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Abstract—Miniaturization of implantable devices is an impor-
tant challenge for future Brain-Computer Interface applications,
and in particular for achieving precise neuron stimulation.
For stimulation that utilizes light, i.e., optogenetics, the light
propagation behavior and interaction at the nanoscale with
elements within the neuron is an important factor that needs to
be considered when designing the device. This paper analyses
the effect of light behavior for a single neuron stimulation,
and focuses on the impact from different cell shapes. Based on
the Mie Scattering theory, the paper analyzes how the shape
of the soma and the nucleus contributes to the focusing effect
resulting in an intensity increase, which ensures that neurons
can assist in transferring light through the tissue towards the
target cells. At the same time, this intensity increase can in turn
also stimulate neighboring cells leading to interference within
the neural circuits. The paper also analyzes the ideal placements
of the device with respect to the angle and position within the
cortex that can enable axonal biophoton communications, which
can contain light within the cell to avoid interference.

Index Terms—Nano Communications, Optogenetics, Geomet-
rical Optics Analysis, Mie scattering.

I. INTRODUCTION

Increased attention in Brain-Machine Interfaces (BMI) as
well as Brain-Computer Interfaces (BCI) has driven re-
searchers to pursue new developments that will merge brain
and machines into a seamless manner [1-3]. This grand vision
will witness the connection of the Brain to Computing Systems
in a less invasive and more pervasive manner than existing ap-
proaches. In order to realize this paradigm, the tools provided
by nanotechnology need to be leveraged to produce micro-
scale devices that can be seamlessly embedded into the brain,
enabling monitoring as well as stimulation at a single-neuron
level. Recent developments have started to realize this vision
which has led to several new types of materials and devices
as well as new paradigms such as molecular communications
aimed at modeling communication between neurons [4-7].
An example of new materials and devices is the electronic
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mesh that can be injected into the brain and will unfurl within
the cortex, providing new forms of long-term monitoring of
neurons [8]. The vision of the neural dust [9] is to also enable
wireless monitoring of neurons, where devices can be charged
through ultrasound signals, and the back-scattering effect can
provide feedback to an external device. A preliminary step
towards this vision has already been realized with experiments
conducted on the neural dust that can monitor action potential
along the nervous system of a mouse [10].
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Fig. 1. Device architecture of the Wireless Optogenetic Nanonetwork Device
(WiOptND), placed close to the target cell and able to convert ultrasounds to
optical signals, which then stimulate the light-sensitive neurons. The figure
also illustrates three neurons within the cortical column, each interfaced by a
WiOptND device for stimulation, creating an embedded nanonetwork.

Our current research in Wireless Optogenetic Nanonetwork
Devices (WiOptND) (Fig. 1, adapted from [11]), aims to
utilize the concepts of nano communication and networks [12]
(Fig. 1) to enable a new generation of BCI/BMI. The device
consists of three main components, piezoelectric nanowires as
an energy harvester, a capacitor as an energy reservoir, and
a LED as a light source. This entails developing miniature
devices that can be placed as a network into the brain, and
stimulate neurons using visible light [13]. While the miniatur-
ization brings along numerous advantages such as the ability
to embed the devices into the brain for long-term deployment,
as well as stimulation for small groups of cells, there are also a
number of challenges. In [11], we investigated the performance
of different WiOptND charging and firing strategies to ensure
proper operation of the platform. In relation to this, one
particular challenge is the effect of light propagation and its
effectiveness in stimulating the cell, specially when compared
to electrical stimulation [14]. This challenge is compounded



due to the miniature aperture of the light source and intensity,
given that the components are constructed from nanoscale
materials. This means that the light intensity may not reach
the target cells, and this could be an issue due to cell growth
and movements. The light propagation in biological tissues,
including the brain, has been extensively studied in [15-18].
For example, Monte Carlo [19] and Finite Difference Time
Domain (FDTD) [20] simulations can be used to simulate
the light propagation in biological tissue. In [21], the light
propagation based on Monte Carlo method for both regular and
irregular medium propagation shape in organ level has been
developed, however, not at a single-cell level. Analytically,
light propagation in brain tissue can be analysed with the
revised Kubelka-Munk model or the modified Beer-Lambert
law. Nevertheless, none of the existing works, including our
previous work [15], model the propagation of light with (sub)
cellular precision.

In this paper, we investigate the propagation of light at
the nano and micro scales, and the unique properties that
will result with the propagation through different shapes of
a neuron. A particular focus is in the nature of refraction and
natural focusing effects that can occur due to refraction of light
as it passes through the internal cell structure. This focusing
effect is different depending on the shape of the neuron, which
will have an impact on the accurate placements of the devices
within the cortex. In particular, the focusing effect can result
in light intensity stimulating neighboring cells that results
in interference. The effect will be further investigated and
validated based on the Mie Scattering theory simulation using
MATLAB. The simulations will analyze the geometrical soma
shape effect based on the combination of geometry optics
theory and modified Beer-Lambert law.

In a separate trend, a recent study has also found that
light propagation along the axon, especially within the myelin
sheaths, has an internal reflection process for bio-photons that
resembles an optical waveguide [22]. Therefore, integrating
this phenomenon can lead to an ideal case of internal light
reflection within a neuron that contains the photons and
minimizes stimulation of neighboring cells. Based on these
results, in this paper , we investigate how certain intensity
and angle of the light source on the soma of the neuron, can
result in an ideal location for stimulating the neuron that will
minimize interference to the surrounding neurons. Following
is a list of contributions of the current paper:

1) Combining geometrical theory and Mie scattering anal-
ysis in a single cell for three soma shapes (Pyramidal,
Spherical, and Fusiform),

2) Analysing the feasibility of light containment within the
axonal (biophoton communications), that is dependent
on the angle and position of the light source.

3) Validation through MATLAB simulation to analyze the
focusing effects in the near region of the cells.

The remaining sections of the paper are organized as fol-
lows: Sec. II elaborates about the biological properties of brain
tissue and cerebral cortex. In addition to that, it also discusses
about the interaction of light and neuron, particularly with
the nucleus. The light interaction with respect to geometry of

each soma shape is discussed profoundly in Sec. III. Sec. IV
explains about the feasibility analysis for axonal biophoton
communication and external light source considering the soma
shapes and the neuron density. Finally, Sec. V concludes the
paper based on the simulation results and analysis.

II. NEURONS AND LIGHT INTERACTION
A. Biological Structure of Cerebral Cortex

Morphologically, biological tissues can be categorized under
four different types, namely, epithelium, connective tissues,
muscle tissues, and nervous tissues [23]. Nervous tissues com-
prise the neurons and neuroglia forming the central nervous
system and the peripheral nervous system. The structure of
the nervous tissue is soft and possesses a certain level of
elasticity which specifies the interaction with the optical wave
(light). The brain, which is a part of the central nervous
system, comprises gray and white matters. The gray matter
is composed of various types of somata, axons, dendrites,
synapses, blood vessels, and glial cells. It has an important
role in the coordination of the entire body. The white matter
consists of myelinated nerve fibers, blood vessels, and glial
cells. On the outermost layer of the brain, the inflexible-two-
layered dura mater acts as a protective coating. The outer
layer is arachnoid mater and the inner layer is pia mater
with cerebrospinal fluid (CSF) in between them. The space
between the skull and the dura mater is filled with adipose
tissues containing blood vessels.

B. Morphology of the Cerebral Cortex Neurons

The six-layered-cerebral cortex is populated by cholinergic
neurons where neurotransmitter acetylcholine (ACh) is mainly
utilized for the chemical communications. The cholinergic
neurons can be categorized into four size groups: very large
motor neuron (25-45 pm), large forebrain neuron (18-25 pm),
medium neuron (14-20 pm), and small neuron (8-16 pm) [24].
The neurons in the cerebral cortex are categorized under the
small neuron group, together with the hippocampus neurons,
anterior olfactory cortex neurons, olfactory bulb (smell recep-
tor) neurons, and dorsal horn (sensory) neurons. Based on the
shape of the soma, cholinergic neurons in the cerebral cortex
can be further categorized into three main groups: pyramidal
cells, granule cells, and fusiform/spindle-shaped cells [25].
Brief description and location of each shape is explained in
the following list:

1) Pyramidal cells: In the cerebral cortex, pyramidal cells
can be found particularly in layers III and V. This multipolar
cell can easily be distinguished by its pyramidal shape. This
cell is further categorized into four sub-groups based on its
size (height x width): small (Schankleit) (12 pmx 10 pm),
medium (25 pmx 15 pm), large (45 pmx 15-20 pm), and
giant (50-100 pymx 25-60 pm) [25].

2) Granule cells: Layer II and IV are mostly populated
by granule cells. The granule cells in layer IV receive input
from the thalamus and project the information to both the
supragranular layers (layers II and IIT) and the infragranular
layers (layers V and VI). The soma shape of a granule cell is
spherical/polygonal/oval, and its size is around 15-30 pym X
10-15 pm [25].



3) Fusiform/spindle-shaped cell: These fusiform cells are
located in layer VI. This layer contains efferent fibers which
connect the cortex to the thalamus bringing impulses that
originate from the cortex. These cells are characterized as
flattened spindled-shaped somata with long apical dendrites
elongated up to layer I while the basal dendrites spread into
layer VI. The size of its soma is around 15-30 ym x 10-15 pym
[25].

C. Light Interaction in Cerebral Cortex

When a light wave propagates in the biological tissue, both
its intensity and propagation direction might change. They are
caused by several light-medium interactions [26], namely:

e Reflection and Refraction. As light propagates from one
medium to another with different refractive indices, the
light can be partially reflected and partially transmitted.
Furthermore, the transmitted light will experience refrac-
tion (change in the angle of propagation) due to the
different refractive indices of the media [27].

o Absorption. The light energy decreases as it is absorbed
and converted to heat due to the vibration of atoms and
molecules in the biological tissues. The absorption behav-
ior of the tissue relies heavily on the light wavelength.

e Scattering. The heterogeneous biological medium causes
the deflection of light wave to one or more paths deviated
from its straight trajectory. This situation occurs when the
wave passes through two different media with different
optical properties [28].

D. Light Scattering by Nucleus

The soma of a neuron contains many organelles including
nucleus which is the largest amongst all the others. The
size of the nucleus, along with other properties such as the
refractive index of the medium and the light wavelength,
determine the scattering pattern of the light when encounters
the nucleus [29]. The size parameter  defines the ratio
between a particle’s radius (in this case, nucleus), r, and the
light wavelength, A. It can be formulated as

2
X =5 =k (1)

where n,, is the refractive index of the cytoplasm, and k is the
wave vector by definition.

For the 456 nm (blue light) scattered by a nucleus with
diameter of 3-18 um and refractive index of nucleus, 7,qc,
of 1.39 [30], and cytoplasm, n.y,, of 1.36-1.39 [31], the
size parameter is between 28.32 - 169.89. This value lies
between 0.2 and 2000 which is categorized as Mie Scattering.
It also means that such particle size is comparable to the corre-
sponding light wavelength. By employing the Mie theory, the
scattering pattern of the transmitted light can be determined,
which defines the intensity of the light in all directions relative
to the nucleus. This calculation can be visualized using the
polar plot when the dominant scattering direction is concerned
(as can be seen later in Fig. 2(a)).

Mie theory gives the solution of vector wave equations for
spherical object scatterer presented in spherical coordinate sys-
tem (r, 0, ¢) [32]. The matrix of scattered far field component

in the scattering plane EY and its orthogonal E¢ components
can be obtained from the scattering amplitudes and the incident
fields, which is represented as follows [33],
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where S7 and S, are the scattering amplitudes, Ef and Ef
are the incident vectors, e?*# is the incident plane wave, and
u:r is the outgoing scattered wave. The scattering amplitudes
S1 and Sy are further derived as

oo

2n+1
Sl (6089) = Z 7(0/717.[-77, + bnTn)7 (3)
—n(n+1)
o~ 2n+1
SQ(COSG) = Z 7(an7—n + bn7T7z)- 4)
— n(n+1)

From those scattering amplitudes, the intensity can be obtained
by )

= 5(S10)F +1S:(0)). 5)
The Mie coefficients a,, and b,, are obtained by

M 11 C) (g CO e NS
" m2j(ma)lahil) (@) — b (@)fmaga (ma)”
_ _dn(ma)[zjn ()] — ( )[mrjn(mx)]
gn(ma)[eh!) (2)) = i) (@) [mx, (ma))

where prime sign indicates the ﬁrst derivative, m is the relative

refractive index of nucleus with respect to cytoplasm, j,(z)

and hgll)(z) = jn(z) + iyn(z) are the spherical Bessel and

Hankel functions of order n respectively, y,,(z) is the spherical

Neumann function of order n, and n = 1 to oco. However,

for mathematical tractability, this infinite series is truncated at

Nmaz 132], where n,,0. = * + 425 + 2. The derivatives for
the spherical functions are
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where « can be substituted by either ma or x. The Mie angular
functions m,, and T7,, are
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where the first three orders of those functions are [34]
mo=0; my =1 ;7 = 3cosb; (12)
70 = 0; 71 = cosB; 5 = 3cos20. (13)

Based on the Mie theory, the scattering intensity pattern is
depicted in Fig. 2 in logarithmic scale. From the polar plot
(Fig. 2(a)), it can be observed that light scattering by the nu-
cleus exhibits dominant forward scattering (on scattering angle

- 59) and from Cartesian plot (Fig. 2(b)), the intensity has
a decreasing tendency towards the backward direction. This
scattering pattern resembles the directional antenna radiation
pattern. It also exhibits the higher intensity value compared
to the incident field. From optics geometry perspective, this
higher forward lobe intensity phenomenon shows that the
nucleus has the similar behavior as a convex lens [35].
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Fig. 2. The scattering intensity pattern when the light is scattered by the nucleus.

E. Experimental Setup to Observe the Forward Scattering
Effect of Nucleus on the Incident Light

To further investigate the propagation pattern of the light
inside neurons (and more specifically around the nucleus), we
have set up a laboratory experiment as depicted in Fig. 3(a).
Neural progenitor cells (NPCs) differentiated from human
embryonic stem cells were cultured as described in [36], 371"
It is important to note that the cells used in the experiment
have a fusiform shape (See Sec. III-B). Later in Sec. III, we
thoroughly analyze the effect of different shapes of cells on the
light forward scattering pattern. To monitor light propagation
behavior through NPCs, an inverted microscope with a halogen
lamp as the light source that shines through the specimen
(NPCs) is used (Fig. 3(a))’>. Images of the cells and the
cumulated light were taken by moving the focal plane of the
microscope in z-direction. Fig. 3(b) shows the microscopic
image of a neuron with the nucleus highlighted in an orange
circle and three distinguishable nucleoli (dark spots). Fig. 3(c)
is obtained by shifting the focal plane by 5 pm in the z-
direction below the cell, i.e., on the opposite side of the light
source. It can be seen from this figure that the nucleus and
the nucleoli can not be observed clearly since they are out
of focus by 5 pum. Finally, in Fig. 3(d), the focal plane has
been moved further to 10 pym away from the cell surface.
The light spots in this figure show the cumulated light at a
vertical distance from all three nucleoli. This happens due to
the forward scattering effect of the nucleoli on the incident
light. This phenomenon has been further investigated with
detailed analysis in the following section.

III. GEOMETRICAL-BASED LIGHT PROPAGATION
ANALYSIS

The geometrical optics analysis for homogeneous spherical
soma has been conducted in details in [15]. In this paper, we

!For performing this experiment, 20,000 cells were plated on a glass bottom
35mm cell culture dish (MatTek, USA) for 24 hours.

2An inverted Zeiss AxioObserver Imager wide-field fluorescence micro-
scope has been used for this experiment

extend the analysis by including the nucleus in the soma with
three different shapes, namely, pyramidal, fusiform, spherical,
and its impact on the light propagation behavior. The blue-
shadowed area in the figures of following subsections indicates
the area in which the light propagates through the cytoplasm
but not the nucleus.

A. Pyramidal shape

The neurons with pyramidal-shaped soma can be found in
several areas of the brain including the cerebral cortex, the
hippocampus, and the amyglada. A pyramidal neuron is a
multipolar neuron, i.e., it generally possesses many dendrites
and a single axon. Due to its relatively large size, this neuron
type has been studied more intensively by neurophysiologists.
Particularly, these neurons in layer V neocortex are considered
as the semi-autonomous processing units [38].

The pyramidal cell is modeled as triangular shape on a
2D-plane. As a result, Fig. 4 illustrates the propagation of a
collimated light traversing though a pyramidal-shaped soma.

Based on its geometrical analysis of the soma and nucleus,
the transmitted light is focused in certain locations. In this
paper, the focus point is measured from the soma surface with
length hg,, in Fig. 4 and the center of the nucleus is located in
the middle of the soma. The lower bound (f;) and the upper
bound (f,) of the focus point outside the soma excluding light
traversing through the nucleus is represented as
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Fig. 3. Neural progenitor cells (NPCs) differentiated from human embryonic stem cells were plated on a tissue culture dish. Phase contrast images of NPCs
were acquired by changing the focal plane distance using a Zeiss AxioObserver inverted wide-field fluorescence microscope. The lateral view of the experiment
is illustrated in (a). The focused light were observed in three distances; (b) on the cell surface, (c) 5 pm, and (d) 10 um below the cell surface. Orange circles
in the figures are region of interest (nucleus). Arrows indicate nucleoli in (b) and light spots of cumulated light in (d).
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Fig. 4. The illustration of light propagation in the pyramidal shaped soma.

where 7, is the radius of the nucleus, n.y;, is the refractive
index of the cytoplasm and ny;, is the refractive index of the
brain tissue.

For the pyramidal cell size of 30 yum x 48 pm and taking
into account the refractive index of brain tissue (n45 = 1.35)
and neuron (n.y, = 1.36), the lower and upper bounds for
focus point are 200 and 254 pm, respectively.

B. Fusiform shape
Geometrically, the fusiform soma model resembles the bi-
convex lens as shown in Fig. 5. Therefore, when this 2D-model
is exposed to the collimated light source or plane wave, it can
be analysed using a lensmaker’s equation yielding the distance
of the focus as
l _ (ncyto - ntis)
f

where R; and Rs denotes the curvatures of each surface of
the lens, respectively, f represents the distance of the focus
point measured from the center point, and d is the distance
between two opposite surfaces of the neuron along the center
axis.

Ideally, the soma cannot be considered as the perfect lens
due to its heterogeneous content; therefore, spherical aberra-
tion is more likely to occur. Spherical aberration causes the
light to be blurred, converged in the vicinity of the measured
focus point. However, the distance focus approximation is still
valid to determine where the light converges.
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Fig. 5. Illustration of ellipse/spindle-shape neuron acting as an equiconvex
lens.

According to the available data of the soma size and
the equiconvex soma shape, the approximate radius of each
surface can be formulated as

2 2
Wem + hsm

Ry =Ry =Ry = ™

; (19)
where R/, is the radius of the surface curvature, h,, and
Wgy, are the height and width of the soma, respectively.

Matrix operation analysis can also explain the refraction
due to each surface of the soma. The refraction model can be
represented in three matrix operations [39]:
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where the refracting power for each surface is denoted by P
and Ps3, and the total power is represented by P. The power



parameters are given as

Neyto — Nitis

po— 21
12 Rlncyto ey
Nitis — Neyto
tis
1 ncyto
P:—?:P23+wsmpl2p23+ Pyy. (23)
tis

Based on the size of the fusiform cell in Sec. II-B, the
radius can be approximated by Eq. (19) resulting in 18.75 pm
curvature, for the size of 30um X 15um. Then, the focus
can be obtained by applying lensmaker’s equation. The focus
is positioned at 0.63 mm from the center point of the soma
when the curvature radius of soma is 18.75 pum. The same
calculation can also be applied for the smaller soma. The
15pm x 10pum soma has 8.13 um curvature radius and
0.27 mm focus measured from the soma center point. This
confirms the forward scattering and focusing effect of the
nucleoli that we observed in our experiment explained in
Sec. II-E. During this experiment, the size of nucleoli is
2.5 pm (Fig. 3), resulting the light to focus at approximately
10.4 pm away. This is the lower bound of focus area which
is discussed with more details in Sec. III-D.

C. Spherical shape

The cross-sectional area of the spherical cell can be rep-
resented as the circular 2-D model. The 2D-model analysis
is conducted by positioning the nucleus at the center of the
soma. Fig. 6 depicts the cross sectional spherical soma model
illuminated by collimated light.

Fig. 6. Light propagation through spherical soma with nucleus located at the
center point.

The border between the two areas of nucleus intersection
can be obtained by calculating the parameter h which is
measured from the center axis (Fig. 6(b)). The equation can
be derived by the following formulas of snell’s law and planar
geometry [15]:

h
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where rg,, and 7,. are the radius of soma and nucleus
respectively, and 6; and 0, are the angle between the incoming
and refracted light with respect to the center axis.

Based on the illuminated area, the light intensity which
follows the geometric optics theory is

I, = Ie #aMWIPPER) co5 0, (28)

and the light intensity which is scattered by the nucleus is

Is — Ioe_,u'a(A)diDPF()‘)Cl — coS 92)7 (29)

where I,,, I, and I, are the light intensity at the light source,
the light intensity which does not intersect the nucleus, and the
light intensity which is scattered by the nucleus respectively;
e 18 the absorption coefficient; DPF is the differential path-
length factor [40]; and d; is the distance of light propagation.

D. Light Wave Superposition for different Soma Geometry

In all the aforementioned geometry scenarios, the shape
of the nucleus (which plays the main role in the forward
scattering and the focusing effect), is fixed and considered
to be spherical. As explained earlier in Sec. II-D, and by
following the Mie scattering theory, a closed form solution
can be found for the light propagation around a spherical
shape obstacle (in this case the nucleus). The intensity thermal
plot for spherical nucleus is depicted in Fig. 7 in the close
proximity of the nucleus, and in Fig. 8 for longer distances.

The nucleus placement at the center of the spherical soma
model affects the lower and upper bounds of the focus points
fi and f,. The focus points which are measured from the
center for the soma can be obtained by [41]
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Fig. 7. The light intensity as a function of distance where coordinate (0,0)
indicates the center point of the soma/nucleus.



The three previously mentioned geometries represent the
shapes of the neuron soma. However, the discussion is limited
to the collimated light wave and ideal shapes. In-vivo environ-
ment contributes to a more complicated situation especially
in term of geometrical variation. Furthermore, the shape of
the soma itself cause some changes in the direction of the
collimated light as it penetrates inside the soma. This situation
causes the change of light propagation behavior before and
after the nucleus. In this case, the behavior can be analyzed by
the superposition of multiple plane waves, S0 U5 ** ’¢)|t,
where U, is the complex wave form at position r(z, p, ¢) and
time ¢.

Fig. 9 depicts different behaviors of light scattering prop-
agation for the three soma shapes. The difference is mainly
due to the size of the soma which is related to the geometry
of the soma itself. The size ratio of the soma and the nucleus
contributes in determining the maximum order of the Hankel
function, hg), calculation (as defined and explained earlier in
Sec. II-D). As a result, the scattered field component changes
according to the distance between the nucleus and the surface
of the soma as formulated on Eq. (2). Furthermore, when
the distance is extended to the far field region, the intensity
increases to its maximum value (approximately 24 times per
unit compared to the incoming intensity). This phenomenon
can be seen in Fig. 8.
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Fig. 8. The light intensity as a function of distance going further from the
nucleus. The coordinate x=0 indicates the surface of the nucleus.
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Fig. 9. The light intensity for three different shapes of soma that each has
12pm nucleus.

IV. AXONAL BIOPHOTON PROPAGATION

In [22], a new theory has been proposed on the manner
of biophoton propagation along the axon, and is inspired
from the properties of optical communications. In the light-
based optical communication, there are three major elements
required, namely, source, detector, and directed light propa-
gation medium/waveguide. Inside the living organism, in this
case human brain, a biophoton is dubbed as the natural light
excited during the internal biological process of mitochondrial
respiration or lipid oxidation. Meanwhile, mitochondrial cen-
trosomes or chromophores serve as the biophoton detectors.
In general, the requirements for biological waveguides include
homogeneity and transmission capability. Myelin is a promis-
ing waveguide candidate due to its homogeneous structure and
size [22]. Due to strong absorption by the proteins in the axons
for certain wavelength (300 nm), the wavelength considered
during the simulation conducted in [22] is between 400 nm
and 1300 nm. This also means that keeping the wavelength
within that range, for example visible light, is important in
order to ensure the model is applicable.

Even though the myelin sheath has feasible properties as
the waveguide, it has several imperfections which reduce
the transmission effectiveness. These include the bending
structure, cross-section variation, non-circularity of the shapes,
cross-talk, and inhomogeneity of myelin sheath. The work in
[22] addressed these imperfections along with nodal/paranodal
regions and Nodes of Ranvier using the FDTD simulations.
According to [22], the attainable biophoton transmission
through 1-cm axon, depending on certain controlled parameter
variation, is approximately 3-30%. While 2-mm axon gives
attainable transmission of 46-96%.

Based on these results, our hypothesis in this section is to
ensure that maximum light propagates down the axon based on
the focusing effect. By enabling the light to propagate down
the axon, this will lead to containment that will also ensure
that focused light will not stimulate the neighboring neurons
which can potentially avoid interference. Therefore, our aim



is to integrate the soma geometrical light intensity analysis
with the axonal biophoton communication, and to determine
the feasibility of this combined system.

A. External light propagation angle

The direction of incident relative to the axonal waveguide
determines the effectiveness of the external light stimulation.
Fig. 10 illustrates the feasibility to incorporate the external
light source into the biophoton communication model in [22].
The Mie scattering focusing pattern elaborated in Sec. II-D
determines the amount of transmitted light that will propagate
into the axon if the focused point is within the cytoplasm.
Therefore, the angle of incident relative to the axon line
position is crucial to attain the maximum light transmission.
When the size ratio of soma and nucleus is 2, the illuminated
spherical cap of soma surface area has the base circle radius
of 75% of the radius of the nucleus. For the soma radius of
12 pm with 6 pym-nucleus located on its center, the circle
base radius of illuminated spherical surface soma cap, s,
is approximately 4.5 ym. This size of cap radius can cover
transitional path into the 3 pm-axon (r4,), but only part of
the 5 ppm-myelin (7y,y.). Whereas, for pyramidal and fusiform
cells, the base circle radius of the illuminated soma surface is
55% and 68% of the radius of the nucleus, respectively. This
lower percentage contributes towards a more tolerant angle (3
in Fig. 10) of light projection from the light source on the
neuron. It is also worthy of note that the distance between
the nucleus and the axon also decreases the tolerance of the
incident angle deviation.

Therefore, the percentage of the scattered external light
being transmitted into the axonal waveguide depends on the
illuminated axonal path area which is affected also by the
distance between the nucleus and axonal waveguide entrance.
In this case the effective transmission area can be obtained by
d,2@ +7r2, —r?
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Fig. 11 shows the relationship between the percentage of
external focused light component (which can be contained by
the axonal biophoton communication) and the amount of light
which is focused outside the soma.

where
(32)

B. Photo-thermal Effects of Light Propagation in Nervous
Tissues

The tissue damage due to thermal increment is an important

factor to consider whenever electromagnetic radiations inside
the biological tissues is being studied [42]. However, based
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Fig. 10. An illustration of the variation of incident angles (/3) to the focused
light scattering due to the nucleus in the soma.
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on the experimental evaluation in [43], the light intensity
safety limit is so high that the light intensity discussed in
this paper is far from creating any harm on the brain tissue.
The experiment observed 5-ms red and blue light pulses with
intensity of 100-600 mW/mm? and frequency of 20, 40, and
60 Hz for the duration of 90 seconds. Furthermore, there
is no phototoxic effect observed. Regarding the heat effect
due to light absorption by the tissue, blue light causes higher
temperature increase than red light. However, the increase is
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Fig. 13. The light percentage probability, which stimulates undesired neuron
instead of being transmitted through axonal waveguide with respect to the
incident light angle (3) for constant neuron density of 26,000/mm3.

still within acceptable range with a maximum increase of
1.5°C inside the tissue. The intensity requirement of most
optogenetic opsins is only around 1 to 5 mW/mm? which is
significantly less than the intensity on the experiments in [43].

C. Interference Analysis of Undesired Light Propagation

As seen in the analysis and simulations, the focusing
light traverses further beyond the target neuron which may
result in undesired stimulation of surrounding optogenetic
constructs (Fig. 10(a)). The probability of undesired illumi-
nation can therefore be estimated by considering the neu-
ron density in the neocortex. The neuron density varies
based on genders and individuals. On average, the density in
men’s neocortex is 25,924(+15,110) /mm?3 and women’s is
27,589(+16,854) /mm?® [44]. Based on this information, the
probability of undesired neuron stimulation by a light wave
that is supposed to be transmitted through axonal waveguide
is obtained and it is presented in Fig. 12 and Fig. 13. These
figures show the relation between the collimated light incident
angle to the stimulation effectiveness and efficiency. They are
derived by first calculating the portion of light that is focused
by the soma, and then combining (multiplying) it with the
result from Fig. 11 and the neuron density parameter in the

neocortex. In detail, by assuming that the neurons are equally
distributed in the brain tissue, the undesired stimulation can be
estimated. The average distance (d) between neuron can also
be obtained, for example, for 26,000 /mm3, d is approximately
34 pm. The result can be analysed from Fig. 13 that the
spherical soma is more tolerant to the incident angle deviation
due to the short distance factor between the nucleus and the
soma surface compared to other shapes. In addition to that,
the probability of the external light hitting undesired neuron
is lower. This finding concludes that neurons with spherical
soma will ideally be selected for stimulation, and in particular
for enabling the axonal biophoton communication to ensure
containment.

V. CONCLUSIONS

The separate analysis based on geometrical optics or Mie
scattering for the soma and nucleus is solely due to the size
parameter. The spherical nucleus shape leads to focusing effect
which is important for light communication in the brain. This
is demonstrated using MATLAB simulation to show the light
propagation behavior. Unlike the nucleus, the soma exhibits
different behavior depending on its shape. The increase of
the light intensity on the region after the nucleus has both
advantage and disadvantage in its application. It may result
in less input intensity requirement, but at the same time, it
may cause undesired stimulation to other neurons. Relating
this finding for axonal biophoton communication, the angle
and the direction of the incoming incident light with respect
to the location of the axon has to be properly considered.
Furthermore, spherical shape soma is more tolerant to angle
deviation due to its relatively smaller size ratio between its
nucleus and soma. However, undesired stimulation is unlikely
to cause phototoxic effect. Additionally, the density of the
surrounding neurons defines the probability of undesired stim-
ulation.

When the precision of single neuron stimulation for BCI
is required, the understanding of the light behavior at the
nanoscale is needed. This includes the shape imperfections,
the optical properties gradients, the heterogeneity of the cell,
and other minor deviations. This contribution will help in
designing the more efficient and effective BCI system.
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