient. In order to provide the chemical reactions
and to stimulate rapid growth of the wires, we used bromine and gold.

For growing wires with a prespecified type and value of conductivity, we
added doping impurities into hot part of the tube. Due to differences in the
reaction-binding energies of gold and the doping impurities with bromine, the
temperature gradient provides a different amount of precipitation of these mate-
rials along the tube. That is why grown silicon wires are distributed along the
tube by size (diameter, length) and by the level of doping [29, 30]. The thinner
the diameter of a wire is, the smaller is the concentration of dopants. The diame-
ter of the grown wires ranges from 10 nm to several tens of microns. Their length
varies in a range from tens of microns up to a few centimeters. Furthermore, the
shape of wires depends on their diameter, too.

The wires, which diameter was of nanometers, were cylindrical, while the wires
with much greater diameters were hexahedral.

2.2 Handling the implants

Wires for preparation of implants are shown in Figure 1. Making of implant
started from dividing the wires by diameters. The prepared set of nanowires was
treated for purification of a surface in different etchants. Thereupon, the wires were
oxidized by storage under ambient atmosphere at room temperature. The thick-
ness of silicon oxide does not exceed one to two nanometers. Just before surgical
operation, an antispiking gel (“Mesogel,” Linteks Ltd., Russian Federation) was
introduced into the aorta extracted from another rat. In order to avoid a rejection of

Figure 1.
Wires for preparation of implants. Scale bar is 80 um on the left and 250 um on the right side of the figure.
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Figure 2.
Surgical procedure.

the transplant, the aorta has been prefrozen in liquid nitrogen. Then, the set of the
wires was placed into the gel and oriented along an axis of the aorta.

2.3 Surgical procedure

Experiment was carried out on rats, weighing 180-250 g, that were housed in
standard conditions with free access to food and water and natural light-dark cycle.
The rats were randomly divided into several groups. Under thiopentone general
anesthesia (40-60 mg/kg intraperitoneally), right sciatic nerve of animals were
exposed in middle third, separated from surrounding tissues for approximately
10 mm in length, and isolated from underlying muscles. For the animals of one
group, after dissection of sciatic nerve, we inserted the implant (Figure 2). Animals
of the other groups were used for trauma simulating of the nerve and as sham-
operated ones.

Animal care, housing, and all experiments were performed in accordance
with the National Institutes of Health guide for the care and use of laboratory
animals (NIH Publications No. 8023, revised 1978). The research was approved
by Bioethical Committee for human subjects or animal research at Bogomolets
National Medical University, December 30, 2015.

3 Methods for evaluation of nerve recovery after implantation

Along with traditional methods of evaluation of a nerve recovery, we first used
laser heterodyne interferometric techniques that give rise to record iz vivo in real
time an evolution of bilateral interaction of a brain and peripheral nerve [31] that
reflect a quality of the nerve recovery.

3.1 Experiment in vivo for evaluation of motor function recovery

In the course up to 5 months, rats were tested on a degree of nerve regeneration.
For evaluation of motor function recovery, we used “the method of walking tracks”
[23]. The degree of motor function recovery was determined by the shape and size
of prints of hind paws of animals when they pass through a narrow corridor. For
quantitative assessment of sciatic function index (SFI), we used print length, toe
spread, and intermediate toe spread on the prints of both post-operated and healthy
hind limbs.
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3.2 Experiment in vivo for evaluation of a bilateral interaction of a brain and
peripheral nerve

To evaluate a recovery of bilateral interactions between neuronal net of a brain
and actuators of peripheral nerve, we designed a setup on detection of nanometer
displacement of nerve fibers [24-27] using laser heterodyne interferometric tech-
niques with next specifications:

* Laser wavelength 0.63 pm

Power of the probing radiation 1 mW

Bandwidth of the receiver 1-30 KHz

Noise level at frequency 1 KHz with bandwidth 3 KHz on distance 1 m about
0.1nm

Optical setup for detecting the surface displacement that is accompanying neu-
ronal activity is presented in Figure 3.

The installation includes a laser heterodyne displacement meter, a computer for
controlling the meter, and a computer for processing and displaying measurement
results. The principle of operation of the displacement meter is based on detecting
changes in the phase of scattered radiation from the object under study, relative to
the phase of radiation of the laser heterodyne. The information signal is a phase-
modulated variable component of the photodetector current, which is formed as
aresult of interference of laser radiation and scattered radiation from the object
under study, in the current case from the nerve of rat.

) Camera Logitech
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H Notebooks
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Figure 3.
Optical setup for detecting neuronal activity.



Interface Nerve Tissue-Silicon Nanowire for Regeneration of Injured Nerve and Creation...
DOI: http://dx.doi.org/10.5772/intechopen.80739

3.3 Examination of morphology of the interface

Around 6 weeks after the implantation, animals of the first group were taken
out of the experiment by decapitation with the use of an overdose of thiopental
anesthesia. Nerves with the implant were extracted, and slices were produced
using a cryotome (MK-25, “Tekhnolog” Russia). Thereupon, the slices were stored
during the day in 10% neutral formalin, next rinsed in distilled water, and fixed on
a microscope slide. For the purposes of microscope investigation of the nerve fibers,
samples were stained with silver nitrate [32]. Prepared slices of the interface “nerve
fiber-silicon wire” were examined by light microscopes Carl Zeiss NU-2E and
Olympus BX 51 equipped with a digital camera and transmission electron micro-
scope TEM-125K (SELMI, Ukraine).

For light microscopy, material was prefixed by intracardiac perfusion with 10%
formalin in 0.1 M phosphate buffer, postfixed in 10% formalin, dehydrated, and
embedded in paraffin. Sections were cut and strained with hematoxylin-eosin, by the
van Gieson method, impregnated with nitric silver. For TEM, material was prefixed by
intracardiac perfusion with 1% glutaraldehyde in 0.1 M phosphate buffer, postfixed in
1% glutaraldehyde, 1% osmium oxide, dehydrated, and embedded in epone-araldite.
Semi-thin and ultrathin sections were cut, contrasted by lead citrate and acetate.

3.4 Experiment on ascertain energy state of the interface nerve tissue-silicon
nanowire

To elucidate the energy state of both constituents of the interface, we carry out
experiment with application of SINW-FET biosensor based on SOI structure with
two gates [33-35] as the sensor element to evaluate charge states of the surface of
silicon nanowire and the nerve fiber during the interface formation. A schematic
representation of this transistor is shown in Figure 4.

In this transistor, the substrate is used as a control gate (back-gate, BG),
modulating their conductivity. An analyte, which adheres to the free surface of
the transistor, plays the role of the second gate (virtual local gate). If the charge at
the surface of the nanotransistor changes due to adsorption of the analyte, so will
change the conductivity of the nanotransistor and will shift its current-voltage
I4s(Vig) characteristic along voltage axis. A sign and value of the shifting allow
determining both the sign and the density of the adsorbed charge.

Figure 4.
Schematic presentation a dual-gated SINW-FET biosensor based on SOI structure.
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To elucidate how the charge state of the nanotransistor surface changes dur-
ing the interface formation, we carried out experiment iz vitro and studied the
current-voltage characteristics I4,(Vyg) in three cases: (1) initial state of the surface
of the nanotransistor (without any analyte, i.e., a free surface covered with native
oxide only), (2) the surface of the nanotransistor in contact with the physiological
environment, and (3) the surface of the nanotransistor after adherence of a neuron
when it is immersed into the physiological environment. The measured current-
voltage characteristics for these three cases give rise to calculate the surface density
of the initial charge on silicon nanowire (biosensor), after adherence of compo-
nents of the physiological environment and after adherence of a neuron as well.

4. Results and discussion
4.1 Evaluation of motor function

Results on recovery motor function of the limb by “the method of walking
tracks” [23] are presented in Figure 5. It is seen that the sciatic function index (SFI)
related to motor function of the limb, being normal before simulation of a sciatic
nerve injury, instantly after implantation sharply decreases to abnormal state.
However, in postoperative period about several months, functionality of the limb,
even if slowly, improves.

4.2 Evaluation of bidirectional communication between the brain and peripheral
nerve

To evaluate regeneration of sciatic nerve iz vivo, we used additionally the laser
heterodyne interferometric technique that allows in real-time record of efferent and
afferent nerve impulses that provide bidirectional communication between neuro-
nal net of a brain and actuators of peripheral nerve, notably a limb.

Propagation of nerve electrical impulses along the axon is known, to be accom-
panying several other phenomena such as displacements of the axon, propagation
of elastic and thermal waves, and magnetic oscillations as well [36, 37].
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Figure 5.
Evolution of the motor function recovery in postoperative period.
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In this work we study in real-time iz vivo displacements of the nerve induced
by nerve electrical impulses propagation. First of all, it should be noted that we
measure the sum of the displacements of a bundle of the axons that forms the sciatic
nerve. That is why the recorded displacements present the sum of independent
cycles of alarge number (about 1000 [38]) of the axon excitations. Consequently,
we cannot observe a single excitation of regularly shaped spikelike to the observed
in vitro on squid giant axon [39]. Furthermore, a magnitude of the spikes observed
in the current experiment considerably exceeds the observed on a single axon.

The first step of our measurement was recording iz vivo in real time the dis-
placements of healthy nerve that is shown in Figure 6 (top line). The next step is
dissection of the healthy nerve and a measurement of activity in both dissected
proximal and distal parts of the nerve presented in Figure 6 (center and bottom
lines). From a comparison of the intensities of the nerve impulse generation of a
healthy nerve, Figure 6 (top line), and the proximal and distal parts of the dis-
sected nerve (central and bottom line accordingly), it is seen that intensity of nerve
impulses propagation persists enough high, especially on the proximal part.

The second step is to carry out surgical operation on implantation of the aorta
filled by the silicon nanowires. Then, we measure nerve displacements immediately
after implantation (Figure 7) in three places of the post-operated nerve: proximal
part, implant and distal part.

It is seen that immediately after implantation (Figure 7), the intensity of the
nerve impulses generation on the proximal segment of the nerve slightly decreased,
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Figure 6.

Record in real-time in vivo displacements of the healthy nerve (the top line) and after dissection of the nerve
(the center line, the proximal part; the bottom line, the distal part of the nerve).
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Figure7.

Record in real-time in vivo displacements of the nerve immediately after implantation in three places of the
post-operated nerve: the proximal part (the top line), the implant (the centrval line) and the distal part (the

bottom line).

which could be expected, because this part of the nerve no longer receives signals
generated in the paw. Generation of impulses produced in the paw (distal portion of
the nerve) decreased more significantly. Nerve impulses in the area of the implant
immediately after surgery are practically absent (Figure 7).

However, after 3 months the passage of nerve impulses through the regener-
ated nerve is already restored (Figure 8). Intensity propagations of nerve impulses
through implant and distal parts are similar.

We conducted up to 20 experiments to study the passage of nerve impulses
through the regenerating nerve. Summarizing results of all the test experiments,
we can conclude that quality of restoration of the limb functionality depends on
duration of postoperative period, number of silicon wires filling a gap, and physical

properties of the wires.

4.3. Morphology of the interfaces nerve fiber-silicon nanowires

To understand the mechanism of neural tissue regeneration, a series of experi-
ments were carried out to elucidate the morphological features of the interface
“neuron-silicon nanowire.” This research was published elsewhere [21, 22, 40],
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Record in real-time in vivo displacements of the nerve after 3 months post-implantation in three places of the
post-operated nerve: the proximal part (the top line), the implant (the central line), and the distal part (the
bottom line) of the nerve.

while the main results and discussion are given below. The interfaces prepared

in vivo were examined in various post-operation periods ranging from 3 weeks

up to 12 months. The growing nerve fibers formed within the short period were
unmyelinated, while the others had myelin sheath whose thickness depended on
the length of the postoperative period. Micrographs of the interfaces “nerve fiber-
silicon wire” studied in light microscope are presented in Figures 9 and 10a.

Before analyzing the micrographs, it is worthy to point out a specification of
the preparation of slices that induced high difference in mechanical strength of
nerve fiber and silicon wire. We attempted to prepare all the slices oriented primar-
ily along the large axis of the wires. High deviation from this direction resulted in
breaking off and falling out a piece of the crystal and in a persistence of a mark of
the crystal-removed part as a residual of the biomaterial.

This may be seen in the micrographs of Figure 9(a, b). Slight deviation from
this direction resulted in persistence of beveled cut of biomaterial placed on the
crystal surface. In case, if the persistent layer of biomaterial is sufficiently thin,
then one can see crystals, which accrete from every side by arrays of regenerating
nerve fibers. In another case, interface “nerve fiber-silicon wire” is clearly seen
along all lengths of the wire (see Figure 9c). High sensitivity of the nerve fibers to
silicon wires is clearly seen from Figure 9d, which presents how the array of grow-
ing nerve fibers changes a direction of their growth, when it meets the silicon wire,
adsorbs on a surface of the wire, and carries on further growth across the surface.

11
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Figure 9.
Micrographs of the affected nerve with the implanted silicon wives. Scale bar is: (a) 150 pm, (b) 50 um,
(c) 60 um, and (d) 8o um.

Figure 10.

Micrographs of the interfaces: (a) made with light microscope, the slice is impregnated with nitric silver; plane
of the slice coincides with the long axis of the silicon wire; heve 1 is the silicon wire, and 2 is a bundle of the
newly formed nerve fibers; (b) made with transmission electron microscope, the slice treated with 1% water
solution of osmic acid; plane of the slice was perpendicular to the long axis of the silicon wire; here 1 is the
silicon wire, 2 is myelin sheath, 3 is axoplasm, and 4 is new layers of the myelin sheath formed of Schwann
cells. Scale bar: (a) 40 ym and (b) 50 nm.

In all these cases, though their variety, we can conclude on high sensitivity of the
growing nerve to the surface of silicon crystals. Typical micrographs of the “silicon
wire-nerve fiber” interfaces made with the light and transmission electron micro-
scopes are shown in Figure 10.

12



Interface Nerve Tissue-Silicon Nanowire for Regeneration of Injured Nerve and Creation...
DOI: http://dx.doi.org/10.5772/intechopen.80739

Examination of the interface with different magnifications allowed seeing
general picture of the growing nerve fibers in the vicinity of the silicon wire and
a set of various cells supporting growth of the nerve. In Figure 10 a micrograph
of the interface made with light microscope demonstrates how a bundle of the
newly grown young nerve fibers tightly adhere to the silicon wire. The micro-
graph of the interface made with transmission electron microscope (Figure 10b)
shows how the newly formed layers of cell membrane of regenerating nerve fiber
adhere to silicon crystal. The distance between membrane and silicon wire is less
than a few nanometers. Having analyzed a great number of micrographs, we can
conclude that young regenerating nerve fibers adhere to the surface of silicon
crystals.

To understand the affinity of the nerve fiber to the surface of the silicon nanow-
ires found experimentally, we have to consider the composition and the energy state
of both constituents of the interface, i.e., the nerve fiber and the silicon wire.

The energy state of the near-surface region of the silicon wire at room atmo-
sphere is shown in Figure 11a. In our experiment, we used silicon wires doped by
boron that means that position of the Fermi level in the bulk of the crystal Es is
placed nearby the top of the valence band E..

A specific lattice restructuring of a few external atomic layers proper to the
silicon surface is known [41] to initiate two energy bands located immediately at
the surface. Density of the states in each of these bands is very high and approaches
density of atoms at the surface (~10™ cm™); therefore, the Fermi level at the sur-
face is placed near the middle of the energy gap E;, and its position slightly depends
on doping [42, 43] and growth of a thin native oxide as well. However, in p-type
of silicon, which is used in our experiment, a positive charge at the surficial bands
exceeds the negative one.

- e o B P AT [ F 7
() -9 {b) L H —~ (c) I zf- 1 g
4 4 -t==d. " (Na’] v ] N 01 = tzd. (Na’)
1 = § i SR
+ G ] b - L e I \
Ec Ly % L) N & NEE (LY TN
g K § i . N i
) | § E =
- +le- ,‘ + 4 = =+ H4
ek = ] & S 1
\i+ 6 44 1 Nl 3
\ 4 - g M !
2 Ly = B =S & NS
3 + Nz + 7 afb= =+
s 4+ + 3
' = = ro : :
A K i i é o
E ; Hi . M i
~ ) |4 e ¢ 3 b g
- - |+ - + ) s+~ -+ < |
+ -+ - + = o U + == -4
E, e B i 54 |22 1 + ( i i
+ e e =¥ & + A olb- ‘...:
I+ -l < v b o 2 - -«---‘—
\ b N Yy W W M
“.‘ . 3 Y
g E : g GER iE
1 2| | 3 [a] 5 4| 3 | 6 8.3 & & 4| 3 |
Figure 11.

(a) The near-surface region of silicon wire, where 1 is the energy structure of the near-surface region of the
silicon wire and 2 is a native oxide layer on the nanowire surface. (b) A structure of the membrane of nerve
fiber (axon) in the living organism, where 3 is the extracellular physiological envivonment, 4 is the axon
membrane composed of phospholipids molecules, and 5 is the axoplasm. (c) A morphology of the “silicon wire-
nervous tissue” interface genervated in the living organism, where 6 is the silicon wire, 2—3 are the interface of a
negatively chavged native oxide and positively charged outer surface of the nerve fiber membrane, 4 is the axon
membrane, and 5 is the axoplasm.
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Thus, the silicon wire being at vacuum or covered by the thin native oxide is
entirely neutral, though the external surface of the silicon wire is charged positively.
The structure of the nerve fiber membrane inside a living organism is shown in
Figure 11b. In our case preparation of the interface from the sciatic nerve of rats,
the axon membrane is composed of phospholipid molecules that are known [44]
to consist of polar heads and nonpolar tails and form the membrane in a shape
of bilayer. It is worthwhile to emphasize that the outer side of the polar heads is
charged positively. Surface density of this charge, according to the Richardson
structure model, equals about 2 x 10 ¢cm™. So, a large positive charge of about
2 x 10" cm ™ is permanently located at the outer side of the membrane.
Summarizing the above consideration, we can draw the following conclusion.
If the near-surface region of the silicon nanowire conserves its charge state inside
the living organism, then the silicon wire and the nerve fiber are similarly charged
and have to repulse each other. Nevertheless, we do observe a strong adherence of
the nerve fiber to the silicon nanowire that allows supposing that the physiological
environment (interstitial fluid, cell cytoplasm, etc.) contributes to the formation
of the interface. Analyzing how the environment may influence the charge state
of silicon nanowire, we paid attention to the main properties of the physiological
environment. About 80% of the environment consists of water and its pH > 7.
On the other hand, thin native oxide layer, that covers the wires, is known [45]
to consist primarily of intermediate oxidation states of Si atoms, in particular,
Si'*(Si,0), Si**(Si0), and Si**(Si,0s). Thus, we can suppose that sub-oxidized Si
atoms chemically react with OH™ radicals of the environment, charge the surface of
the nanowire negatively, and, thereby, provide Coulomb attraction between silicon
wire and nerve fiber. To validate this assumption, we used a model experiment on
contact of the nerve cells with silicon nanowire in the electrolyte with pH > 7, close
to the physiological environment.

4.4 Evaluation of the charge state of the interface nerve tissue-silicon nanowire

In this experiment SINW-FET based on SOI structure with two gates [32-34]
has been used as the sensor element to evaluate charge states of the silicon nanowire
during the interface formation.

An optical image of the nerve cell after its adherence on SINW-FET is shown
in Figure 12. In this transistor, the substrate is used as a control gate (back-gate,
BG), modulating their conductivity. An analyte which adheres to the free surface
of the transistor plays the role of the second gate (virtual local gate). If the charge
at the surface of the nanotransistor changes due to adsorption of the analyte, so

Figure 12.
Micrograph of a neuron adhering to the surface of biosensor.
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will change the conductivity of the nanotransistor and will shift its current-voltage
I45(Vig) characteristic along voltage axis. A sign and value of the shifting allow
determining both the sign and the density of the adsorbed charge.

To elucidate how the charge state of the nanotransistor surface changes in
contact with the physiological environment and after adherence of a neuron, we
studied current-voltage characteristics I4,(Vpg) in three cases: (1) initial state of the
surface of the nanotransistor (without any analyte, i.e., a free surface covered with
native oxide only), (2) the surface of the nanotransistor in contact with the physi-
ological environment, and (3) the surface of the nanotransistor after adherence
of a neuron when it is immersed into the physiological environment. The current-
voltage characteristics for these three cases are shown in Figure 13.

It is seen that, when we immerse the nanotransistor into the physiological
environment, the current-voltage characteristics shift to the greater voltage Vi,
that corresponds, by conditions of our experiment, to a negative charging of the
surface of the nanotransistor. Then, we immerse a neuron into the physiologi-
cal environment and observe its adherence to the surface of the nanotransistor
(Figure 12). The adherence of the neuron is accompanied by shifting of the
current-voltage characteristic in the opposite direction, in particular, to the smaller
voltage Vi, that means an accumulation of a positive charge at the surface of the
nanotransistor. Knowledge of the shifting of the current-voltage characteristics and
geometric parameters of the nanotransistor allows calculating the surficial charge
at the surface of the nanotransistor induced by the adherence of the analyte. We
calculated the surface density of this charge after adherence of components of the
physiological environment and after adherence of a neuron as well. We found that
the charge accumulated in physiological environment on the surface of the silicon
nanotransistor is negative and its density equals ~1¢10"* cm ™. On the other hand,
the adsorption of a neuron initiates accumulation of a positive charge on the surface
of nanotransistor. The density of this charge is equal to ~2 - 10" cm™,

So, the experiment iz vitro proved the above-made assumption about chemi-
cal reaction of native oxide with OH™ radicals and, hereby, negatively charging a
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Figure 13.

Current-voltage chavacteristics 1;,(V,) for three cases of the surface of biosensor. (1) The surface covered by
native oxide (without any analyte), (2) the surface in contact with the physiological environment, and (3) the
surface in contact with adsorbed neuron that was immersed into the physiological environment.
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surface of the native oxide of silicon wire. Furthermore, the density of the positive
charge accumulated at the silicon nanotransistor after adsorption of the neuron
coincides with the known value of the surface density of polar head of phospholipid
molecules by the Richardson structure model [44]. So, from the in vitro experi-
ment, we can draw a conclusion on the Coulomb origin of the interface formation
and present morphology of the “silicon wire-nervous tissue” interface as it is shown
in Figure 11c.

It is also evident that a propagation of the nerve impulse through the nerve fiber
has to occur in a quite different way than the case when the nerve impulse passes
through a free nerve fiber. A charge state of the formed interface during propaga-
tion of nerve impulse schematically is shown in Figure 14.

At a normal (resting) state of the nerve fiber, besides a permanent positive
charge at the outer side of the membrane, there is an additional positive charge
located inside the extracellular medium and the negative charge located inside the
axoplasm. These charges produce potential difference across the axon membrane,
the so called resting potential (Vi ~ 70 mV) that acts throughout the entire length
of the nerve fiber in a normal (resting) state of the nerve. However, when a nerve
impulse passes along the nerve fiber, it reverses the potential difference across the
axon membrane, the so called, “action potential” (V,ction ~ 40 mV). So, propagation
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Figure 14.

Charge state of the nervous fiber in physiological environment (a) and charge state of the interface (b) during
a nerve impulse propagation (c). Here 1 is the axoplasm; 2 is the axon membrane; 3, 4, and 5 are the ion
channels; 6 is the extracellular physiological envivonment; 7 is the native oxide with negative charge on its
surface; and 8 is the silicon wire.
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of the nerve impulse along the nerve fiber has to be accompanied by a flexural wave
in the nerve due to recharge of the external side of the membrane and subsequent
changing of the Coulomb attraction of the nerve fiber to the silicon wire by the
Coulomb repulsion. Additionally, propagation of the nerve impulse has to generate
an electronic surficial wave in a space charge region of the silicon wire. The latter
may be used for extracellular recording of neuronal signal. Details of this process
have to depend strongly on properties of silicon wires and call for further research.

5. Conclusion

Here we presented the study of the “silicon wire-nerve tissue” interface formed
both in vivo and in vitro experiments. We have shown experimentally that there isa
very good adhesion, of a nerve tissue to silicon wire, covered by thin native oxide, in
the living organism. We analyzed the morphology of the interface from a physical
point of view taking into account the energy structure of silicon surface, morphol-
ogy of the surface layer of nerve fiber, and the composition of nutrient medium
as well. Result of the analysis is indicated on Coulomb interaction between the
constituents of the interface. To verify this conclusion, we carried out experiment
using doubly gated SOI-SINW-FET that is given rise to measure the surface densities
of the charge both on the surface of silicon wire and on the surface of nerve fiber.
This experiment has shown that strong adhesion of silicon wire and nerve fiber is
given rise to Coulomb mutual attraction of the oppositely charged surfaces of the
nerve fiber and silicon wire. We analyzed Coulomb interactions at the interface
during propagation of a nerve impulse and concluded that nerve impulse has to
initiate a flexural wave in the nerve fiber and to generate an electronic surficial
wave in a space charge region of silicon wire. Moreover, the flexural wave has to
provide metabolism in the nerve fiber and, hereby vital capacity of the interface. On
the other hand, the electronic wave in the space-charge region of silicon nanowire
allows using it for extracellular recording of neuronal signal. So, it is evident that
the proposed method of the interface “nervous tissue-silicon nanowire” preparation
is promising for application in the global project brain-computer interface, particu-
larly on possible application quantum HEM device based on silicon nanowires as a
nerve pulse binary adder.
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