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Abstract

Aim: Heating by nanoparticles, which are located in the tissue to be treated, is
a well-recognized method in hyperthermic oncology. Our objective is to in-
vestigate selective, nanoscopic heating without concentrating extra artificial
nanoparticles. We have in silico calculation to study the heating of the trans-
membrane protein clusters (rafts) on cell-membrane. The transmembrane
protein domains have significantly higher dielectric constant than their lipid
neighborhood in the membrane. This difference causes a local gradient in the
Specific Absorption Rate (SAR), which could be a factor of heating of the
membranes locally, as well as exciting the receptors for various signal trans-
duction in the cells. We suppose that this process determines the observed
cellular effects of modulated electro-hyperthermia (mEHT, trade-name: onco-
thermia). Materials and Methods: /n silico models with highly specialized
software (Computer Simulation Technology (CST), Darmstadt, Germany)
were performed visualizing the selectivity for the membrane domains. Local
raft models were created to simulate the electromagnetic (EM) effect of a
13.56 MHz excitation between two perfect electrical conductor plates, simu-
lating the equipotential conditions of the sides of the membrane in the vicinity
of the raft. The simulations were performed with near-field (EQS) solver of
CST. The electric field, current density, and electric loss density were moni-
tored by the simulations. The applied material properties and parameters refer
to the recent literature. Results: /n silico models show ten times higher ener-
gy-absorption of the transmembrane domains than that of its lipid-membrane
surrounding, and intra- and extracellular neighborhood. Depending on the
size, orientation, and location of the membrane rafts, the value of SAR varies,
but we use only two simplified models to see the absorption properties. Tak-
ing into account the characteristics of the EM field effects we showed that the
selective energy-absorption increased further by the cell-cell interactions. The
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model-calculation could confirm the opportunity of the local membrane
heating. Conclusion: Our results indicate the heating in nanoscopic range
with energy-absorption by the transmembrane proteins. The heated pro-
tein-clusters (membrane rafts) are used the same way as the artificial nano-
particles, while these absorbers are natural parts of the biological system.

Keywords

Modulated Electro-Hyperthermia (mEHT), Nanoheating,
Membrane Raft, Selection

1. Introduction

One of the main objectives of modulated electro-hyperthermia (mEHT) [1] is its
selective heating [2], which is supposed to be by energy-absorption of the trans-
membrane protein clusters (rafts) [3]. However, the measurement of the effect in
nano range is highly complicated. The development of information technology
allows simulating the radio-frequency (RF) induced electromagnetic (EM) field
and its absorbed energy in model structures.

The main components of the cell membrane are sphingolipid, cholesterol,
steroid, carbohydrate and transmembrane proteins. The rafts are structured
parts of the membrane, a cluster of transmembrane proteins, and contain high
proportion of saturated lipids and cholesterols as well [4]. The cholesterol and
protein content increase the stability of the membrane. Furthermore, proteins
are responsible for the structure and signal transduction, functioning like recep-
tors on the surface of the membrane. The rafts are just the 2% of the membrane
components but give the 50% of the membrane mass due to their size, [5]. The
main part of the proteins is clustered in raft domains. They form the 25% - 60%
of the raft depending on the location of dynamic proteins, [6]. These ordered
domains have high lateral mobility in the membrane [7], which allows their easy
shifting by the applied electric field, situating in the most optimal absorption
position.

The size of the membrane rafts depends on the ratio of protein and lipid con-
tent, which differs in their location and could change by time. The geometry of
the planar rafts in the recent literature is 25 - 700 nm, 100 - 200 nm and 10 - 100
nm average diameter, [8] [9] [10]. Of course, the thickness of these domains is
higher (due to the high protein content) than the non-structured part of the
membrane which is only about 5 nm [11]. Furthermore, the cholesterol which
wedged in the proteins widens perpendicular the transmembrane region of the
domain.

The dielectric constant and the conductivity determine the electric properties
of the membrane and the rafts. The raft and its micro-environment have a con-
siderable diversity, which complicates its average characterization. The dielectric

constant (relative permittivity, €,) of the intra- and extracellular space is approx.
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&,= 73 [5], showing large displacement field: D = ¢ E. The membrane layer has a
low dielectric constant, (&, = 2). However, the membranes are heterogenous. The
layers of phospholipid heads and tails have different dielectric constants in the
shell model, [12] [13] [14] [15] [16].

The raft domain contains a high portion of protein; therefore, this region has
undoubtedly higher permittivity than its membrane neighborhood. The average
dielectric constant of the raft domain takes into consideration the proteins in the
cluster. The protein permittivity has multiple variants in the literature. There is

measurement showing an extreme high = 6300 value in the integral pro-

Eprotein
tein next to the low g, = 2 value in the lipid region, and the transmembrane re-
gion of the protein also has low permittivity because the ability of polarization is
blocked in this area [17]. In other membrane measurement ¢,, = 12.5 (with 1.6
standard deviations) [18]. This high value is probably a local peak in the meas-
ured average dielectric value of protein including membrane.

The transmembrane protein clusters have even more heterogeneity and com-
plex interactions, and so their simulation and measurements are more compli-
cated. The hydrophobic region of the proteins shows low dielectric constant 2 <
Erorein < 53 however, the outer regions with bounded water increase up to more

than ¢

protein

> 100 in some regions, and proves the extreme values in some cases
[17]. The water bound to the protein further increases the average dielectric
constant, like it is shown by the Kirkwood-Frohlich approximation in 21 types
of proteins in water solution, [19]. Simulations [20] show that the protein di-
electric constant was &,,q.i, = 6 - 7 in the inner protein region and &, = 20 - 30
on its wet surface. Generally, although the cholesterol and lipid contents of the
raft domain cause decreasing in the relative permittivity of the inner raft area (2
< &4 < 5), but the high density of protein chain ends lead to an outstanding raft
< 80), [21]. We assume the
dielectric constant of the complex membrane rafts as ¢, = 40.

region with high relative permittivity (40 < &4 protein

The electric conductivity also shows the difference between the raft and
non-raft part of the membrane. The average conductivity of the cell membrane
is 3 x 107 S/m, [5]. In the membrane having high proportions of transmem-
brane proteins nearly ten times higher conductivity was measured, [22]. Models
of the added protein domains with different concentration into the lipid layer
showed between one and three orders of magnitude higher conductivity in the
presence of protein fractions than the lipid membrane alone [23]. We conclude
that the high protein portion of raft domain causes at least ten times higher elec-
tric conductivity, which well identifies the rafts by the forced RF-current. In the
case of multilayer model, the conductivity of the outer part of rafts is estimated
nearly 3 x 107 S/m, [24].

The absorbed energy heats the mass of the raft. The mass determines their
developed temperature. The membrane mass is made up of 52% protein, 40% li-
pid, and 8% carbohydrate, [25]. The main part of membrane proteins is located
in membrane rafts. The mass density of the non-raft membrane region is ex-

amined in several projects, [26] [27] [28]. The mass density of the inner parts of
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the protein chains is lower than their surfaces, but of the mass density of the
outer part of the complex raft is higher than the value of the electrolyte. The av-
erage mass density of electrolyte is 1000 kg/m’, while of the lipid is approx. 900
kg/m?, [28] [29] [30]. The presence of sphingomyelins and cholesterols (which
are typical in the raft) increases of the membrane mass density, which is en-
hanced further by the presence of transmembrane proteins, [31] [32] [33] [34].
Taking these facts into consideration the mass density of membrane rafts is es-
timated pretty high, up to 1150 kg/m”.

Our objective is to calculate the specific energy distribution in the above de-
scribed well heterogeneous membrane structures, with particular emphasis of
the energy-absorption of their rafts. The summary of the values of parameters,
which are used in this article to examine the electric loss distribution in the

membrane raft domains is presented in Table 1.

2. Material and Methods

The CST EM Studio from Computer Simulation Technology software (Darmstadt,
Germany) [35] was used to simulate the electromagnetic (EM) field effect on the
3D cellular models. The calculation is based on the Finite Integration Technique
(FIT) [36] which enables to solve the Maxwell equations under certain condi-
tions applying a mesh for numerical calculation. Considering the created struc-
ture and material properties of the model and the defined excitation conditions
the software calculates the direction and the magnitude of EM field vectors for
each mesh unit. Due to the extremely high mesh number, the simulation resolu-
tion does not allow precise solution; therefore, in our cellular models, a homo-

genous membrane layer was generated.

Table 1. Material properties which used the simple and complex raft simulations (based
on the literature values).

. Dielectric ~ Conductivity =~ Mass density Underlying
Material R
constant (S/m) (kg/m?) References
Extracellular space 72.5 1.2 1000
Kotnik et al, 2000 [5]
Intracellular space 72.5 0.3 1000
Campello et al, 2014 [31]
Membrane 2 3x1077 900
Simple Model
Pitera et al., 2001 [19]
» Banerjee et al, 1981 [24]
Raft 40 3x10 1150

Heikela et al., 2006 [34]
Waxham et al, 2007 [35]

Complex model

Guest et al., 2011 [20]
Raft-inner 4 3x10°° 1150 Li et al, 2013 [21]
Starke et al., 2006 [23]
Banerjee et al, 1981 [24]
Raft-outer 40 3x10° 1050 Heikeld et al., 2006 [34]
Waxham et al, 2007 [35]
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Our primary attention focused on the local electric field distribution in the
membrane raft and its environment. The first model represents a homogenous
raft domain embedded in the membrane layer (see Figure 1). The flat mem-
brane was stretched between two parallel circular plates in the middle. The di-
ameter of the electrodes was 3 um, the thickness was 50 nm, and the material
was Perfect Electrical Conductor (PEC), modelized the equipotential conditions
at the two sides of the membrane. The distance between the plates was defined
to 2 um plus 5 nm (which was the thickness of the electrolytes together and the
membrane). The raft domain was placed in the middle of the membrane with
the same thickness. The diameter of the raft was 1 pum. The material parameters
of the model correspond to Table 1.

The second local model was a complex three-layer raft with the similar condi-
tions as in the homogeneous except with the changed thickness and some ma-
terial parameters: the inner raft was increased to 6 nm and the outer raft area
was represented with two 2 pum thick layers, (see Table 1).

The simulating frequency in both cases was 13.56 MHz. The maximum wave-
length in the model was much higher than the measuring volume, therefore, the
low-frequency solver was used. Open boundary conditions were defined with
adaptive tetrahedral mesh division. The model was divided into approximately
three million tetrahedrons. For excitation 100 mV effective voltage difference
was defined between the two electrode plates, simulating the membrane poten-

tial by creating approx. 1.1 x 10" V/m electric field in the membrane.

3. Results

The electric field, current density, electric energy and electric loss density at
13.56 MHz were calculated in our present simulations. Figure 2 and Figure 3
show the calculated field distributions in the simple and the complex cases, re-
spectively. The E-field at the raft boundary is significantly higher than in the

A 50nm
Simple model

1000 nm
membrane

AU4=01V  spm

Complex model
1000 nm

P membrane

50 nm

—
1Tpm—

3 um

Figure 1. Local membrane raft models. The connected parts of the simple and complex
models are in the inserts.
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Figure 2. 2D simulation results of electric field, current density, electric energy and electric loss density at 13.56 MHz in the case
of simple model. The cutting plane was at the symmetry axis x= 0. (EC: Extracellular space, IC: Intracellular space).
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Figure 3. 2D simulation results of electric field, current density, electric energy and electric loss density at 13.56 MHz in the case
of a complex model. The cutting plane was at the symmetry axis x= 0. (EC: Extracellular space, IC: Intracellular space).
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electrolyte. Furthermore, we can see a discrepancy between the extracellular
(EC) and intracellular (IC) values also due to the conductivity differences. In the
simple raft model, local peaks appear at the border of the raft and membrane. In
the complex model, these peaks are significantly weaker. The whole raft envi-
ronment has almost the same high E-field. We observed it in all calculated field
distributions. The current density shows significantly higher value at the raft.

The supplied energy can be divided into two parts. One is the stored energy,
and the other is the loss, which transforms into heat. Therefore, the loss distri-
bution gives essential information to estimate the early heat distribution. Each
result shows that the high differences in the material properties give a massive
peak in the investigated domain (see Figure 4). The absorption is much higher
in the rafts than in the non-raft part of the cell membrane.

The Specific Absorption Rate (SAR) is the quotient of electric loss (Pd) and
mass (m), which is evidently calculated from the electric loss density (see Figure
5). The connection between the SAR and the temperature change when the
conduction heat transfer is negligible:

Q P, *At  SAR=*At
c,m cm

AT =

P
where ¢, is the specific heat in isobar conditions, Q is the heat-energy and Atis
the time of observation. Consequently, the partial derivative of temperature is
well approximated by the SAR. The calculated temperature change is remarkable
at the raft domain. The time interval (A#) was chosen to 0.01 second. Figure 6
shows the temperature gradient of the simple and complex raft model. The
heated mass of the complex model is definitely less than in the simple one so

that less energy may heat it for us to a higher temperature.
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Figure 4. Electric Loss Density in the simple and complex model at the vertical symmetry
axis. The negative distance is the loss in the extracellular space; the positive one is the loss
of the intracellular space. The jump at zero is the loss in the raft (a). The absorption of the
raft is magnified (b).

DOI: 10.4236/ojbiphy.2017.74016

222 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2017.74016

E. Papp et al.

SAR (W/pg)
35

= Simple

151 — Complex

1.0

0.5

0-0 T T T T T T T T T 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Distance (um)

Figure 5. Specific Absorption Rate (SAR) in the simple and complex model at the vertical
symmetry axis. The negative distance is the loss in the extracellular space; the positive one
is the loss of the intracellular space. The jump at zero is the loss in the raft.
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Figure 6. Temperature change (AT) in the simple and complex model at the vertical
symmetry axis. The negative distance is the loss in the extracellular space; the positive one
is the loss of the intracellular space. The jump at zero is the temperature change in the raft
(a). The temperature of the raft is magnified (b).

4. Discussion

The theoretical model-calculation of mEHT induced nanoheating effect by EM
field simulations shows a high selectivity of the energy-absorption. The simula-
tion does not consider some further complexity of the rafts like the average per-
mittivity depends on the type of amino acids as well [21]. Based on the 91 ex-
amined proteins the average dielectric constant is in the interval 11.0 < &, i <
25.6. The highest values of

aspartate. The detected dielectric constant considerably depends on the method

Eyrotein are found for lysine, arginine, glutamine, and
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and the configuration of the actual measurement, mainly on the water-content
of the protein. The permittivity of the protein is more than two times higher at
low pH than at high pH, and the surrounding electrolyte, as well as the temper-
ature, also influence remarkably the observed values, [19], [37]. By this way, the
low-pH values of cancerous tumors are increasing the permittivity of the rafts,
which helps their selection by the electric field. Consequently, the selection val-
ues of our present simulation can be even more robust so that we may consider
this calculation as the lower limit of the selectivity.

The local heating occurs on the membrane raft domains, which is the func-
tional part of the membrane. The comparison of the simple and complex mem-
brane raft models shows that the environmental loss in the near vicinity of the
raft is less in the complex model than at the homogeneous one. However, the
value of the loss in the inner part has the opposite change. The gradient between
the layers causes this effect. Calculations show that at least one order of magni-
tude extra energy absorption can be observed in the rafts in both cases, which
proves the selectivity of the membrane raft. The magnitude of the derived SAR
value at the membrane raft corresponds well to the literature results of magnetic
nanoparticles, [38].

The complex raft model represents a more localized temperature gradient,
(Figure 6). Furthermore, the temperature in the outer part of the raft is nearly
the same as in the local neighborhood of the homogeneous raft model at the
given At. Therefore, we can accept approx. 8.5°C temperature change in the
protein tail-end region in the raft as a local heating of the micro-domain. The
electric field and the increased temperature has a strong synergy [39].

The simulation results of cellular models correspond with the theoretical con-
siderations [3], and the experimental results, which is measured by DIL die of
the membrane and its fluorescence is calibrated on temperature. The measured
membrane temperature was in average 6°C higher in the selective heating than
in the water-bath on the same temperature measured in vitro by HT29 human
hepatocellular carcinoma cell-line [40]. The crucial detailed investigation was
performed on U937 human lymphoma cell-line, where the nano selection effect
was used and showed its thermal, Arrhenius-plot too, [41]. Using the advantages
of the present selection mechanisms a new kind of hyperthermia was developed:
the modulated electro-hyperthermia (mEHT), in which the nano range effect on
the rafts plays a crucial role, [42] [43].

The selectively heated rafts excite numerous signal transduction pathways
[44], and produce extrinsic apoptosis signals [45]. In the case of well-applied ex-
citations, these create a spatiotemporal production of particular molecules (dam-
age-associated molecular pattern, DAMP), and its consequence could be immu-
nogenic cell-death (ICD), [46].

The high energy absorption at membrane raft appears in cellular level also.
Furthermore, the results of a seven-cell model, where the cell-cell micro-contacts
are raft domains, present high local electric loss peaks at the connection areas,

especially in the vertical cell contacts (Figure 7).
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Figure 7. Extra energy-loss happen by touching microdomains at the neighboring cells.

The selection makes the high-preciosity of the energy targeting possible [47],
accompanied with high efficacy as well [48]. This special energy-targeting could
be one of the factors of the apoptosis induction, as well as the production of the
DAMP and ICD, as a basis of tumor-vaccination [49].
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5. Conclusion

These confirm that mEHT can cause specific energy-absorption in the mem-

brane rafts, which carry many signal-receptors and are involved in multiple

functional signal pathways.
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