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ABSTRACT The aim of this study was to investigate quantitatively local sub-cellular power deposition at
frequencies upcoming for wireless power transfer (WPT) and millimeter-wave (mmWave) technologies. The
study was performed on a realistic two-dimensional keratinocyte cell model, designed based on electron
microscopy images and experimental data on surface area fraction of keratinocyte to explicitly represent
nucleus, mitochondria, endoplasmic reticulum, Golgi apparatus and vesicles. The average power loss density
(PLD,y,) and electric field (E,ys) were computed by solving Laplace’s equation under quasi-static approxi-
mation using the finite element method. The numerical results for the spherical cell model were validated with
corresponding analytical solutions. The results showed that E,y, and PLD,y, inside the organelles increased
with frequency. Nearly, 51.8% and 98.9% of the incident field on the cell penetrated inside the organelles at
6.78 MHz and 60 GHz, respectively. The PLD,, within the organelles in average was 35.7% (6.78 MHz)
and 1.95% (60 GHz) lower than in the cytoplasm. The E,y, induced inside nuclear pores (N;) exceeded
the incident field by 5 times and 1.1 times at 6.78 MHz and 60 GHz, respectively. The corresponding
PLD,y within N, was 32.7 times (6.78 MHz) and 1.2 times (60 GHz) higher than that of the cytoplasm.
The enhancement of PLD,y, in N, suggests that the intracellular traffic is locally exposed to higher exposure
levels compared to the background PLD,y, in cytosol.

INDEX TERMS Dosimetry, finite element method, human skin, millimeter waves.

I. INTRODUCTION

Over the past few years, the demand for global mobile data
traffic has been skyrocketing. The latest Visual Network Index
(VNI) report from Cisco has forecasted a seven-fold increase
in worldwide mobile data traffic between 2017 and 2022,
reaching 77 exabytes per month by 2022 [1]. This avalanche
of mobile data traffic is mainly driven by proliferation of
massive number of wireless-connected devices. In addition,
the emerging Internet of Things (IoT) devices are expected to
reach 80 billion by 2030 [2]. These unprecedented develop-
ments have led to spectral crunch over traditional microwave

communication frequency bands. Amidst this data revolu-
tion, the underutilized millimeter wave (mmWave) spectrum
is the frontier for next generation commercial wireless com-
munication systems due to its potential to offer wide band-
width resources spanning from 30 to 300 GHz [3]-[6]. The
paradigm shift towards mmWave technologies is also as-
cribable to ultra-low latency (<1 ms), superior data rates
(multi-Gbps), secure communications, and compact size of
devices [7].

The aforementioned vision of wirelessly connecting bil-
lions of IoT devices is constrained by the impracticality of
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periodically recharging or replacing the batteries for energy
supply. The inductive power transfer (IPT) based on magnetic
coupling (near-field) is a promising solution for energizing
electronic devices over short distances [8]. Wireless power
transfer (WPT) technologies have seen an upsurge of interest
due to user friendliness, operational flexibility, cost effective-
ness, and capability to provide stable, and perpetual energy
source. The expeditious exploration of mmWave and WPT
technologies has prompted concern and uncertainty among
general public and scientific community regarding potential
biological and health effects.

Experimental techniques utilized to measure the distribu-
tion of the electrical potential at the cellular level are essen-
tially limited to potentiometric fluorescent dyes [9]. There-
fore, analytical, circuital and numerical methods are employed
frequently to evaluate the electric field (E) distribution at the
microscopic level. Analytical studies on simplified models
provide an intuitive groundwork for developing and analyzing
more realistic cell models [10]-[13]. The biological cells have
also been modeled in terms of circuit elements [14]. However,
the circuit models cannot be used to investigate spatial varia-
tion of the internal E.

The significance of the realistic cell anatomies in determin-
ing the microscopic E distribution can be accurately quanti-
fied by numerical methods. Specifically, the numerical studies
based on distributed network method (DNM) [15], meshed
transport network method (MTNM) [16], [17], and finite el-
ement method (FEM) [18] have been reported. The MTNM
and DNM employ equivalent distributed circuits to repre-
sent spatial variation of various cellular compartments. More-
over, FEM has been extensively employed to compute the
transmembrane potential (TMP) of 2D neurons [18], three
dimensional (3D) Chinese hamster ovary cell [19], 3D ery-
throcyte [20], super formula based 3D keratinocytes [21], 2D
nucleus [22], 2D [23], and 3D [24] endoplasmic reticulum
(ER) and axisymmetric model of isolated mitochondria [25].
Additionally, the numerical investigations performed in [18]
and [20] employed dispersive electromagnetic cell model.
Furthermore, numerical and experimental studies performed
in the context of electroporation have established the capabil-
ity of high frequency spectral content of nano- or picosecond
pulses to penetrate the plasma membrane (Py,) and reach the
organelle interior [26], [27]. To the best of authors’ knowl-
edge, most microdosimetry studies to date have been per-
formed up to microwave frequencies with the primary focus
at evaluating the TMP.

In this paper, a realistic geometry of a 2D keratinocyte is
presented that explicitly incorporates the geometric details
and concentrations of various cellular organelles (nucleus,
mitochondria, ER, Golgi apparatus (GA), vesicles). The aim
of this microdosimetric study is to gain a quantitative insight
into the role of organelle density, position, size, and orien-
tation on the E field and power deposition inside a generic
keratinocyte cell model at frequencies upcoming for next-
generation wireless communications (60 GHz) and power
transfer (6.78 MHz).
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TABLE 1. List of Cellular Component Acronyms

Symbol Definition Symbol Definition
P Plasma membrane Ni Nucleus
Nm Nuclear membrane Np Nuclear pores
ERn Endoplasmic ERL Endoplasmic
reticulum reticulum lumen
membrane
GAn Golgi apparatus GAL Golgi apparatus
membrane lumen
Mom Mitochondria outer Mims Mitochondria
membrane intermembrane space
Min Mitochondria inner Nims Nucleus
membrane intermembrane space
Vi Vesicle membrane Mo Mitochondria lumen
CP Cytoplasm Vi Vesicle lumen
EXM | Extracellular medium | SCp, Subcellular
membranes

The rest of the paper is organized as follows: Section II
A presents the geometric features of the 2D cell, followed
by a description of the electromagnetic model of the cell in
Section II B. The numerical approach adopted to perform
microdosimetric analysis is reported in Section II C. Finally,
the results and conclusions are included in Section III and IV.

Il. MATERIALS AND METHODS

A. CELL MODEL

As at mmWaves the penetration depth is mainly limited to
skin, we used keratinocytes as a representative skin cell. Ta-
ble 1 lists the cellular component acronyms used in the paper.

1) GEOMETRY OF A GENERIC SKIN CELL AND ORGANELLES
A typical basal keratinocyte is represented by a ~14 um
length structure [28] and was designed based on an electron
microscopy image (Fig. 1) [29]. The cell is surrounded by
a 5-nm-thick plasma membrane (Py,) [26]. The Py, also has
several villous foldings that are used to interlock with adjacent
cells. The organelle volume fraction data were obtained from
measurements performed on basal keratinocytes in [30] and
were converted to 2D surface area fractions by using spherical
approximation.

NUCLEUS.

The basal keratinocyte’s nucleus (Nj) has a nearly elliptical
structure with a major and minor radius of 3.5 pm and 2.1-
75 pm, respectively. It constitutes 26.3% of 2D cross section
of a typical cell (referred in the rest of the paper as the cell
surface area) (volume fraction = 25.9%). This is a typical
surface area extracted from measurements performed on sub-
mammary and iliac crest region epidermis [30]. The typical
radius of nucleolus is 0.6 um. The nucleus is surrounded by
two 5 nm-thick lipid bilayers forming the nuclear membrane
(Npn) with an intermembrane space (Njys) of 60 nm as dis-
played in Fig. 1(c) [31]. In addition, nine nuclear pores (Np)
with a thickness of 9 nm each have been modeled [32], [33].

GOLGI APPARATUS.

On one side of the nucleus, five stacked layers of oval me-
mbrane (GAy,) bound compartments surrounded by several

VOLUME 1, NO. 4, OCTOBER 2021
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FIGURE 1. Geometric model: (a) basal keratinocyte electron microscopy image [29]; (b) 2D model of Basal keratinocyte; (c) nucleus electron microscopy
image [37] and 2D model; (d) GA electron microscopy image [31] and 2D model; (e) mitochondria electron microscopy image [36] and 2D model.

Reprinted with the permissions from Elsevier.

50 nm round vesicles form the GA (Fig. 1(d)). The cister-
nal luminal space (GAL) is roughly 90 nm thick [31] and
the length of cisternae is 0.5—1 pwm [34]. The inter-cisternae
separation has a typical value of 20 nm [35]. The GA com-
prises 0.5% of cell surface area in basal keratinocytes (volume
fraction = 0.065%).

MITOCHONDRIA.

The mitochondrion is represented by an ellipse with aver-
age radii of major and minor axis of 0.365 pm (0.125-0.5 pm)
and 0.12 pum (0.075-0.125 pm), respectively [31]. It is based
on the electron microscopy image displayed in Fig. 1(e) [36].
The mitochondria lumen (Mp) is bounded by two 7-nm-thick
membranes separated by roughly 6-nm-wide gap known as
mitochondria intermembrane space (Mjys) [37]. The inner
mitochondria membrane (Mjy,) is folded extensively to form
invaginations called cristae, with a typical width of 27 nm
and a length up to several hundred nanometers. The mito-
chondria occupy about 4.6% of cell surface area (volume
fraction = 1.9%).

ENDOPLASMIC RETICULUM.

VOLUME 1, NO. 4, OCTOBER 2021

The ER is comprised of a network of flattened sacs known
as cisternae, bounded by a membrane (ER,,) identical to
Pm. The cisternal space (ERp) is typically 50-150 nm wide
and saccules are about 0.4—1 um long [38]. In keratinocytes,
the ER tubules constitute roughly 1.5% of cell surface area
(volume fraction = 0.35%) and are randomly distributed in
cytoplasm (CP) as shown in Fig. 1(b). Keratinocytes have the
particularity of having a poorly developed ER, undoubtedly
in relation to their physiological role of barrier which does
not require a significant secretion of proteins in absence of
injury [30], [39].

OTHER ORGANELLES.

The circles and ellipses with 50-900-nm diameter repre-
sent lysosomes, secretory vesicles, membrane coating gran-
ules and melanosomes. Their lumen (V) is limited by a
5-nm-thick lipid bilayer membrane (Vy,) and are distributed
randomly throughout the CP constituting about 3.6% of the
cell surface area (volume fraction = 0.87%).

Note that basal keratinocytes exhibit enormous diversity in
size even among the cells with similar genetic composition
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TABLE 2. Debye Model Parameters for Different Cellular Compartments

Compartment €s €oo frelax Odc (S/m)
Py, [20] 1227 192 325.60 1077
MHz
SC [40] 11.7 4 179.85 1.1x1077
MHz
Mom [25], [40] 11.7 4 179.85 1x1074
MHz
EXM [41] 76 6.9 18.5 GHz 1
CP [40], [43] 67 5 17.9 GHz 0.32
Organelle 67 5 17.9 GHz 0.55

lumen [40]

and external conditions [28]. The selected dimensions agree
with previously reported data on typical dimensions of ker-
atinocyte organelles [31].

B. ELECTROMAGNETIC PROPERTIES
The dispersive electromagnetic properties of cellular compart-
ments and membranes can be described by Debye model

Odc + Es — €0
Jjeo2nf 1+ jf/ freiax

where oy, is the static conductivity, &9 the permittivity of
free space, ¢ the static permittivity, €, the permittivity at
high frequencies, and fijax the relaxation frequency. These
parameters, reported in the literature for different cellular
compartments, are summarized in Table 2.

e (f) =

+ €co (D

1) CELLULAR COMPARTMENTS

CP, extracellular medium (EXM), and organelle interior were
modeled as electrolytes in free water with dielectric param-
eters of phosphate buffer saline (PBS) measured at 26 °C
and 27 °C respectively in [40], [41] (Table 2). This is con-
firmed by [42] as saline solution is the main constituent
of intracellular and intercellular fluids. Additionally, the CP
model was further refined by assignment of static conductivity
(04c = 0.32 S/m) based on measurements performed on CP
of Jurkat cells [43]. Lastly, the dielectric properties of Ny,
were also assumed to be that of saline solution as N, contains
aqueous passages freely permeable to small water-soluble
molecules (less than 30 kDa) [44], [45].

2) MEMBRANE

The Debye parameters of the P, were acquired through the-
oretical and experimental methodology elaborated in [20],
which is based on permittivity (¢) measurements of erythro-
cyte suspensions and inverse application of mixture equation.
This electromagnetic model also takes into account effects of
channel proteins. On the other hand, the Debye parameters
of subcellular membranes (SCp,) are considered equal to that
of pure phospholipid membrane, which were attained in [40]
by fitting measured permittivity of liposome solutions using
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mixture equations. The major components of SCy, are phos-
pholipid molecules and are likely to exhibit the same polariza-
tion mechanism in terms of dipole orientation and Maxwell-
Wagner polarization. Note that porous nature of My, leads to
a higher static conductivity [25]. The aforementioned contin-
uum dielectric approximation for two molecule thick mem-
brane is widely accepted in literature [10], [13], [20] as in
ordinary matter there are still ~10° nuclei and electrons in
1072* m3 volume [46].

C. NUMERICAL MODEL

We used the FEM implemented in COMSOL Multiphysics.
The analysis was performed over 1-kHz-100-GHz range with
special focus on 6.78 MHz and 60 GHz. Quasi-static ap-
proximation was applied as the cell dimensions are much
smaller than the wavelength (e.g., at 60 GHz, the cell size
is roughly 0.00341). Electrodes were modeled as electric po-
tential (Dirichlet boundary condition) assigned to the upper
and lower edges of the computational domain. The upper
electrode at y =20 pum was set to 40 uV, and the lower
one at y = —20 pum to ground. The potential was chosen
to induce a uniform cell exposure at |[E| = 1 V/m. Note
that the current basic restrictions for electromagnetic field
exposure recommended by the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) [47] correspond
to |E] = 61.8 V/m (60 GHz) and |E| = 915.3 V/m (6.78 MHz)
at the skin surface. The |E| at the skin surface was evaluated
using a homogeneous skin model (1 mm) at 60 GHz [48]. The
electric insulation conditions were applied to the remaining
boundaries ascertaining that no electric current flows into
these boundaries.

The 2D approximation was used since extremely dense
local mesh is required to model &5-nm-thick membranes
and a 3D model would result in unpractical memory require-
ments and simulation time. Such simplified 2D models have
been employed in microdosimetric [18] and electroporation
studies [16], [17], [49]. The smallest mesh cell size in the
membranes was 0.5 nm. For the remaining domains, max-
imum mesh cell size was kept at 400 nm that resulted in
27866908 mesh elements (tetrahedral Lagrange quadratic)
and 55734217 degrees of freedom. The dimensions of the
computational domain were fine tuned to perform simulations
within a reasonable computational time. The Laplace equation
was used to calculate electric potential distribution in the cell
and organelles:

—V (0 + jwepe, )W =0 )

where 0 = wepe) is the total conductivity /. and ¢/ are
the real and imaginary parts of complex relative permittivity
respectively. Lastly, E distribution was computed from the in-
duced electric potential distribution in the cell and organelles
(E = —WV). The numerical method used in this work was
previously validated in various studies [18]-[21], [24]-[26].

VOLUME 1, NO. 4, OCTOBER 2021
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TABLE 3. Power Absorption in Membranes
Membranes PSP,
P 0.25 5.93
Nm 0.22 0.38
ERy, 0.11 0.55
GAn 0.031 0.31
Mom 0.11 0.39
Min 0.011 0.29
Vi 0.23 0.56
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FIGURE 2. Dispersive trend inside membranes: (a) PLDayg; (b) Eavg-

D. DOSIMETRY METRICS

The two primary local dosimetry metrics considered by IC-
NIRP are the following: (1) specific absorption rate (SAR)
averaged over a 10-g cubic volume below 6 GHz; and (2)
absorbed power density (APD) averaged over 2 cm x 2 cm
area above 6 GHz [47]. However, the mass (*pg) and the size
of a cell (&pm) are much smaller than the averaging mass and
averaging surface area considered in the ICNIRP guidelines.
As both SAR and APD are derivatives of the absorbed power,
we used the local power loss (0 E?) as a metric, which quanti-
fies the absorbed power per unit volume. Note that the power
loss is directly proportional to SAR as well as to APD and it is
used as a source of heating in the heat transfer equation [50].

Ill. RESULTS

First, the dispersive behavior of the keratinocyte cell model is
studied. Afterwards, the role of size, position, and orientation
of the organelles on the distribution of the power loss and E
are investigated.

VOLUME 1, NO. 4, OCTOBER 2021

A. FREQUENCY DEPENDENT RESPONSE

1) MEMBRANES

Fig. 2(a) shows the frequency dependence (1 kHz-100 GHz
range) of the averaged over the organelle volume power loss
(PLDyyg) in Py and SCy,. Despite the low effective conduc-
tivity (which accounts for the static conductivity and dielectric
relaxation; for the sake of brevity the effective conductivity is
referred as conductivity in the rest of the paper) (10~ S/m)
at 1 kHz, the power loss in Py, is 82.6 mW/m?. This power
absorption is due to the migration and accumulation of electric
charges towards the insulating P,,, which develop a strong re-
action E more intense (Eayg = 1.09 kV/m) and opposite to the
applied E (Fig. 2(b)). The conductivity of the medium around
the Py, determines the resistance to this mechanism of charge
redistribution. This feature shields the cell interior at 1 kHz
(i.e., the power loss in all SCy, is below 9.3 1 W/m?). Note
that the power loss inside M;j, is four orders of magnitude
lower than that in Moy, due to additional shielding provided
by the latter.

The power loss in SCp, increases swiftly in the frequency
range between 1 kHz and 1 MHz as shown in Fig. 2(a).
This increase is due to the rise in the conductivity of Py,
which in turn results in a higher penetration of E inside the
cell (Fig. 2(b)). At 6.78 MHz, the power loss in cellular and
subcellular membranes is tabulated in Table 3.

Note that the E,y, in all membranes decreases above
6.78 MHz and reaches a local minimum around 100 MHz.
Contrarily, in spite of the decrease of the E,, above
6.78 MHz, the monotonic increase of the power loss in Py,
and SCy, is due to the rise of their conductivity in the MHz
range where the restricted rotational mobility of the lipid
head-groups causes the Py, and SCy, dielectric relaxation.

Above 100 MHz, the power loss in Py, and SCy, contin-
ues to rise steadily as depicted in Fig. 2(a). The local peak
in all membranes occurs roughly at 5 GHz and the highest
absorption is in Py, (40.6 W/m?). Above 5 GHz, the power
loss in Py, and SCy, begins to decrease due to the decrease
of E in membranes. The reduction of E in membranes is
due to the relaxation of free water in CP, organelle interior,
and EXM. In other words, the rise in conductivity of cellular
compartments and EXM leads to lower E incident on P, and
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/(Hz)
(b)

FIGURE 3. Dispersive trend inside cellular organelles: (a) PLDyg; (b) Eavg-

SCp. At 60 GHz, the lower power loss in Mj, in comparison
to Mo, is due to the insulating nature of the latter.

2) CELLULAR COMPARTMENTS

At 1 kHz, the power loss inside all organelles is less than
19.8 'W/m? mainly due to the shielding effect of the mem-
branes (Fig. 3(a)). The power loss in CP and intracellular
organelles increases in the frequency range from 1 kHz to
10 MHz. The rise in power loss is because of the diminished
shielding effect of the Py, which in turn results in the penetra-
tion of E inside the cell.

At 6.78 MHz, the power loss in various cellular compart-
ments is reported in Table 4. Note that the power loss in Mjps
is higher than in the rest of the cellular compartments due to
higher induced E, which results from local distortion of E near
Mom and Mjy, within CP. In addition, the power loss in EXM
is higher than in the CP due to its higher conductivity. Note
that below 100 MHz, the ionic conductivity predominantly
determines the losses, which is controlled by the size and con-
centration of ions [51]. The alternating conduction currents
are produced by oscillatory motion of ions that are restricted
by the frictional forces and cause losses.

The power loss in N, is higher between 10 kHz and 10 MHz
as shown in Fig. 3(a). The maximum power loss in Nj is
72.03 W/m? at 1 MHz. The higher E,y, (13.3 V/m) is because

1008

TABLE 4. Power Absorption in Cellular Compartments

Membranes  PLORCIT PG
CP 033 32.04
Ni 0.23 31.72

Nims 0.23 31.68
N, 10.79 39.01
ERL 0.19 30.29
GAL 0.13 30.67
Mims 0.48 33.62
My 0.11 29.34
Vi 0.15 31.48
EXM 0.48 32.68

of the charge concentration around Ny, on both sides of the
N, (Fig. 3(b)). Additional simulations showed that the 2D
approximation for the Ny, underestimates E compared to the
3D Np. E inthe 2D N, of a 1 pm nucleus was 50% (6.78 MHz)
and 26.3% (60 GHz) lower than that of the 3D Nj. This is
because physically the N, provides a low resistance path for
cellular currents to enter the nucleus and the 3D N;, constrains
the currents and induced charges in the third dimension as
well, thereby exhibiting higher E. Thus, all molecular trans-
port between N; and CP is exposed to higher E and power
compared to the rest of the cellular compartments.

From 10 MHz to 1 GHz, there is only a slight increment of
the power loss in all cellular compartments. Above 5 GHz the
power loss rises rapidly due to the increase in conductivity of
the cellular compartments. The PLD,y, within Ny at 60 GHz
was 1.2 times higher than that of the CP. Physically, the lower
PLD,y; enhancement at 60 GHz compared to 6.78 MHz is
due to the diminished resistance of the Ny, and reduction in
induced charges along its surface.

B. LOCAL ANALYSIS AT 6.78 MHz AND 60 GHz
1) EFFECT OF SIZE (ORGANELLES AND CELL)
Biological cells and organelles exhibit substantial natural di-
versity in size. Therefore, the power loss and E,y, in models
of spherical cells and organelles with the radius ranging from
15 nm (size of exosome) to 98.5 um (size of oocyte) [52]
were computed using 2D axisymmetric approximation and
analytical formulation reported in [53]. The numerical results
were restricted to a radius of 15.3 pm due to computational
limitations. The difference between analytical and numerical
results was less than 0.43% for all possible combinations of
the dielectric models. Therefore, in order to highlight the
effect of size, the dielectric properties of CP and P, were
used for all sizes both in analytical calculations and numerical
simulations.

Fig. 4(a) depicts the power loss as a function of the spheri-
cal model size at 6.78 MHz and 60 GHz. At 6.78 MHz, the
results show that the power loss in a cell with the size of
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FIGURE 4. Effect of size of cells and organelles inside a spherical model:
(a) P’-Davg; (b) Eavg-

an oocyte is roughly two hundred times higher than that of
exosome for the same incident field. This is due to the fact that
the charge density on the membrane decreases with size facil-
itating E penetration inside the cell or organelles (Fig. 4(b)).
Note that the power loss and Eyy, are almost independent of
size above the radius of about 2 pm at 6.78 MHz. This is
because larger structures require more time to charge com-
pletely. The aforementioned results suggest that the interior
of smaller organelles such as V[ are better shielded from
electromagnetic radiation than larger ones. At 60 GHz, when
the radius increases from 15 nm to 98.5 pm, the power loss
increases by roughly four times. This is because induced E is
less dependent on membrane charging at 60 GHz as shown in
Fig. 4(b). It is worthwhile to observe that Eyy, almost does not
depend on size above the radius of roughly 200 nm at 60 GHz.
Fig. 4 shows a very good agreement between numerical results
and analytical model.

2) EFFECT OF THE PRESENCE OF THE ORGANELLES

Power loss in vicinity of the organelles inside the cell exhibits
a non-uniform distribution (Fig. 5). The power loss inside the
CP with the organelles is 5.9% and 3.1% lower in comparison
to the power loss in CP without the organelles at 6.78 MHz
and 60 GHz, respectively. The decrease in power loss is due
to the presence of low conductivity membranes within the
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cell. The weaker effect at 60 GHz is because the SCy, cause
lower distortion of E as they do not have an adequate time
to charge before the polarity of E switches. Contrarily, Eayg
in CP with organelles is 19.4% and 2.75% higher than CP
without organelles at 6.78 MHz and 60 GHz, respectively
(Fig. 6). This increase is because each organelle within the
cell acts as an electric dipole with induced charges across its
interface.

Moreover, the power loss and E value are lower and con-
fined to a smaller area for the organelles which are more
streamlined in the direction of E (Fig. 5 and Fig. 6). For
instance, Moy (M2) stores less charges because it is more
streamlined and therefore exhibits the maximum power loss
and |E| in its proximity, which is 79.2% and 55.1% lower
than that of mitochondria (M1) at 6.78 MHz. At 60 GHz,
local variation of the power loss and E in the cell interior
due to charging of organelles is less pronounced. In particular,
the peak power loss and |E| at 60 GHz in the vicinity of
mitochondria (M2) is 45.6% and 25.8% lower than that of
mitochondria (M1). The relatively weak effect at 60 GHz is
due to the incomplete charging of Myn,. Relatively high losses
at the high curvature areas shown in Fig. 5 are due to the
angular charge distribution induced by the applied field along
the surface of the curved membrane. In other words, the local
surface polarization charges depend on the curvature of the
membrane’s surface and the resulting local field is dipole in
nature. Moreover, since the local curvatures within the cell
are much smaller than the wavelength at both 6.78 MHz
(~107%)) and 60 GHz (~10732), the higher losses appear at
high curvatures at both frequencies.

3) EFFECTS OF ORGANELLES POSITION

The distribution of the organelles within the cell also impacts
the power loss and E in cytosol. For instance, the peak power
loss and |E| in the vicinity of mitochondria (M3) surrounded
by two neighboring vesicles is 91.9% and 72.5% higher for
the considered cell model than the background power loss
and E,y, in CP at 6.78 MHz (Fig. 5(c) and Fig. 6(c)). This
higher power loss is because the surface voltage gradient of
the mitochondria produces E which superimposes positively
with E of neighboring vesicles at this location. Similarly, due
to a smaller gap between mitochondria (M3) and adjacent
vesicles at 60 GHz, the maximum power loss and |E| are
53.1% and 31.6% higher than the background power loss and
E,yg in CP (Fig. 5(h) and Fig. 6(h)).

Power loss and E in the organelles located close to other
larger organelles is also higher than those near smaller ones.
For instance, the mitochondria (M4) positioned just below the
nucleus exhibits 45% higher power loss and 25% higher Eyy
in My, than that induced in mitochondria (M1) at 6.78 MHz
(Fig. 5(a) and Fig. 6(a)). This is because the larger surface
of a membrane bound structure stores more charge than a
smaller structure resulting in higher distortion of E. In other
words, the charging of smaller organelles has weakened effect
because the region of impact of small organelles is small and
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FIGURE 5. PLD distribution: (a), (f) cell; (b), (g) nuclear pore; (c), (h) vesicle; (d), (i) Golgi apparatus; (e), (j) mitochondria.

not sufficient to modify nearby oscillators. A similar trend is
observable at 60 GHz. The power loss and E,yg in Moy of
mitochondria (M4) is 5.55% and 3.05% higher than that of
mitochondria (M1) (Fig. 5(f) and 6(f)).

4) EFFECT OF ORGANELLES ORIENTATION

The power loss and E are sensitive to the orientation of applied
E with respect to the major or minor axis of the mitochondria.
In case of alignment of E with the minor axis of the mito-
chondria at 6.78 MHz, the power loss and E,yg in the Mom
are 82.3% and 62.8% higher than the case when E is aligned
with the major axis of mitochondria (Fig. 5(e) and 6(e)). The
higher power loss in the former case is because the flat portion
of Mo, is perpendicular to the incident E thereby inducing
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higher E. Likewise, at 60 GHz when E is parallel to the minor
axis of the mitochondria, the power loss and E,y, in the Mo,
are 81.9% and 59.5% higher than the case when E is parallel
to the major axis of the mitochondria (Fig. 5(j) and 6(j)).

On the opposite, the power loss and Ejy, in the lumen of
mitochondria whose major axis is aligned with E are 33.75%
and 7.65% higher than that mitochondria whose minor axis is
aligned with E at 6.78 MHz (Fig. 5(e) and 6(e)). In contrast, at
60 GHz, when E is parallel to the minor axis of mitochondria,
the power loss and Eyy, inside its lumen are 42.1% and 25.2%
higher than when E is parallel to major axis (Fig. 5(j) and
6(j)). The lower power loss and E,y, in the latter case are
because of diminished charging of M;,, at 60 GHz. The results
indicate that only a subpopulation of the organelles with the
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minimum streamlinedness and largest height in the direction
of the E are excited to produce the maximum power loss.

5) RELEVANCE FOR FUTURE INVESTIGATION ON
BIOLOGICAL EFFECTS

Potential biological consequences and impact of aforemen-
tioned variations in the power loss and E on cell func-
tion have not been investigated so far. From a biological
point of view, the higher power loss observed in the N,
(Fig. 5(b) and 5(g)), VL (Fig. 5(d) and 5(g)), and GAL
(Fig. 5(c) and 5(h)) suggests that priority can be given to
investigate the effect of the exposure on intracellular traffic.
The power absorption at the level of the cristae and Mjp,
highlights the hypothesis of a potential interference with the
respiratory chain and possible production of reactive oxy-
gen species. Further biological investigations of these aspects
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are out of the scope of this study and constitute one of its
perspectives.

IV. CONCLUSION

This paper presents, for the first time, the microdosimet-
ric analysis of a keratinocyte at frequencies upcoming for
mmWave 5 G/6 G and wireless power transfer systems. The
results quantitatively show dispersive absorption in the cell
model. In particular, the average power loss within all its
interior compartments at 6.78 MHz (0.21 W/ m3) and 60 GHz
314 W/m3) was 35.7% and 1.95% lower than that of the
cytoplasm (CP) (0.33 W/m> at 6.78 MHz and 32.04 W/m?>
at 60 GHz) due to the frequency-dependent shielding effect
of membranes. In other words, in average more than 51.8%
and 98.9% of the incident field reaches cellular compartments
at 6.78 MHz and 60 GHz, respectively. Thus, the mmWave
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exhibit higher capability to cause potential microthermal ef-
fects at subcellular level than HF band. Additionally, average
electric field (Eayg) inside nuclear pores (Np) was roughly
5 times (4.96 V/m at 6.78 MHz) and 1.1 times (1.1 V/m
at 60 GHz) higher than the incident field while the aver-
age power loss was 32.7 times (10.8 W/m> at 6.78 MHz)
and 1.2 times (39.01 W/m® at 60 GHz) higher than that of
CP. Furthermore, induced E in 3D N, was 50% (6.78 MHz)
and 26.3% (60 GHz) higher than the 2D N;. This suggests
that any narrow regions between membrane bound structures
within the cell will exhibit higher power loss compared to
surrounding cytoplasm due to induced surface charges along
the membranes. The average power loss within the large cell
is roughly 200 times and 4 times higher than that in a small
vesicle (exosome) at 6.78 MHz and 60 GHz, respectively.
Thus, the interior of smaller organelles, such as vesicles, are
better shielded from non-ionizing radiation compared to larger
ones. Finally, in case of electric field parallel to the minor
axis of the mitochondria, the power loss and E,y, in the outer
mitochondria membrane (Mo, ) are higher (82.3% and 62.8%
at 6.78 MHz, 81.9% and 59.5% at 60 GHz) compared to the
case when it is parallel to the major axis of mitochondria.
Consequently, the maximum absorption within the subcellu-
lar membranes takes place when electric field is perpendic-
ular to the longest dimension of the organelles. This study
provides valuable electromagnetic dosimetry data regarding
non-uniform micro-scale power deposition in cells.

The electric field measurements with high spatial resolution
would be required for experimental validation of the numeri-
cal results. Despite the excellent sensitivity, the conventional
methods for recording membrane potential (microelectrodes
and voltage-sensitive dyes) [54] and mapping intracellular
electric field (nanoparticles) [55] only provide a glimpse of
the total electric field profile within the cell. Similarly, the
infrared thermography suffers from insufficient spatial reso-
Iution (=10 pm) [56]. Development of reliable methods for
precise measurement of local subcellular electric field and
temperature constitutes one of the perspectives of this work.
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