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ABSTRACT

The mechanism of neural activity detection using the surface plasmon resonance (SPR) phenomenon was
theoretically explored in this paper. Investigating the mechanism of SPR neural recordings has been
difficult due to the complex relationship between different physiological and physical processes such as
excitation of a nerve fiber and coherent charge fluctuations on the metal surface. This paper examines how
these different processes may be connected by introducing a set of compartmental theoretical models
that deal with the molecular scale phenomena; Poisson-Boltzmann (PB) equation, which was used to
describe the ion concentration change under the time varying electrostatic potential, Drude-Lorentz
electron model, which was used to describe electron dynamics under the time varying external forces, and
a Fresnel's three-layered model, which expresses the reflectivity of the SPR system in terms of the
dielectric constants. Each physical theoretical model was numerically analyzed using the finite element
method (FEM) formulated for the PB equation and the Green’s method formulated for the Drude-Lorentz
electron equation. The model predicts that the ionic thermal force originating from the opening of the K*
ion channel is fundamental for modifying the dipole moment of the gold's free electron; thus, the
reflectivity is changed in the SPR system. The discussion was done also on important attributes of the SPR

signal such as biphasic fluctuation and the electrical noise-free characteristics.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Neurons have attracted a significant amount of interest and
research over the past centuries. To better understand the nature
of neurons, researchers across a wide range of disciplines have
conducted a great number of experimental and theoretical studies.
Surface plasmon resonance (SPR) [1-3] is a relatively new optical
method and has been used to detect electrically stimulated neural
activity using reflected TM-polarized light from a thin gold film that
is closely attached under the neuron. Kim et al. [4] used a
conventional Kretschmann SPR configuration to detect neural
signals from rat sciatic nerve. In their work, they demonstrated
that this method could be used as an artifact- and label-free
technique, like other optical techniques which monitoring changes
in birefringence, scattering and dielectric constant of neurons
[5-14]. In addition, the detected SPR neural responses were so
sensitive that signal averaging was not required.

However, the relationship between the extracellular potential
and SPR neural signal has not yet been well established because the
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characteristics of the two signals are completely different. The
biphasic 1 mA current with 1 Hz and 1.5 ms pulse duration (see
Fig. 1C) generates the electrical neural signal from rat sciatic nerve
(see Fig. 1A) and the SPR neural signal (see Fig. 1B). As shown in
Fig. 1, the significant differences of the SPR neural signal are as
follows:

1. Biphasic oscillation.
2. Independence from electrical noise.

A theoretical framework for interpreting the mechanism of the
SPR-based neural activity recording should be established to gain
deeper insight into the mechanism of SPR neural activity detection
and to use this technique in different applications such as SPR-
based in vivo neural recording [15-18] and image acquisition of
neural activity in cultured neural network [19-22]. Several near
field and light transport theories have been used to successfully
explain the experimental results of biomedical optics [23-32];
these physical theories thus may be able to explain the mechanism
by which SPR detects neural activity. Recently, Zhang et al. [33]
conducted the same experiment as Kim et al. [4] using a modified
gold surface, which is part of the SPR neural recording system. They
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also provided some theoretical explanation for the mechanism of
SPR neural activity detection. They believed that the scattering
change had a linear relation with the nerve’s extracellular potential
change. However, this explanation cannot explain the completely
different characteristics of the SPR neural signal, especially the
electrical noise-free characteristics. Under the Zhang et al.’s theory,
a SPR signal should exist at the time as the electrical noise, which is
associated with the nerve stimulation current.

Kume et al. [34,35] solved an electromagnetic problem, which may
be applicable to the mechanism of SPR-based neural detection. In
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Fig. 1. (A) Electrically recorded neural activity and corresponding (B) SPR neural
signal from rat sciatic nerve modulated by (C) 1 mA current stimulation, which was
used as a template in the present work (kindly provided to us by Shin Ae Kim and
Professor Sung June Kim, Nano-Bioelectronics and Systems Laboratory, Seoul
National University). The arrow indicates the peak of the recorded extracellular
potential and the electrical signal in the box was used as a boundary condition of the
Poisson-Boltzmann equation.
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their studies, they performed an electric field analysis for an isolated
particle placed near a metal surface surrounded by dielectric medium.
They calculated the electric field distributions around the particle and
found that the resonant wavelength varies with the distance between
the particle and surface. However, this single electric field analysis
also has limitations; it does not account for the nonlinear character-
istics of the SPR neural signal, the noise-like biphasic oscillation [4].

To fully understand the process of SPR-based neural detection, a
set of different physical theories that encompass the dynamic
process of SPR neural recording should be determined and inter-
connected with each other. The recorded signal is the change of
reflectance (AOR) at a fixed angle (see Fig. 2B) when TM-polarized
light is incident at a fixed angle as shown in Fig. 2A. When polarized
light is passing through the prism in the Kretschmann configura-
tion, the momentum of the light oscillates electrons on the gold
surface, which generates surface plasmon (SP) waves [1]. The light
is then reflected from the gold surface and its intensity or zeroth
order reflectivity (OR) is determined by the dielectric constant of
the surrounding medium. Fig. 2B shows how the reflectance curve
(dark line) changes its resonant angle 0, when the real part of the
dielectric constant of the gold layer changes by 10% from its original
value. Therefore, an assumption can be made that the dielectric
constant of one or several elements in Fig. 2A is modified by the
electrophysiological process of the nerve fiber. The space close to
the SPR system can be divided into three areas (nerve membrane;
aCSF region; gold atoms) and a separate analysis is possible about
how each area’s dielectric constant has been changed.

The first assumption in this analysis is that the change in the
nerve’s dielectric constant will directly affect the change in AOR.
Changes in the dielectric constant of electrically stimulated nerves
have been previously studied by monitoring changes in the birefrin-
gence and scattering. In addition, the origins of these changes have
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Fig. 2. (A) The two-dimensionally reduced model for a SPR neural recording system under TM-polarized light illumination with an incidence angle 0. The nerve membrane was in
close proximity (nanoscale distance L) to the gold film (modeled as a group of gold atoms), which had a thickness d and was coated on the prism substrate. The gap region was filled
with aCSF fluid, which included only K* ions, Na* ions and water molecules (other anions were not included, see text). The two dimensional Cartesian coordinate system was used as
displayed. (B) Calculated OR when the incidence angle was varied from 0 to 90°. The dark line is the OR curve using the original dielectric constant of gold. The red and blue lines
represent the real part of the dielectric constant of gold layer when it changed by +10% and — 10% relative to its original value, respectively. (C) Atomistic model system of a gold film
under the external electric force E , induced from the incidence of light, and ionic force F j,,, induced from the collision of the hydrated ion. The gold layer includes a proton, bound
electron, which was elastically bound to the proton, and free electron, which was localized in the z direction within the Thomas-Fermi screening length d™". We assumed that all
external forces had only a z component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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been studied and are proposed to be structural (e.g., reorganization of
axon membrane protein molecules [5,6]) and transparent (e.g.,
changes in ionic concentration near the nerve membrane [9]) changes
of the nerve cell, moreover, these hypotheses are still in controversy.
These origins cannot explain the SPR signal because all of those
experimental results show that the changes in the nerve’s intrinsic
optical properties are monophasic. The experimental AOR should vary
monophasically according to the first assumption, however.

Another possible assumption is that the change in the aCSF
region’s dielectric constant is a fundamental factor of the SPR
signal. This assumption seems more reasonable than the first one
because the thermal movement of several types of ions would
generate the noise-like fluctuations in the dielectric constant of the
aCSFregion. However, the deviations in the aCSF dielectric constant
during nerve excitation were less than 13.39 x 10>, which was
estimated from the maximum ion distribution change in the aCSF
region. The maximum ion distribution change will be discussed in
more detail later. The change of AOR from deviations in the aCSF
dielectric constant is calculated and the computed AOR change was
1.8 x 108, which was negligible compare to that of the experi-
mental result on the order of 1 x 107>,

Consideration of these aspects leads to the focus on the changes
in the gold film’s dielectric constant. Since the change of AOR was
found to be strongly dependent on the corresponding recorded
extracellular potential (see Fig. 1B), the key factor affecting the
dielectric constant of the nerve-gold interface was assumed to
be the presence of counterions placed at a nanoscale distance from
the gold film, which was mostly determined by the Na* and K*
conductance of the nerve membrane [36]. Moreover, it is expected
that ionic force originated from the thermal movement of counter-
ions can be related to the biphasically oscillating noise-like
reflectance signal, because the ion movement can modify the
movement of free electron near the gold surface, which can affect
the optical properties of the gold film. These assumptions are
described in more detail in Section 2.

This paper presents a model on the dynamic interactions
between the rat sciatic nerve and SPR. The effects of mechanical
pressure on the motion of free and bound electrons of gold atoms
were described using the Drude-Lorentz electron equation [37]
and its solution was numerically computed using the Green'’s
method [38]. In addition, the mechanical pressure was interpreted
as the thermal force of the counterion, which depends on the
concentration of counterions placed near the surface of gold atoms.
Then, the change in reflectivity was obtained by solving the
Fresnel’s equation (function of dielectric constants) for the three
layer system consisting of a dielectric (e.g., prism), metal film and
dielectric medium (e.g., nerve which is immersed in the artificial
cerebrospinal (aCSF) fluid) [1]. For the analysis of the distributions
of counterions near the surface of gold atoms, a finite element
method (FEM) [39] was formulated for the Poisson-Boltzmann (PB)
equation [40,41]. The proposed hybrid approach was applied to the
experimental results obtained by Kim et al. [4] and the character-
istics of the measured SPR neural signals was numerically obtained
such as biphasic oscillation and independence from electrical noise.

2. The multiphysical model for SPR detection of neural activity

This section presents models of the mechanisms for SPR based
neural activity detection and the set of physical theories used in the
model, which were numerically solved. A model system was
constructed for a SPR neural recording setup, which is represented
by a two-dimensional area. This area is schematically illustrated in
Fig. 2A. The nerve membrane of rat sciatic nerve surrounded by
aCSF solution is in closely close proximity (nanoscale distance L) to
the Kretschmann attenuated total reflection (ATR) system, which

consists of a BK7 prism and a flat gold substrate with a thickness of
d and the TM-polarized light is illuminated with an incidence angle
Ospr through the prism. Each area is described in the atomic scale;
the masses and sizes of each element are summarized in Table 1.
The aCSF solution contains more compounds than those listed in
Table 1. The reason why only Na™ ions and K™ ions are included in
the model will be discussed later.

In this model system, the main assumption is that the K* ions
are fired out of the channel in a ballistic manner, forming a jet
which imparts momentum to the gold surface. Therefore this
section is organized as follows. First, the relationship between
reflectance from SPR system and dielectric constant of gold film is
described. Then, the hypothetical link between this optical prop-
erty change of gold film and kinetic force of K* ion particle is
presented. To distinguish these ballistic ions from the many others,
an ad-hoc activity factor is multiplied into account for the fact that
newly emitted ions are not yet hydrated. The dipole moment
generated by this multiple ion impact would couple to the optical-
frequency dipole moment which determines the optical refractive
index/reflectivity. Finally, the theoretical reasons why the signal
from thermal movement of cation could be separated from
electrical noise in advance of SPR signal are discussed.

2.1. Calculation of the reflectance at three layer SPR system

When the TM-polarized light is incident on the prism-gold
interface with a resonant angle 0s,,, most of the light is absorbed
onto the gold surface to generate the SP and minimum OR. In the
experiment, this reflected light was used to monitor the electro-
physiological activity in the nerve. In the case of the Kretschmann
ATR configuration, the OR for TM-polarized light is given by the
following equation borrowed from Fresnel [1]:
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Table 1

Sizes and masses of various components in the model system.

Elements in model Sizes [nm] and masses [M]

system

K* ion [52] Atomic mass: 39.10
Crystal radius: 0.133
Hydration radius: 0.126

Na* ion [52] Atomic mass: 22.99
Crystal radius: 0.098
Hydration radius: 0.185
(Spacing between K* and Na™ ions in the
aCSF solution (50): ~1.7)

Na* [58] Molecular mass: 18.015
Molecular radius: 0.138

Au [59] Atomic mass: 196.96

Atomic radius: 0.135

K* ion channel [54,60] Channel height: 12
Channel diameter: 5
(Spacing between K* ion channels in the rat

axon: =210)

Cell membrane [61] Thickness: 4

These sizes and masses of various components are considered to design the model
system illustrated in Fig. 2A. The mass information is important to calculate the
amplitude of ionic force in Eq. (8).



S.H. Choi et al. / Optics & Laser Technology 43 (2011) 938-948 941

Eq. (1) can be derived by assuming that there are three layers (0
prism; 1 gold film; 2 aCSF fluid). Here, 1y is the Fresnel reflection
coefficient at an interface between i and k materials, k, is the z
component of the wave vector in the gold film, ¢; is the dielectric
constant of the ith material, w is the angular frequency of the
incident light and c is the speed of light. The experimental
wavelength A of incident light was 635 nm [4]. The dielectric
constants of the prism, gold and aCSF region at 635 nm were
calculated or chosen from a dielectric constant database and were
set to be 2.2958, —11.85+1.21i [42,43] and 1.7788 (obtained from
curve fit of the raw data of dielectric constants for aqueous
solutions [44]), respectively.

2.2. Changes in the dielectric constant of gold film induced from ionic
collision

The modeling was performed on the biphasically oscillating
intensity of AOR in Eq. (1) by investigating the change in the
dielectric constant described in Eq. (2). Of all the dielectric
constants of the media, the changes in the dielectric constant of
the gold substrate were found to be a main parameter due to the
thermal force of ion movement induced from the jet force of ion
flow through an ion—channgl. From the macroscopic point of view,
the electric polarization P (dipole moment per unit volum_e))
g)ntrlbutes to the generation of the electric displacementD,
D =¢o E + P. Thus, the dielectric constant of gold, ¢/¢, can be
expressed as follows:

§ -
% 2| E |

—smol

,with B =N™ (7™, 3)

—
where E is the external electric field, which varies in time with the
angular frequency w as zEge~®t, g is the dielectric constant of free
space, N™! is the number of molecules per unit volume and

<F"wl> is the average dipole moment of the molecule. The dipole
moment of one electron is determined from the displacement of its
equilibrium T, P (= —eT ), where e is the charge of the electron. A
schematic diagram of the atomistic representation of the gold film
under the net force is shown in Fig. 2C; the amplitude of oscillation
is displayed unrealistically high for illustrative purposes. Since
the outer electrons of gold atoms are weakly bound [45], electrons
do not belong to a particular atom-atom bond and they form
an electron cloud or plasma (highly concentrated free electrons
about 102> cm~3[1]), which is localized within the Thomas-Fermi
screening length d' (see Fig. 6A). An electromagnetic wave E with
angular frequency w forces the free electrons and the bound
electrons of the gold atoms into an oscillatory motion that has
the same frequency as that of the electromagnetic wave [46].
Therefore, the displacement of the bound and the free electron
from its equilibrium position contributes to the average dipole
moment of the molecule [47]. To account for the elastic motion of
bound and free electrons due to electromagnetic and mechanical
forces, the electrons in the model were approximated in terms of
individual harmonic oscillators, through the following modified
electron model [37]:

o228t aze(b)

F 7 4
3 & — eE@H+F (), )

m + w3z

where z° is the displacement of the electron in the z-direction from
its equilibrium position, m® is the mass of the electron, g is the
binding frequency and 7y is the damping constant. Considering the
contribution of both free and bound electrons to the dielectric

. .. . —yion
constant in the absence of the ionic mechanical force F , the
dispersion relation of gold can be expressed using the following

Drude-Lorentz model:

o ofAe
o(@+iyp) (@2 —of)+iy,’

e(w)=¢p

©)

where ¢, is the contribution of all the other dipoles, wp is the
Drude binding frequency, yp is the Drude damping constant, c; is
the Lorentz binding frequency, y; is the Lorentz damping constant
and Ag is the weighting factor. The fitted parameters of the
Drude-Lorentz model (Vial et al. [48]) are from the experimental
values of Johnson and Christy [49] &., =5.967, wp=13.28 x 10'°,
yp=100.03 x 10'%, ®; =4.084 x 10'%,7,=658.5 x 10'?and Ae=1.09.

The effect of ion collision on the dielectric constant can then

ion
be accounted for by adding the external mechanical force F to

. . . —ion
the right side of Eq. (4). The external mechanical force F  can be
described as follows:
—sion —
F (==Y ZF™t-t), (6)
i
fion 51113?“ t‘l), G <t< %2
3n(r t ) t; 2t;
. 2ffongin =72 2 <t < T2
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n

0, Otherwise

where f°" is the peak amplitude of the ionic thermal force. The
simplified configuration of the unit external force of the ith ion Fi®
exerted on the gold wall is shown in Fig. 3A. As shown in Fig. 3A, it
has not only —z directional forces (originating from the thermal
force of the ion), but also +z directional forces (due to the
electrostatic interaction between the ion and electron). The inter-
val of time over which F{"” acts is t;, —t;, =7, and 7 usually ranges
from tens of nanoseconds to microseconds. This term can be
determined from the number of ions flowing through an open
K* ion channel (10° s~') and the channel height (12 nm). Using the
microscopic model of an ideal gas [50], the amplitude can be
obtained for the thermal force f°" acting on the wall of a cylinder
with height L and bottom surface of gold

. 2
. mwn7
ion __ z
for= — ®)
where m" is the mass of the ion and V', is the z component of
the ion velocity (12 x 103 m/s). The solution of the consecutive
Egs. (4), (6), (7) and (8) was numerically computed using the
Green’s method (see Eq. (S1) in the Supporting Material).

2.3. Generation of the SPR signal from activated K* ion movement:
independence from electrical noise

To determine the external mechanical force ?mn , which is a
superposition of the unit external mechanical forces F°", the series
of ionic collisions should be theoretically estimated using the
proper assumptions. In the aCSF region, the significant ions are
K*,Na* and Cl~ ions [51], but the negative charge at the surfaces of
the nerve decreases the anion concentrations near the channel
entrances [52]. As shown in Fig. 4B, the solution to the PB
equation (see Eq. (10)) at a fixed resting nerve extracellular
potential of —60 mV shows that the concentration of counterions
is more than 100 times greater than the concentration of anions
near the nerve membrane and 25 times greater near the gold
surface. Therefore, the effects of the counterions (K™ and Na* ions)
are found to be important. Here, the postulation can be done such
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Fig. 3. (A) The modeled cycle of the interaction force between an ion-water molecule cluster and an electron placed around the gold atom during collision. The hydrated ion
bounced off the gold atom and exerted a force on its electrons during time 7, which varied for each ion. When the ion-molecular cluster was far from the gold surface, they could
not deform the electron fluctuation near the gold atom. The thermal pressure of the hydrated ion then altered the distribution of the gold electron with the force f°", due to the
velocity V', of the hydrated ion and its mass m™". After thermal pressure, the electrostatic force dominated the motion of the electron. The positive polarity of the ion attracted
the gold electron to the +z direction with the force 2f°". As the ion moved far from the electron, the negative polarity of the water molecule exerted a pulling force, f°", on the
electron in the —z direction. (B) The number of colliding ion N as function of time, which was determined by multiplying the change in ion density, An, by the activity
coefficient, a°". The ion activity a°" only existed during excitation of the nerve. The a”" was used to describe the portion of ions engaged in motion, which was related to the K*
ion efflux rate. This parameter originated from changes in various electrically controlled channel states. The coefficient ranged from O to 1, where a value of 1 represents the

maximum open state of the K* ion channel.

that the concentration of counterions near the gold surface is
defined by the intermolecular forces between the counterions and
gold atoms. Typically, the motion of whole hydrated ions is viscous
and constant collisions with surrounding molecules (e.g., water
molecules) slow down the overall motion of the hydrated ions [53].
Therefore, the motion of K* ions near the ion channel, which is
initiated by a jet force of K* ions due to nerve excitation, can be
distinguished from that of Na* ions, which are relatively stable, in
the aCSF region. To describe the distinguished motion of K* ions, a
dimensionless variable is introduced: the coefficient of ion activity
a°", which ranges from 0 to 1. Fig. 3B presents the waveform of the
ion activity ™", which is determined based on the K* conductance

through the K* ion channel during an action potential. Then, if the
change in ion concentration An(t, z) is equal to n(to, z)-n(t, z), where
n(to, z) is the ion concentration of the resting extracellular potential
and n(t, z) is the ion concentration at time t, the temporal average
distribution of the number of colliding ions N°°' can be found as
follows (considering the bouncing motions of the ion, the actual
distribution of N would be discrete):

N — gionAn. 9)

Fig. 3B shows the N curve, which was obtained by multiplying
An by the activity coefficient a'*". Using this approach, it is obvious
that the signal from the electrical noise is not included in the right
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counter ion density and the dashed line is the anion density.

side of Eq. (4). In other words, this interpretation successfully
explains the electrical noise-free characteristic of the SPR neural
signal.

2.4. Numerical computation of changes in the ion concentration in the
aCSF region during neural activity

From Eq. (9), it is obvious that the number of ionic collisions N°*!
is proportional to An. The well-known Poisson-Boltzmann (PB)
equation can be used to provide information about the recorded
extracellular potential modulated An in the aCSF region. According
to the Poisson equation, the relationship between the distribution
of the charge density p(z) (C/m?) in the z direction and the electric
potential u(z) is described as follows:

62
2 = —paa),

with e=¢pe, (where ¢, is the dielectric constant for aqueous
solution, 77.8 at 300K and 0.1 MPa [44], which is the same
condition used in the experiment). For the charge density in

solution, the summation should be solved for the charges carried
by N different species of ions

e (10

N
pe@=">_ zen, 1)

i=1

with

zieu(z)
)

Eq. (12) is the Boltzmann distribution for ion density, which
has an exponential relationship with the potential of the ion sea.
kg is the Boltzmann constant (1.381x10"23JK~1), T is the
medium temperature, e is the element charge (1.602 x 10~ 1° C),
n; is the number density of each ion, n,, ; is the number density
of each ion in bulk and z; is the valence of each ion. By combining
Egs. (10)-(12), the following boundary value problem was found
for the PB equation, which includes the K* ion distribution in

1j = Ny i€XP (— (12)

the aCSF solution:

2 N )
cu@ _ % S zien,. exp (_ z,eu(2)>' zcQ,
Ti=1

072 kBT (13)
where Q is the domain of the aCSF solution region. Since the top
side of the boundary is in contact with the nerve, which has fixed
extracellular potential u,,, and the bottom side of boundary is in
contact with the gold substrate, which has a fixed surface charge
density ¢ (C/m?), the Dirichlet boundary condition should be used
on the top side and the Neumann boundary condition should be
used on the bottom side. Therefore, the following boundary
conditions were obtained:

U@) =uUm, zed"PQ, (14)
sa';—(zz)za. z e pbottom@y. (15)

The various ion compositions and concentrations in the aCSF
were set to be same condition of experiment 150 mM for Na ion,
3 mM for Kion, 1.4 mM for Ca ion, 0.8 mM for Mg ion, 1.0 mM for P
ion and 155 mM for Clion [51]. The FEM was formulated to get the
numerical solution of above boundary value problem (see Eq. (S5)).

3. Results and discussion

3.1. Prediction of the number of ions colliding on the gold surface
The change in ion concentration is first presented in the gap
between the nerve and gold surface (aCSF region), which is needed
to determine the number of counterions that collide (Eq. (9)) with
the gold surface, when the nerve is electrically stimulated with
1 mA current. The recorded electrical signal (see Fig. 1A) was set to
the extracellular potential and used for the Dirichlet boundary
condition (Eq. (14)). In the experiment, the recording electrode
was placed in the extracellular space [4] and used to record the
extracellular potential, which was proportional to the second
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derivative, with respect to the y-coordinate, of the transmembrane
potential [54] or membrane current.

Fig. 4A shows the z directional profile of the electrostatic
potential determined from the numerical solution of the PB
equation using the Dirichlet boundary condition with a resting
nerve extracellular potential of —60 mV atz=0.5 pum. In the resting
state, the electrostatic potential increases from —60 to —56.9 mV
as the distance from the nerve membrane increases. Fig. 4B shows
the vertical distribution of the ion density in the aCSF region
calculated from the z-directional PB electrostatic potential profile.
The solid line is the density of the monovalent counterion (e.g. Na*
ion and K* ion); and the dashed line is the density of the
monovalent anion (e.g. chloride). In the resting state, the molarity
of the monovalent counterion decreases from 1.557 to 1.381 mol/I
as the distance from the nerve membrane increases. In contrast,
the anion concentration near the nerve membrane has a value
between 0.015 and 0.016 mol/l, indicating that the anion
concentration is 103.8 and 81.7 times less than the counterion
concentration at z=0.5 and O pm, respectively. Based on these
results, it is apparent that the concentration of the anion is much
less than that of the counterion in a negatively charged environ-
ment; this means the need to investigate only the effects of
the counterion concentration on the rest of our model equations
presented in Section 2.

Time-varying z-directional potential distribution was calcu-
lated. Fig. 5A shows the PB electrostatic potentials as a function of
time when the Dirichlet boundary condition was used with a
recorded extracellular potential u,,, whose waveform s given in the
box of Fig. 1A. From this analysis, the overall variations in the
electrostatic potential distribution as a function of time in the aCSF
region are proportional to the amplitude of a recorded extracellular
potential u,.

Since the number of K* ions required to generate a transmem-
brane potential is typically very small [55], the ion concentration
in the extracellular space was set at a fixed value while the nerve
was fired. This assumption would allow to analyze the change
in counterion concentration, An, near the gold surface from
the decrease in the electrostatic potential. Fig. 5B shows the
z-directional change in An when the membrane is electrically
stimulated. It is worth noting that the counterions, which are
placed near the membrane, diffuses into the bottom space of the
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Fig. 5. The z directional (A) electrostatic potential as a function of time and (B) An
profiles during the action potential.

model area when the recorded extracellular potential u,, increases
or when the +z directional electrical attraction force decreases.
Thus, the amplitude of An is proportional to the recorded extra-
cellular potential u,,. As shown in Fig. 5B for the maximum u,, the
change in ion concentration increases to An=0.0025 mol/l.

As mentioned above in Section 2 (see Fig. 3B), the number
of ionic collision, N°®, is not solely determined by the An, it is
also determined by the ion activity function a®". Based on these
simulation results, ions collide with the gold surface only when
the nerve is electrically stimulated and the maximum N, on
a 100 x 100 nm? gold surface area can be found during 1 ps,
was ~15.

3.2. Simulated gold’s electron motions are in qualitative agreement
with the biphasic oscillation characteristic of the SPR signal

The next analysis was performed on the mechanism behind the
biphasically oscillating intensity of reflectance R of Eq. (1), which is
the function describing the dielectric constant of the medium in the
SPR ATR system. An ionic force was applied to a free and bound
electron as illustrated in Fig. 2C, so as to move the electron from its
equilibrium state, which in turn induces a change in the average

dipole moment <_p)m0[> of the gold molecule (see Eq. (4)). The
frequency of the ionic force was sufficiently small compared to that
of the electric field of light generating the SP; thus, the general
effects of the low frequency forces on the free and bound electron
motion are simulated.

Fig. 6A shows the numerical solution of Eq. (4) or the instanta-
neous motion of the free electron whose wg was set at 0. The +z
directional electric field initiates the oscillation of free electrons at
the same frequency as the electric field and localize free electron
to a Tomas-Fermi length d™" ~ 0.1 nm. The calculations correspond
fairly well with other theoretical studies [1,56,57]. An artificial
force was generated parallel to the electric field that is equivalent to
the ionic force. This Mexican hat like ionic force function (gray line)
evenly distorted the base line of the free electron fluctuations Az°.
From Eq. (3), the distortion of the base line Az® means the change

of the temporal average dipole moment <5)m01> and the dielectric
constant of the gold film. Thus, the evenly distorted base line of the
free election fluctuations caused by ion-electron collision is the
reason why the AOR fluctuates evenly in a biphasic manner.

If the duration of the base line distortion is sufficiently long
comparable to the cut off frequency of the photodiode ( ~ 1 MHz),
the distorted dipole moment can be detected by optical devices;
light typically induces dipole moment changes have very short life
times ( ~ 10 fs) and the detected dipole moment is the microsecond
averaged value [47]. As mentioned above in Section 2, the change in
reflectance AOR was monitored at a fixed angle. The ARe(&;)/Re(¢;)
can be calculated using Eqgs. (1) and (7). These calculations show
that the changes in the dipole moment relative to its initial value
Ap/p correspond to the changes in AOR. This relationship is almost
linear and the change in AOR=4 x 10~ corresponds to the changes
in ARe(g)/Re(g1)=6.2x10"% and Ap/p=3.05x 10~>. Also, the
numerical result of Eq. (4) shows that a f°"=5.26 x 1072 fN results
in compatible change in Ap/p=3.05 x 107>,

Fig. 6B shows the motions of the bound electron. Compared to
the motion of the free electron, the bound electron has the binding
frequency wgdue to a restitution force. For the electrical force of the
light, the bound electron starts to oscillate with an amplitude of the
4 x 10~ 2 pm from its initial position z=0. The same ionic force used
in Fig. 6A also distorts the dipole moment of gold atom. However, in
this case, the amplitude of the distortion is 490 times smaller than
that of the free electron. This shows that the dielectric constant
change of the gold film induced by the distorted motion of the
bound electron is negligible compared to that of the free electron.
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Therefore, the change in AOR can be attributed mainly to the
displacement of the free electrons rather than bound electrons
from the gold film.

3.3. The effect of the multiple ionic collisions on the movement of free
electrons in gold

Supplementary numerical simulations were conducted for the
free electron to investigate the effects of the number of colliding
ions N°°! per unit time on changes in the dipole moment. Fig. 7
shows the displacement of free electrons after 10 consecutive
collision events with ions at various time steps At;. To easily
perceive the relative At; compared to the duration of unit ionic
force 7, the time step was divided by the duration of the ionic
collision At; /7.

In the case of At; /T =0 (see Fig. 7A), the 10 elemental forces
completely overlap without any loss and they produce the

150
Time [fs]

200

force. The dashed line represents the

and the solid line represents the position of the electron. The ion collides with (A) the free electron at t=>50 fs and (B) bound electron at t=250 fs.

strongest change in electron displacement. In the case of
At;, /T=0.071 (see Fig. 7B), the elemental forces slightly overlap
and only relatively small changes in electron displacement are
observed over longer time periods. In the case of At;, /T =0.212 (see
Fig. 7C), the elemental forces destructively overlap with severe
losses from t=200 to 250 fs. Under these conditions, the weakest
change in electron displacement is observed; it is close to zero. In
the case of At;, /T =0.48 (see Fig. 7D), half of each elemental force
overlap, and they generate constitutive sinusoidal waves, whose
frequency is smaller than the unit force function. In addition,
fluctuations in electron displacement are 10 times greater at this
condition.

From these numerical experiments, it can be inferred that
the various amplitudes and frequencies of the SPR signal
might be dependent on the various force configurations of the
multiple ionic collisions, which varies with the time interval
of each collision At; and the duration 7 of each unit force
function Fj°".
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4. Conclusion

A novel hybrid model is proposed for the SPR neural recording
system; it accounts for reflectivity changes in a three-layer system, the
ionic distribution in the charged area and one-dimensional electron
dynamics. A set of numerical simulations, which are related to the
fundamental physical phenomenon of the SPR neural recording
procedure, was performed. After examining the ionic force curve,

the redistribution of ion concentration and activity coefficients were
quantified and the effect of the recorded extracellular potential u,,;, on
the amplitude of the oscillating SPR signal was studied. The effect of the
external ionic force on the dynamics of gold electrons was then
simulated for the purpose of determining the relationship between
the change in the recorded extracellular potential u,,, and the dielectric
constant of gold or the change in AOR. Moreover, simulations using
multiple collisions between ions, which generated the average dipole
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moment change in the molecule, were shown to replicate and explain
the biphasic nature of the oscillating SPR neural signal at a non-uniform
frequency.

However, there are some limits in the proposed model. The first
limit of the model concerns the physiological aspect. A realistic
quantitative model of the rat sciatic nerve was not fully formulated
to study the real Kinetics of rat K* ion channels. This was not done
because the main objective of this study is to describe the relevant
mechanical effects of different parameters on the general pattern of
channel gating. Second, a rather simple ionic movement was assumed;

the average velocity of the counterions V ,, the configuration of force

function ?wn and its amplitude f°" are currently under study. If
adequate realistic molecular dynamic (MD) simulations can be
conducted, more reliable information about the ionic movement
would be obtained. Lastly, a three-layer system was employed to
calculate the reflectance instead of a five-layer system, which would
additionally include a nerve layer and upper aCSF region. This was
chosen because of the current interest in assessing changes in the
reflectance due to changes in the properties of the gold layer. When the
limits mentioned above are properly accounted for, the present
preliminary model can be refined and become more realistic.

Despite these limits, the most significant result of the analysis in
this paper is the assessment of the thermal effects of the extra-
cellular ion on the SPR system, which was achieved by connecting
unrelated physical phenomena identified in other fields of science.
This approach makes it possible to analyze the noise-like AOR
changes induced by molecular pressure and by electrostatic
attraction/repulsion forces of the molecules, which can modify
the dipole moment of the gold atom.

Further complementary analysis on some of the features of the
present quantitative model is still needed to further understand all
the parameters that affect the generated changes in SPR signals;
nevertheless, several key features have been reasonably described
by the present work.
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