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Abstract

Radio-frequency (RF) electromagnetic fields are readily absorbed in biological mat-

ter and lead to dielectric heating. To understand how RF radiation interacts with

macromolecular structures and possibly influences biological function, a quantitative

description of dielectric absorption and heating at nanometer resolution beyond the

usual effective medium approach is crucial. We report an exemplary multi-scale theo-

retical study for bio-membranes that combines i) atomistic simulations for the spatially

resolved absorption spectrum at a single planar DPPC lipid bilayer immersed in wa-

ter, ii) calculation of the electric field distribution in planar and spherical cell models,

and iii) prediction of the nanometer resolved temperature profiles under steady RF

radiation. Our atomistic simulations show that the only 2 nanometer thick lipid hy-

dration layer strongly absorbs in a wide RF range between 10MHz and 100 GHz. The
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absorption strength, however, strongly depends on the direction of the incident wave.

This requires modeling of the electric field distribution using tensorial dielectric spec-

tral functions. For a spherical cell model, we find a strongly enhanced RF absorption

on an equatorial ring, which gives rise to temperature gradients inside a single cell

under radiation. Although absolute temperature elevation is small under conditions of

typical telecommunication usage, our study points to hitherto neglected temperature

gradient effects and allows to predict thermal RF effects on an atomistically resolved

level. In addition to a refined physiological risk assessment of RF fields, technological

applications for controlling temperature profiles in nano devices are possible.

Introduction

The steady increase in wireless telecommunication over the last years urgently poses the

question about physiological side effects when biological tissue is exposed to electromagnetic

(EM) radiation.1,2 Although recent NMR techniques have the potential to significantly im-

prove spatial resolution,3 current experimental techniques4,5 are limited to measuring the

absorption and temperature rise in macroscopic pieces of biological materials with extensions

much larger than a single cell. Likewise, theoretical and computational models usually as-

sume effective, spatially homogeneous dielectric material properties.4,6–8 This is particularly

worrisome since cognitive function and signaling primarily happens at membrane surfaces.9

Consequently any slight local temperature perturbation close to membranes, which would

not be accounted for in models or measurements targeting only macroscopic heat effects,

could have subtle effects on, e.g., higher brain function or immunological response. Such lo-

cal effects could possibly be related to the significant effects RF radiation has on crucial cell

function such as gene expression10 or apoptosis.11 In fact, recent spectroscopic experiments

demonstrated that the biologically relevant hydration water12–15 interacts with radiation dif-

ferently from bulk water,16–18 but the absorption of biological interfaces in the relevant RF

spectral range and the spatial scale over which such interfaces absorb radiation is not known
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in detail.

In this work, we show how computer simulations combined with continuum modeling can

quantitatively predict temperature profiles at biological interfaces on the nanometer scale.

We first present extensive Molecular Dynamics computer simulations that yield spatially

resolved RF absorption spectra at a single dipalmitoylphosphatidylcholine (DPPC) lipid bi-

layer, which is the main constituent of typical cell membranes. The RF absorption exhibits

pronounced anisotropy: for electric fields perpendicular to the membrane the absorption

in the interfacial region is strongly reduced compared to bulk water, while the interfacial

absorption spectrum for parallel fields shows an additional absorption peak around 30MHz

in agreement with experimental bulk data.19,20 Based on these simulation data we use con-

tinuum electrodynamic theory to predict the electric field distributions and the local specific

absorption rate distributions (SAR) for simplified planar and spherical model cells. Previ-

ous modeling attempts have been severely hindered by the difficulty to obtain appropriate

spatially resolved, anisotropic absorption spectra and have therefore mostly been restricted

to isotropic model systems.21–23 For the spherical cell model we find strongly enhanced local

absorption on an equatorial circle for small and intermediate cell radii. In the third step

we use a continuum heat conduction model and predict the steady-state temperature profile

for single cells as well as for a stack of planar cells that mimics the typical arrangement of

keratinocyte skin cells. We find that for RF field strengths commonly encountered in telecom-

munication usage, the excellent heat conductivity of the interfacial region compensates the

enhanced interfacial RF absorption, such that the resulting temperature elevation does not

exceed a few microkelvin. Since in the RF frequency range ionic conductivity and magnetic

power dissipation is negligible and therefore dielectric heating constitutes the main biological

effect,24 we conclude that RF radiation effects are far below physiologically relevant levels

even when absorption and heating effects are resolved on the nanometer level. Conversely,

our methods allow to clearly predict at which radiation dosage local temperature thresh-

olds are reached. Although our MD simulations are done for lipid bilayers, we expect the
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interfacial layers around other polar biological surfaces formed by proteins or nucleic acids

not to differ in major aspects and therefore our findings to apply also to cell organelles and

macromolecular assemblies. Finally, the local heating effects predicted by us can be used to

achieve steady state temperature gradients in closed microfluidic compartments, which opens

attractive experimental routes for the study of non-equilibrium biophysical processes.25

Methods

Simulations

Simulations are run using the GROMACS package26 at a temperature of 320K in order to

keep the membrane in the fluid state representative of the in vivo situation,27 for more details

see the SI.

Spatially resolved tensorial absorption spectra

The spatially resolved dielectric tensor on the linear response level follows from thermal

fluctuations of the local polarization vector P(z). In anisotropic systems such as the present

one, the dielectric boundary conditions need to be properly considered.28 Defining the po-

larization correlation function

cα(z, t) = 〈Pα(z, 0) ·Mα(t)〉 − 〈Pα(z)〉 · 〈Mα〉 (1)

where α =‖,⊥, M(t) =
∫
V
P (t)dV denotes the overall system dipole moment and 〈. . .〉

stands for time averages, the parallel component of the dielectric tensor in terms of the

frequency f is

ε‖(z, f) = 1 +
β

2ε0
L[−ċ‖(z, t)]. (2)

Here the dot denotes a time derivative, β = 1
kBT

is the inverse thermal energy, and L[g] =∫∞
0

dte−i2πftg(t) denotes the Laplace transformation of a function g(t). For the perpendicular
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component we find

ε⊥(z, f) =

β
ε0
Li2πf [−ċ⊥(z, t)]

1 + β
V ε0
Li2πf [−Ċ⊥(t)]− β

ε0
Li2πf [−ċ⊥(z, t)]

+ 1 (3)

where V is the system volume and C⊥(t) = 〈M⊥(0) ·M⊥(t)〉 − 〈M⊥〉 · 〈M⊥〉 is the system

correlation function. When we display dielectric spectra that are averaged over finite regions

in space or over atomic populations, we use partial integrals or sums over the polarization

correlation functions cα(z, t). Similar expressions have been used in the static limit.29 The

full derivation and details on the numerics are given in the SI.

SAR for spherical cell model

The time-dependent electric potential φ(r, θ, t) satisfies the equation

∇ · ε(r)∇φ(r, θ, t) = 0 (4)

where ε(r) denotes the spatially dependent tensorial dielectric function which due to sym-

metry depends only on r. Inside a region i, where ε is constant, Eq. 4 is solved using the

ansatz30,31

φi(r, θ, t) = Aie
iωtrδi cos θ +Bie

iωt 1

rδi+1
cos θ (5)

where 2δi = −1 +
√

1 + 8ε‖,i/ε⊥,i and Ai and Bi are complex constants whose values de-

pend on the boundary conditions (see SI). Note that this ansatz is exact as opposed to the

approximation used in.32 Knowing the electric potential one can calculate the local electric

field amplitude E0 and the displacement field amplitude D0 at each point in the cell. We

note that these are, in general, not parallel due to the anisotropy in the dielectric tensor.

Thus, Eq. 9 cannot be applied to calculate the absorption rate. Keeping this in mind, we
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obtain an expression for the absorption rate in region i which is of the form:

Pi(r, θ) = −πf
ρ

Im
[
E0∗ ·D0

]
(6)

where ∗ denotes the complex conjugate. The detailed calculations are given in the SI.

Temperature profiles from heat diffusion equation

Inside the bilayer core, the interfacial region and the solvent region, the steady-state tem-

perature profile T (r) obeys the heat diffusion equation with a source term due to dielectric

heating,

P (r) = −λ
ρ

∆T (r). (7)

where P is the specific absorption rate (SAR) calculated above, ρ is the density and λ

the thermal conductivity which we assume to be constant inside each of the three regions.

Corresponding values for the perpendicular thermal conductivity in lipid bilayer systems

were obtained recently as λ =0.74W/(mK) in the interfacial region and λ =0.19W/(mK)

in the bilayer core region including the conductivity barrier between the two monolayers.33

For the cytoplasm and the outer water region we use λ =0.93W/(mK) as appropriate for

SPC/E water.34 We first consider the planar cell geometry where P (r) = Pi is constant in

each region and Eq. 7 is solved by the ansatz

Ti(z) = −1

2

Piρi
λi

z2 + Viz + Si. (8)

where Vi and Si are constants of integration whose values are determined by imposing con-

tinuity of temperature and energy flux at the boundary between two regions (for details

see the SI). At the interface between the cell and the surrounding bulk water we impose a

constant temperature boundary condition and present results for the temperature difference

profile ∆T (r) inside the cell. In the spherical case we assume λ=0.39W/(mK) for the lateral
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heat conductivity in the bilayer core,33 and isotropic heat conductivities in the interfacial

and solvent regions. We then solve Eq. 7 numerically using a finite-difference method as

detailed in the SI.

Results and discussion

Spatially resolved tensorial absorption spectra
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Figure 1: (A) Chemical structure of a DPPC lipid molecule. (B) Simulation snapshot:
72 DPPC molecules form a bilayer surrounded by water molecules (in blue). Lipid atoms
belonging to head, linker, and tail groups are colored in green, red, and brown according to
the different background color shades in A. White dashed lines separate the solvent region,
the interfacial region, and the bilayer core. (C)+(D) In the solvent region, both the parallel
and the perpendicular absorption spectra (solid lines) are similar to a simulated pure bulk
water spectrum (dashed lines) with a dominating absorption peak at 15GHz. (E) In the
interfacial region the parallel absorption spectrum ε′′‖(f) (black line) shows two peaks at 15

GHz and 30 MHz. The former is due to the water contribution (blue dashed line) while
the latter is predominantly due to head groups (green dashed line). The linker groups (red
dashed line) hardly contribute. (F) The perpendicular spectrum ε′′⊥(f) in the interfacial
region is strongly attenuated (note the different scale) and the peak is shifted to significantly
higher frequencies. (G)+(H) In the bilayer core there is basically no absorption.

In our Molecular Dynamics (MD) simulations we consider a periodically replicated single

dipalmitoylphosphatidylcholine (DPPC) bilayer consisting of 36 lipid molecules per mono-

layer immersed in 2278 SPC/E water molecules, see Figure 1 A for the chemical structure
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of a typical lipid molecule and Figure 1 B for a simulation snapshot. The response of a

material to an electromagnetic wave is characterized by the frequency-dependent complex

dielectric function ε(f) = ε′(f) − iε′′(f). Since our membrane system is anisotropic, the

dielectric function is a tensor with two components ε‖(f) and ε⊥(f) for electric fields paral-

lel and perpendicular to the membrane, respectively.32 In order to meaningfully distinguish

interfacial from bulk effects, we separately analyze the dielectric features in the bilayer core,

the interfacial region and the aqueous solvent region, as indicated by broken white lines in

Figure 1 B. We present results for the imaginary part of the dielectric spectrum ε′′(f), which

is proportional to the spectral absorption power; the real part, which follows from ε′′(f) via

the Kramers-Kronig relation, is presented in the Supporting Information (SI).

In the solvent region ε′′(f) is virtually isotropic, i.e., the parallel and perpendicular

components are almost indistinguishable, as shown in Figure 1 C and D. Both spectra exhibit

a single prominent absorption peak at 15 GHz (solid lines) very similar to the spectrum of

bulk water as obtained from simulations of 895 water molecules in the absence of the lipid

layer (dashed lines). In contrast, the DI = 2.2nm thick interfacial region, which entirely

contains the lipid head-groups and consists of a 0.45 water and 0.55 lipid mass fraction,

exhibits pronounced anisotropy. The parallel spectrum ε′′‖(f) in Figure 1 E displays in

addition to the 15GHz water peak a prominent peak around 30 MHz. We further decompose

the spectrum into contributions from hydration water, lipid head groups and lipid linker

groups (see Figure 1 A for graphical definitions). The main contribution to the peak at 30

MHz comes from lipid head groups while linker groups as well as hydration water contribute

only marginally in this frequency range. In fact, lipid head groups absorb also in the entire

intermediate frequency range between 100 MHz and 1 GHz, in contrast to the standard

interpretation of experimental bulk data where this absorption band is attributed to bound

hydration water.19 This demonstrates that water is much less dynamically ”slaved” to the

head group motion than commonly assumed.

The perpendicular interfacial absorption spectrum ε′′⊥(f) in Figure 1 F differs in key

8



aspects from the parallel one: The peak height is drastically reduced and its location is

shifted by almost three orders of magnitude to around 100GHz. As we will show below, the

pronounced reduction of ε′′⊥(f) sensitively influences the local electric field strength in non-

planar membrane geometries and is thus crucial for the calculation of accurate absorption

rate distributions for spherical cells. The bilayer core exhibits negligible absorption because

of the absence of partial charges on the lipid tails, see Figure 1 G and H.

The pronounced absorption in the MHz range in the interfacial region is expected based

on the large dipole moment of the zwitter-ionic lipid head groups. In fact, our simulated

parallel spectra qualitatively match experimental absorption studies on planar membrane

stacks19 and vesicle solutions.20 What is less expected is (i) the pronounced anisotropy with

a drastically reduced perpendicular absorption strength which should be experimentally

observable using surface-sensitive techniques such as time-resolved pump-probe second har-

monic generation with polarized waves35 and (ii) that the enhanced absorption in the MHz

range is localized over a surprisingly thin region of only DI = 2.2nm width. This imme-

diately prompts the question whether the interfacial hydration layer can be locally heated

in excess of what would be expected based on bulk studies, and whether the anisotropic

dielectric structure leads to non-trivial long-ranged electrodynamic effects.

Specific absorption rates in planar and curved cell geometries

The absorption rate of electromagnetic radiation follows from the solution of Maxwell’s

equations which depend on the dielectric spectra. For inhomogeneous structures such as a

membrane consisting of a core and interfacial regions, and in particular for curved geometries,

the tensorial character of the dielectric spectra can lead to non-trivial effects. We start

with the simple scenario where an EM wave vertically hits a single planar cell consisting

of two parallel bilayers of infinite lateral extent that are embedded in an aqueous solvent

and separated by a cytoplasmic layer, as illustrated in Figure 2 A. This geometry mimics

a keratinocyte skin cell that is flattened out along the skin surface and thereby neglects
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edge and curvature effects that will be treated further below. The incoming EM wave is

modeled as a time-dependent and homogeneous field of the form Eext(t) = Eext
0 cos(2πft)

that is normal to the EM propagation direction and thus parallel to the bilayer and all

dielectric boundaries. For this simple geometry Maxwell’s equations predict the electric field

strength to be identical throughout the entire system and the perpendicular field components

to vanish.36 The specific absorption rate (SAR), which is defined as the absorbed power per

unit mass, follows similarly to homogeneous, isotropic media as37

P = π
f

ρ
ε0ε
′′
‖
∣∣Eext

0

∣∣2 (9)

where ε0 is the vacuum permittivity and ρ the local mass density. To obtain explicit numbers,

we choose
∣∣Eext

0

∣∣ = 130 V/m which corresponds to an emission source located 3cm away from

the cells in vacuum with an emission power of 250mW which is typical for modern mobile

phones.38 We further select two frequencies of f = 1.8GHz and f = 30 MHz, the former

is one of the frequencies used in mobile telephony while the latter represents the lower end

of the very high frequency (VHF) band used, e.g., for radar applications. A frequency of

30MHz furthermore corresponds to the absorption peak in the parallel interfacial spectrum

in Figure 1 E. Since the EM penetration depth for these parameters is a few centimeters and

thus much larger than the cell dimensions we neglect attenuation effects of the EM wave.

Using our simulation results for the dielectric absorption in the bilayer core, interfacial and

solvent regions, we in Figure 2 A display the SAR distribution for 30MHz, demonstrating

a highly localized maximal absorption with P = 0.39W/kg in the interfacial region, P = 0

in the core layer, and P = 0.001W/kg in the cytoplasm. For a frequency of f=1.8 GHz

(leaving all other parameters unchanged) the corresponding SAR values are P = 5.9W/kg

in the interfacial region, P = 0 in the core and P = 6.7W/kg in the cytoplasm (see SI). These

even exceed the maximum allowed values which are P = 1.6W/kg in the US and between

2.0 and 4.0W/kg in Europe.39,40 We note that for the planar scenario the SAR values are
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independent of the thickness of the cytoplasm, which in Figure 2 A is taken as Rcyto=10nm.
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Figure 2: (A) Specific absorption rate (SAR) across a planar cell (mimicking a keratinocyte
skin cell) embedded in water and normal incidence of an electromagnetic wave at 30MHz.
For the interfacial and core regions with thicknesses of DI = 2.2nm and DC = 1.6nm,
respectively, the dielectric absorption spectra from Figure 1 E and G are used. (B) For a
small spherical cell/organelle with R0 = 26nm outer radius under similar radiation conditions
the outer interfacial equator has a SAR about 15 times larger than at the poles. In the inner
interfacial region much less energy is absorbed. (C) As the cell radius R0 increases the SARs
at the outer edge of the interfacial regions at the pole (blue solid) and at the equator (red
solid) approach and eventually cross. The asymptotic values are indicated by dotted lines.
Comparison with a cell membrane having a fictitous isotropic dielectric absorption spectrum
(dashed lines) corresponding to the parallel spectrum demonstrates the importance of the
tensorial anisotropy (see main text).

We now switch to our spherical cell model, where a single bilayer encloses a spherical

cytoplasm volume as illustrated in Figure 2 B. The outer radius R0 = Rcyto + DC + 2DI

varies between 0 and 100µm. The cell is immersed in a very large (105 times larger than

Rcyto) spherical solvent reservoir. The dielectric tensor in the interfacial region is expressed

in spherical coordinates with the radial and tangential components given by the perpendic-

ular and parallel spectra ε⊥(f) and ε‖(f) taken from Figure 1 E and F, respectively. For

an external electric field pointing along the z-direction the electric field distribution is in-

homogeneous and anisotropic even when the dielectric membrane properties are assumed

isotropic.41 In the present case the situation is more complex due to the tensorial character

of the membrane dielectric spectra, as outlined in the Methods Section. In Figure 2 B we
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present the SAR distribution for an outer radius of R0 = 20nm. Note that this radius is

smaller than a typical cell and rather corresponds to an organelle. In fact, we use our spher-

ical model for the whole range of outer radii from R0 = DC + 2DI = 6nm, in which case the

cytoplasmic water core is absent, to radii in the µm range. The smallest radii correspond to

liposomes and presumably are not too different from proteins in their dielectric structure,

since also proteins have mobile polar groups on their surface.

We first note that, in contrast to the planar cell, the SAR differs between the two lipid

monolayers. The SAR values in the inner monolayer are strongly reduced due to the dielectric

screening by the bilayer core. An even more striking observation is the strong angular

dependence of the SAR: for the frequency 30 MHz and outer radius R0 = 26nm in Figure 2 B

the equator forms a focal ring with a local SAR of P = 0.7W/kg, even higher than obtained

for the planar geometry in Figure 2 A, whereas at the poles only P = 0.05W/kg are absorbed.

At 1.8GHz the respective values are 11.4W/kg and 2.4W/kg as shown in the SI.

In Figure 2 C we plot the SAR in the outer monolayer at the equator (red solid line)

and at the poles (blue solid line) as a function of the outer cell radius. It is seen that

above a few µm in radius the situation reverses and the poles become points of maximal

absorption. The planar limit of infinite radius in which the pole and equatorial regions

correspond to planar slabs that are oriented perpendicularly and parallel to the external field,

respectively, is analytically tractable and yields P∞pole = πfε0ε
′′
⊥(
∣∣Eext

0

∣∣ |εbulk| / |ε⊥|)2/ρ and

P∞equator = πfε0ε
′′
‖

∣∣Eext
0

∣∣2 /ρ, which are indicated by blue and red dotted lines in Figure 2 C.

The importance of the interplay between the tensorial components is illustrated by calcu-

lations where the dielectric spectra in the interfacial region are fictitiously assumed isotropic.

The dashed lines in Figure 2 C show the SAR at the equator and pole where both parallel

and perpendicular dielectric interfacial absorption spectra are characterized by the parallel

absorption spectrum of Figure 1 E. For small radii, both quantities are significantly lower

than the true SAR shown by solid lines, thus demonstrating that the absorption in a spher-

ical shell is influenced by spectral anisotropies and cannot be accounted for by a simple
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geometric mixing of parallel and perpendicular components.
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Figure 3: Excess temperature difference profiles ∆T for cells at fixed surface temperature
under fixed radiation at 30 MHz with a 250mW point source at a distance 3 cm (see text) for
(A) planar cell model and (B) a spherical cell model. In the spherical cell the hottest point
is near the equator where the EM wave absorption is largest. (C) Maximal temperature rise
as a function of cell size R0. ∆T rises up to around 30nK for a 100µm thick planar cell
(green line) and to roughly 2nK for the largest spherical cell (black line). The quadratic
dependence of ∆T on R0 for large cells (blue dashed line) is similar in both geometries and
can be understood from the first term in Eq. 8. Note that the two ∆T ’s are not identical
even for very large radii demonstrating the long-ranged influence of the curvature in the
spherical case.

Temperature profiles for single cells

Using a continuum heat conduction model that incorporates the spatially dependent SAR

profile from the last section we now determine the stationary temperature profile under

steady irradiation (see Methods Section). As a boundary condition we fix the temperature

at the outer cell surface, which can be viewed as being the result of blood perfusion. The

heat conductivity parameters are taken from.33 Figure 3 A shows the excess temperature

profile ∆T compared to the fixed outer boundary value for the planar cell model with a 10nm

thick cytoplasm for an EM frequency of 30 MHz. The temperature difference ∆T hardly

exceeds 10−14K and a physiological side effect can be clearly ruled out. Figure 3 C shows

that the maximal temperature increase ∆T for the planar cell as a function of the cell size

R0 (green line) rises up to 30nK for a 100µm thick planar cell. The corresponding value for
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a field frequency of 1.8GHz is around 2µK as shown in the SI.

In the spherical cell the absorbed power P exhibits a complex spatial pattern and the

solution of the heat conduction equation is obtained numerically by a finite-difference method

(see SI). The resulting temperature distribution in Figure 3 B locates the hottest point in

the vicinity of the equator where also the absorption is largest. Increasing the cell radius

only leads to a slight increase in the temperature difference up to around 2nK for a cell with

a radius of R0 = 100µm at 30 MHz as shown in Figure 3 C (black line) and up to 12µK at

1.8GHz (see SI). We see that the inhomogeneous EM power absorption is counteracted by

the efficient heat conduction in the bilayer core and the interfacial region leading to relatively

smooth temperature profiles.

Temperature profile in a multicellular skin model

We finally present the temperature profile when a multicellular skin patch is exposed to an

EM wave incorporating the nanometer resolved absorption spectra in the cell membranes

obtained by our atomistic simulations and the heat conductivity barriers in the membrane

interiors. No empirical data or additional assumptions are required which is in contrast

to currently used skin models.8 We consider a stack of 110 planar keratinocyte cells as

illustrated in Figure 4 A. Each cell is modeled with a 1 µm thick cytoplasmic interior. At

the right end of the cell stack we impose a constant temperature mimicking blood perfusion

and heat transport away from the exposed area. At the left end an insulating air layer is

assumed. The resulting temperature profile is shown in Figure 4 B. At 30MHz it exhibits a

maximum at the skin-air interface with a temperature about 35nK higher than that of the

blood vessel. At 1.8GHz this value increases up to around 50µK.
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Figure 4: (A) A patch of skin is modelled as a stack of 110 planar keratinocyte cells bounded
by a blood vessel on the right and a large air layer on the left. (B) The resulting temperature
profile exhibits a maximum with 35nK at the air-exposed edge of the skin for a frequency
f =30MHz. Inset: For an electromagnetic wave as typically emitted from a mobile phone
with f = 1.8GHz the maximum temperature rise is about 50µK.

Conclusion

We have introduced a multi-scale modeling approach for the effects of dielectric heating due

to RF radiation on structured biological matter for the exemplary case of a bio-membrane

consisting of three consecutive steps: (i) Atomistically resolved MD simulations provide the

anisotropic, frequency-dependent, spatially resolved absorption spectra of a DPPC lipid bi-

layer immersed in water; (ii) these tensorial spectra are then incorporated into continuum

electrodynamics to calculate the electric field distributions and the resulting specific absorp-

tion rate (SAR) profiles for planar and spherical cell models; (iii) finally, the SAR profiles

together with thermal conductivity data are used in conjunction with continuum heat con-

duction theory to predict the steady-state temperature profiles of single cells as well as tissue

models composed of multiple cells.

The main finding of our atomistic simulation studies in part (i) is that the interfacial

region at a lipid bilayer strongly absorbs in a wide RF range from 10 MHz to 100 GHz when

the electric field is parallel to the membrane, whereas for perpendicular field orientation the

absorption is much weaker than in bulk water. Such a symmetry breaking has been seen

in simulations of solid surfaces before and is more a consequence of the dielectric boundary
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condition than the signature of an anisotropy in the molecular mobility in the interfacial

region.32 Interestingly, the role of water for the interfacial parallel absorption is confined to

the standard spectral range around 15 GHz, water is not dynamically bound or slaved to

lipid molecules. Our main finding in step (ii) is that the specific absorption rate strongly

varies between different points of a spherical cell: for relatively small cells (below a radius

of ca. 1µm) we find strongly enhanced absorption at an equatorial ring in the outer lipid

monolayer. In step (iii) we find that for fields as emitted in typical telecommunication ap-

plications the temperature elevation in an isolated cell stays below a micro-Kelvin. For a

skin model composed of a stack of 110 planar keratinocyte cells the temperature rise at the

air-exposed skin side is about 50µK which hardly can give rise to physiological side effects.

Our results, which should also apply to organelles and other biological structures that are

surrounded by polar surfaces, can be trivially scaled up by increasing the incident radiation

power or by decreasing the distance to the emitter and might be useful for imposing tem-

perature gradients in experimental micro-devices in the context of non-equilibrium thermal

effects.25

In the future, dielectric absorption profiles should also be evaluated at other biological

relevant surfaces such as proteins and nucleic acids. Dielectric anisotropy effects of the kind

found by us can be straightforwardly incorporated into existing numerical schemes4,42 and

software packages for SAR prediction (SEMCAD, COMSOL, CST Microwave Studio, etc.)

and should improve their accuracy thus leading to more reliable safety standards for RF

exposure of biological tissue.
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Rechenzentrum for computer resources.

References

(1) WHO Research Agenda for radiofrequency fields ; 2009.

(2) van Rongen, E.; Croft, R.; Juutilainen, J.; Lagroye, I.; Miyakoshi, J.; Saunders, R.;

de Seze, R.; Tenforde, T.; Verschaeve, L.; Veyret, B.; Xu, Z. Effects of Radiofrequency

Electromagnetic Fields on the Human Nervous System. J. Toxicol. Env. Health B 2009,

12, 572–597.

(3) Gultekin, D. H.; Moeller, L. NMR Imaging of Cell Phone Radiation Absorption in

Brain Tissue. Proc. Nat. Acad. Sci. (USA) 2013, 110, 58–63.

(4) Gajsek, P.; Walters, T. J.; Hurt, W. D.; Ziriax, J. M.; Nelson, D. A.; Mason, P. A.

Empirical Validation of SAR Values Predicted by FDTD Modeling. Bioelectromagnetics

2001, 23, 37–48.

(5) Franzellitti, S.; Valbonesi, P.; Ciancaglini, N.; Biondi, C.; Contin, A.; Bersani, F.;

Fabbri, E. Transient DNA Damage Induced by High-Frequency Electromagnetic Fields

(GSM 1.8GHz) in the Human Trophoblast HTR-8/SVneo Cell Line Evaluated with the

Alkaline Comet Assay. Mutat. Res. Fund. Mol. M. 2010, 683, 35–42.

(6) Gabriel, S.; Lau, R. W.; Gabriel, C. The Dielectric Properties of Biological Tissues:

III. Parametric Models for the Dielectric Spectrum of Tissues. Phys. Med. Biol. 1996,

41, 2271–2293.

(7) Feldman, Y.; Puzenko, A.; Ben Ishai, P.; Caduff, A.; Agranat, A. Human Skin as Arrays

of Helical Antennas in the Millimeter and Submillimeter Wave Range. Phys. Rev. Lett.

2008, 100, 128102.

17



(8) Shafirstein, G.; Moros, E. G. Modelling Millimetre Wave Propagation and Absorption

in a High Resolution Skin Model: The Effect of Sweat Glands. Phys. Med. Biol. 2011,

56, 1329–1339.

(9) van Meer, G.; Voelker, D. R.; Feigenson, G. W. Membrane Lipids: Where They Are

and How They Behave. Nature Reviews Molecular Cell Biology 2008, 9, 112–124.

(10) Buttiglione, M.; Roca, L.; Montemurno, E.; Vitiello, F.; Capozzi, V.; Cibelli, G. Ra-

diofrequency Radiation (900 MHz) Induces Egr-1 Gene Expression and Affects Cell-

Cycle Control in Human Neuroblastoma Cells. J. Cell. Physiol. 2007, 213, 759–767.

(11) Joubert, V.; Bourthoumieu, S.; Leveque, P.; Yardin, C. Apoptosis is Induced by Ra-

diofrequency Fields through the Caspase-Independent Mitochondrial Pathway in Cor-

tical Neurons. Radiat. Res. 2008, 169, 38–45.

(12) Rasaiah, J. C.; Garde, S.; Hummer, G. Water in Nonpolar Confinement: From Nan-

otubes to Proteins and Beyond *. Annu. Rev. Phys. Chem. 2008, 59, 713–740.

(13) Li, J.; Fernandez, J. M.; Berne, B. J. Water’s Role in the Force-Induced Unfolding of

Ubiquitin. Proc. Nat. Acad. Sci. (USA) 2010, 107, 19284–19289.

(14) Baron, R.; Setny, P.; Andrew McCammon, J. Water in Cavity Ligand Recognition. J.

Am. Chem. Soc. 2010, 132, 12091–12097.

(15) Thirumalai, D.; Reddy, G.; Straub, J. E. Role of Water in Protein Aggregation and

Amyloid Polymorphism. Accounts of Chemical Research 2012, 45, 83–92.

(16) Pal, S. K.; Zewail, A. H. Dynamics of Water in Biological Recognition. Chem. Rev.

2004, 104, 2099–2124.
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