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The nonthermal biological effects of millimeter waves has been mainly attributed to the interaction with

biological membranes. Several data on biomimetic membrane systems seem to support this conclusion. In

this paper a mechanistic hypothesis is evaluated to explain such interaction taking into account

experimental NMR data on deuterium-labeled phospholipid vesicle. These data showed that millimeter

waves induce a time and a hydration-dependent reduction of the water ordering around the

phosphocholine headgroupds. This effect is here interpreted as a change in membrane water partitioning,

due to the coupling of the radiation with the fast rotational dynamics of bound water molecules, that

results in a measurable relocation of water molecules from the inner to the outer binding regions of the

membrane interface. When millimeter wave exposure is performed in the vicinity of the transition point,

this effect can lead to an upward shift of the membrane phase transition temperature from the fluid to the

gel phase. At a macroscopic level, this unique sensitivity may be explained by the universal dynamic

behaviour of the membranes in the vicinity of the transition point, where a pretransitional increase of

membrane area fluctuations, i.e., of the mean area per phospholipid headgroup, is observed. Exposure to

millimeter waves, increases the above fluctuations and enhances the second order character of the

transition.

1. Introduction

The use of millimeter waves (MMWs, 30-300 GHz) in wireless
communication technology have been considerably increased
during the last years, due to the need for high data rate wireless
capacities. " ? Although the power density emitted by MMWs
sources is below 1 mW/cm® and no significant heating has been
observed in exposed biological systems,'* different authors claim
that low-power millimeter waves may induce important non-
thermal biological effects.” *'°

The hypothesis of a non-thermal mechanism involving biological
membranes has been early proposed by Frohlich (1988),"® who
pointed out that the high electric field (~10° V/em) across the
membrane double layer (thickness of the order (0.01 um), causes
strong electric polarization. Membrane elastic oscillations,
corresponding to sound wave velocities of the order of 10° cm/s,
can therefore lead to electric vibrations with frequencies in the
range 10-100 GHz, estimated by the ratio between the sound
wave velocity and its wavelength equal to one half the membrane
thickness. That is, biomembranes can act as oscillating electric
dipoles with frequencies in the millimeter wave region. Frohlich
further considered active biological systems as open systems
thermally coupled to the environment. The system is open to food
(metabolic energy) and other non-thermal energy supplies in
order to get stabilized in states (or modes) of oscillations, far
from its thermal equilibrium. Modes are coupled by non-linear
long-range interactions and at each mode is associated a chemical
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potential whose value depends on its quantum energy. Frohlich
showed that, when the rate of energy supply, given by the sum of
the metabolic energy and of the millimeter wave energy, exceeds
a threshold the system is pointed toward a highly coherent state
characterized by only one mode of oscillation. This can occur
only if dipole vibrations occur in a narrow band of resonance
frequencies and the coupling constant between the system
components are large enough. Under these conditions, strong
long-range dipole-dipole attractive forces, with an interdipole
interaction potential proportional to r?, are established. Bose
condensation of the vibrational modes to the lowest frequency
oscillation mode leads to a metastable state with net dielectric
polarization (coherent excitation).

Recently, Reimers et al. revised Frohlich’s model showing that
“weak condensates”, that do not require coherence, may be
produced by microwave energy and may significantly affect
biological systems.'” However, Frohlich’s theory has not yet been
unambiguously proven, even though some studies showed that
the growth of some yeast and bacteria cells could be affected by
millimeter waves only at specific frequencies, suggesting a
resonant interaction mechanism.**!2

It is worth noting that, even if this would occur, spectral
resonances can be hardly tuned due to the water-dominated
absorbance of the MMW energy in biological media.'®"

In the recent years, membrane modelling and simulations have
been increasingly used in order to study wave interaction with
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membranes, including the effects of MMWs at a molecular
level®®® Exposure at 60 GHz and low power densities
(uW/cm?), significantly affects the lateral pressure of
phospholipid monolayer.”® Significant alterations were also
observed on the physical-chemical properties of cell-sized
unilamellar vesicles (GUVs) exposed at 53.57 GHz and average
SAR of less than 1 W/Kg.* Recently, it was shown that wide-
band exposure in the 53-78 GHz range affects the membrane
permeability to water in GUVs subjected to osmotic pressure.”
Moreover, in similar exposure conditions, the aging process
occurring in large unilamellar vesicles was inhibited.? It has been
pointed out that millimeter waves may affect the
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Figure 1. Quadrupole splitting versus temperature across the
main phase transition point of a DMPC MLV

membrane-water vesicle interface. This hypothesis has been
recently supported by “H-NMR spectroscopic studies on
deuterium-labeled phospholipid vesicles, where MMWs exposure
at 53-78 GHz, induced a hydration-dependent reduction of the
water ordering at the membrane interface which led to an upward
shift of the membrane main phase transition point.”** All the
above results have been attributed to non-thermal effects, either
because of the use of very low incident power (of the order of
several uW) or because the observed effects were opposite to
those that would be caused by a thermal increase of the
membrane sample. However, so far, no interaction mechanisms
have been proposed. Here, we provide an overall picture on the
response of 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
membranes to MMWs over a wide range of temperatures across
the main phase transition point, and we suggest a theoretical
model that explains for the MMWs induced effects on these
biomimetic membrane systems.

2. Experimental
2.1 Sample preparation and NMR acquisition

1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) was
purchased from Sigma Aldrich with a 98.8 % purity and used
without further purification. *H,O was obtained from Cambridge
Isotope Inc. having a purity of 99.98 %. Multilamellar vesicles
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(MLVs) were prepared as described elsewhere.”>”’ Briefly,
DMPC powder was dried to constant weight in vacuum at room
temperature and then hydrated with heavy water to yield
multilamellar vesicles (MLVs) containing from 7 up to 11 water
moles per mole of lipids (#,,). Samples were prepared with a total
weight of about 60 mg per sample in order to have an optimal
thickness of about 3 mm in the NMR tube. Deuterium spectra
were acquired with a Bruker Avance 300 spectrometer at 46.52
MHz using a phase cycled quadrupole echo sequence with @/2 =
7 usec, T, = 50 psec and a recycle delay of 1 s followed by
Fourier transformation. 32 to 128 transients were averaged with a
spectral width of 30 KHz. All free-induction decay (FID) were
apodized with an exponential multiplication corresponding to a
line broadening of 20 Hz. Temperature inside the probe was
strictly controlled by the Bruker VT 2000 unit.

2.2 Millimeter wave exposure set up

A detailed description of the MMW exposure set-up was done
elsewhere.'® Briefly, the radiation was generated by a wide-band
power source (Amphit-32, MicroMedTech, Nizhny Novgorod,
Russia) in the 53.57-78.33 GHz frequency (f) range and
propagated inside the NMR probe containing the sample, through
a diamagnetic metallic circular waveguide terminating with a
dielectric antenna. Under this condition, real-time NMR spectra
acquisition was allowed, in strictly controlled temperature
conditions.

2.3 Curve-Fitting procedure

The iterative nonlinear least squares Levenberg-Marquardt
method was used for all curve-fitting procedures. This method
involves an iterative improvement of parameter values in order to
reduce the sum of the squared errors between the function and the
measured data points. At each iteration the parameters used in the
model were varied in order to minimize the chi-square 3

1
e e UL CHm )|

where, w; is a weighting coefficient, y is the dependent variable, x
is the independent variables, n is the total number of
experimental points used in the fitting, p is the total number of
adjustable parameters used in the fitting, p;, p,,... are the model
parameters which are varied in order to minimize z*. Standard
errors were calculated as, o; = (Cj; ;{2)1/ 2 where C; is the diagonal
element of the variance-covariance matrix.

2.4. Dosimetry

The exposure set-up was made up of a circular waveguide
(internal radius of 2 mm), fed at one end by the MMW source and
terminated on the other end with a dielectric antenna. In
particular, the source was a noise generator: a wide band klystron
working in the 53.37-78.33 GHz frequency (f) range and with
input power varying between 5 pW- 20 pW (being the signal not
levelled but stable in time). The dielectric antenna was made up
of Teflon, with a radius of 3 mm and height of 40 mm. At the
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end of the dielectric antenna the quartz cuvette (internal radius 3
mm, height 15 mm) filled with the sample (3 mm thick) has been
modelled. Two saddle coils were also included in the model to
simulate the RF coils of the NMR probe where samples were
inserted (Supplementary Figure S1A and B).

The power deposition pattern inside the sample was evaluated
numerically by using CST Microwave Studio, a commercial code
based on the Finite Integration Technique (FIT).

The simulations were carried out at 74 GHz and the
electromagnetic parameters were set as in Table 1 (media
complex relative permittivities, € = ¢’ - j &, where €’ = G¢q
Jweg being © =2 nf Hz; gy =1/ (36 1 x 10°) F/m).

For the simulation, the region of interest was divided in
hexahedral elements; the mesh generation was based both on the
material wavelength refinement and on the length based mesh
refinement. Therefore, the mesh dimensions of the computing
grid inside the sample were 0.3 mm in the vertical direction y,
and 0.5 mm in the horizontal directions x and z, in both cases a
value below the wavelength inside the sample (A,, = 1.3 mm at 74
GHz).

Tablel Electromagnetic parameters adopted in
numerical simulations

EE)

Medium g & Ceq
Biological sample 3.8 2.3 9.29
Quartz glass 3.78

Teflon 2.10

The mass density of the biological medium was p = 1110 kg/m’
The following dosimetric parameters were calculated:*'

+|E' (x,y,2) | : the local electric field amplitude per unit incident
power [(V/m)/W]. This was evaluated at each node of the
computing domain.

SAR! (x,y,2) = Geq |E1 | 2/ 2 p: the local absorbed power per
unit mass and per unit incident power [(W/kg)/W]. This is also
the local specific efficiency, and it is zero outside the sample
(0e4=0). It is understood that, should the incident power be Py # 1
W, the local absorbed power per unit mass would be Py x SAR'
(x,¥,z) = SAR (x,y,z) = specific absorption rate [W/kg].

« AV': the average SAR' (x,y,z) over the sample [(W/kg)/W].

3. Background

3.1 Membrane phase transition and deuterium NMR
spectroscopy

Multilamellar vesicles (MLVs) are useful biomimetic membrane
systems formed by direct hydration of dry phospholipids.
Depending on the water/lipid mole ratio, on the phospholipids
and on the temperature, different phases (polymorphism) can be
generated. Among these, the fluid phase, where lipids are
arranged in bilayer structures (lamellae), is generally obtained at
temperatures above about 25 °C** and is found in biological
membranes of cells and cell organelles. The transition from the
fluid phase to a more ordered gel phase is called main phase
transition, Ty,

Membrane phase transition processes can be studied by wideline
NMR spectroscopy on deuterium labeled MLVs such as
phospholipid/heavy water systems. The physical observable is the
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heavy water quadrupole splitting (Avg) that is particularly
sensitive to changes of the bilayer structure.?? *2** For unoriented
multilamellar samples, Avg is the distance (Hz) between the
principal peaks of the H-NMR powder spectra (Fig. 1) and is
given by eq. (1):

Avg :%‘%sz“%@%‘@sz“ o

where, P; is the fraction of water molecules that populates the
interface region i contributing a quadrupole splitting Av;, vy is the
quadrupole coupling constant of heavy water equal to 220 KHz
and S; is a molecular order parameter of water at the interface
region i. It brings information on the dynamic processes involved
at the membrane/water interface and is therefore sensitive to the
membrane phase.

3.2 Pretransitional phenomena in membranes: Landau’s
theory

In phospholipid/water systems, the main phase transition is a first
order process. This can be clearly seen by the discontinuity of the
heavy water quadrupole splitting at the transition point (~ 25 °C)
between the ordered (gel-ripple phase, Pg’) and the fluid phase
(Ly) for a DMPC/’H,0 model membrane (Fig. 1). However,
phospholipid membranes show precritical (or pretransitional)
phenomena near the transition point, such as nonlinear increase of
membrane permeability,**>® anomalous swelling,***' and non
linear decrease of the heavy water quadrupole splitting (Fig. 1).
Precritical phenomena have been described by thermal
fluctuations of the orientational order parameter associated to the
lipid chains,** * as well as by fluctuations of the lateral packing
density*® and of the membrane area.** Near the transition point,
fluctuations increase and this results in a non-linear variation of
the membrane response functions. However, the membrane does
not reach the critical (or pseudocritical) temperature (T.) at which
the response functions would diverge because the first order
transition occurs interrupting the precritical phenomena.*?

First order phase transitions that exhibit precritical behavior
(weakly first order) can be treated with the general theory of
Landau as they would be of second order.*” Landau’s theory
describes the universal behaviour of many-particle systems near
the phase transition, i.e., the decrease of the order parameter as
(T-T.)" and the increase of the order parameter fluctuations as
| T-T, | “, where x > 0 is the critical exponent. All heavy
water/phospholipid membrane systems exhibit a reduction of the
water quadrupole splitting approaching T,,** This universal
behaviour has been explained by the increase of the thermal
fluctuations of the area/lipid molecule near the transition point.*’
Avg (eq. 1), averages to zero value in regions of the bilayer where
the membrane area fluctuations exceed a value corresponding to
the size of one or a few water molecules.

Landau’s theory can be applied to the fluid-order membrane
phase transition using a=4-4;, as order parameter for describing
the main phase transition, where A is the area per lipid molecule
in the plane of the bilayer and A4;, the average area in the L,
phase.*® In the vicinity of the transition point, the Landau free

energy variation from the equilibrium (per molecule) is:*"*°
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where, Sa is the amplitude of the deviation of the order From the definition of quadrupole splitting of deuterated water
s parameter ¢ from its equilibrium value, a > 0, independent on T, (eq. (1)), P; is the probability of finding a water molecule in the
is a coefficient that depends on the chemical-physical properties interface region i. This probability is > 0 in regions where the
of the lipid bilayer system, & is the coherence length and g is the area fluctuations are less than a threshold value, A4, and is zero
wave number of the mode of fluctuation.*' The coherence length when fluctuations exceed it. The probability to have area
determines the extension of the order parameter fluctuations in fluctuations smaller than A4y, is defined by the normalized time-

10 the membrane plane. While the fluctuations fall off exponentially averaged water quadrupole splitting, Avg/Avy, with Avy= 1.22
with & the coherence length increases on approaching the critical ¢ kHz being the quadrupole splitting at high temperatures where no

a5

point. The coherence length is therefore small for temperatures fluctuations occur. Under the assumption that the area-fluctuation

not close to the critical temperature. Membranes cannot reach energy required to accommodate a water molecule is small

their critical point because the critical behaviour is interrupted by compared to k7, the normalized time-averaged splitting is
15 the intervening of the first order transition at T,. Under this inversely propozrtionalX/tzo the amplitude of the area fluctuations:*

assumption, the term &¢’<<J and can be neglected in equation 7 Avo = Mo[gj [ij ‘T—T ‘m oc Ay S

)% Av, ) \kT ‘ Sa,

4. Results and Discussion

A E field on top surface

2 '3 - 4.1 Dosimetry
at - Simulation data demonstrated that, due to the high conductivity

(0eq) of the biological medium, the electric field has its maximum
700 75 intensity on the surface of the sample (Figure 2A and B). For this
reason we have post-processed the obtained numerical results, by

4t

® E 0 - using simple Matlab scripts, in order to calculate SAR' values for
~ 500 different layers of the sample along the y axis. Each layer is 1

ik 400 mm thick; the layer 1 identifies the top surface of the samples

- so while the layer 3 is the bottom one. In Table 2 the Average SAR'

values for the various layers of the sample are reported as well as
200 the average SAR' in the whole sample. SAR' values are higher on
the top of the sample and decrease approaching the bottom layer;
the latter is larger than the second layer because of the coupling
x [mm] ss with the walls of the quartz sample holder. In Table 2 the
corresponding SAR in the case of maximum input power (20
uW) is also reported and a power density of about 3 uW/cm? can
be estimated.in the top layer.
The SAR levels are in all cases much lower than 1.6 W/kg, the
9 currently accepted safety limits as defined by the International

30 2r

100

35

B E field in xy plane

4 Commission on Non Ionizing Radiation Protection.*t
40
3 Table 2 Average SAR values for different layers (1 mm thick) of sample
E 3 mm thick in case of W and 20uW of input power
£ f Layers AV' AV SAR
> 2 [GHZz] (W/kg)/W  (whole sample) (mW/kg)
! (W/kg)/W
N 20 pW
1 input
power
0 1 (top) 1246 24.9
L 74 2 (middle) 364 715 7.3
3 3 (bottom) 445 8.9
30 % [mm)
95
Fig 2 Electric field (V/m) distribution on the transverse (top layer, A) and 4.2  Macroscopic interpretation of the non-thermal
longitudinal planes (B) of the exposed sample at 74 GHz with 1 W input membrane/MMW interaction
power.
. . Data on the normalized splitting of the DMPC/H,0
ss It follows that, for a mode of ﬂucufatlolj‘ Wl.th OF=kT/2, multilamellar sample show that 4h of MMWs exposure induces a
the strength of the thermal fluctuations is given by: 100 decrease of the water quadrupole splitting in the fluid phase and

This journal is © The Royal Society of Chemistry [year] Soft Matter, [year], [vol], 00—00 | 4
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Table 3 Fitting results of the normalized splitting by eq. (4).

DMPC-’H,0 T.(°C) x/2 a x 10* JK*A™) Ady (AY) 7

Sham L,— Py 23.8(0.2) 0.49 (0.04) 1.50 (0.03) 76+01 1x10°
Py— L, 27.2(0.3) 0.46 (0.02) 2.50 (0.04) 1342 5x10°

MW L, Py 24.8(0.2) 0.51 (0.03) 0.60 (0.01) 65+08 1x107 3
Pp— L, 30.1 (0.6) 0.48 (0.02) 0.70 (0.06) 1242 7x10°

0.6 1

AVQ/AVO

50

Temperature (°C)

Fig. 3 Effect of the 53-78 GHz wideband exposure on the normalized splitting across the membrane phase transition. Under mm-wave exposure (@), the
change of the order parameter of water in DMPC-’H,0 (n,, = 11) at Ty, is less pronounced and the transition temperature is shifted upward compared to the
unperturbed, sham exposed membrane (m). Points are the means of three independent experiments and the error bars are contained within the symbols.
The solid lines are the best fits of the data performed by eq. 4 (Table 1). The critical temperatures for the fluid-to-ordered phase transition process and
those for the reverse process, are respectively indicated by the following symbols 7.°% and 7,””" for the sham exposed sample and 7,"(MMW) and

7,77 (MMW) for the millimeter wave exposed sample.

an increase in the ordered phase as compared to the sham
exposed sample (Figure 3). At the transition point a reduction of
the quadrupole splitting discontinuity occurs and an upward shift
of the transition temperature of about 1.5 °C, is induced. Based
on the membrane fluctuation model, experimental data points
were fitted with equation (4) by freely varying all the model
parameters, in order to minimize the y°. The results, summarized
in Table 3, were used to build up the fitting curves displayed in
Figure 3. In agreement with the theory,*' as well as with previous
experimental data,* the critical exponent was, in all cases, fitted
close to 0.5 (i.e. x = 1). As predicted by the area fluctuation
model, the values of A4, were close to the van der Waals area of
one water molecule, 6.16 A%*" * Moreover, the critical
temperatures calculated here for the sham exposed membrane
(Table 3) are in good agreement with values from literature for
the same DMPC system.*> MMW exposure induces an upward
shift of the critical temperature of the fluid-to-gel phase
transition, from 23.8 to 24.8 °C (Table 3), which is very close to
the main phase transition temperature (25.5 °C).

90
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Large differences are found also in the value of the coefficient a.
This can be interpreted as the specific heat for membrane area
fluctuation (for x = 1). In exposed membranes a decreases down
to 1/3 of the value in the control system (Table 3) meaning that,
next to the phase transition, a much lower thermal contribution is
required to get fluctuations of the polar head mean area. To
support this hypothesis the dependence of the strength of
membrane area fluctuation (30,”) on the temperature is displayed
in Figure 4. The displayed curves were calculated by equation (3)
using the parameter values reported in Table 3. Under MMW
exposure (red curves), 8o, is significantly increased and the
pretransitional phenomena are markedly enhanced compared to
the sham exposed membrane (black curves). Moreover, the
transition region is broader and the transition point is shifted to a
higher value (Figure 4).

Why is a much lower thermal energy required to create local area
fluctuations in the presence of the radiation? A possible answer is
that the radiation brings the membrane in a non-thermalized
excited state, related to some structural change in the polar

This journal is © The Royal Society of Chemistry [year]
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headgroup region of the membrane bilayer, as proved by the Avg 55

reduction in the exposed samples. This effect is clearly opposite 5 ]
to a thermal increase upon which an increase of the quadrupole 1 Bt /
e ; ; ; 0 4 C000- PR RS e
splitting (water ordering increase) would occur (Figure 1). . OHO-COITS e I
s Therefore, the electromagnetic energy absorbed by the membrane ; 54 f %f ,’LL*
is not thermalized. o 3 - to %
i .
< -104 :
& L
=
3.0x10™ g 7 !
° 20 1 © MMWs generator
'.E B -'U) switched off
10 65 2 254 Gﬂ
-18 | 1 L
2.0x10 304
5(1: Y T T T v T T T T T T T T T Y 1
! 0 5 10 15 20 25 30 35 40
Time / hours
1.0x10™° - 70 Fig. 5 Heavy water quadrupole splitting variation vs. time for
s DMPC/D20 MLV system with n = 11. For 0 <t < t, sham exposure. For
to< t <26 h MMWs exposure. For t5>>26 h post exposure. T is a temporal
threshold above which the MM Ws-induced effect is observed. Error bars
0.0. represent error means calculated from three independent experiments.
’ — T T T T T T 75 Variability on the other points is contained within the symbols. Dot line

15 20 25 30 35 40 45 50
T°C

20 Fig. 4 Strength of the order parameter fluctuations, So’, as a function of

was used merely to help the reader follow the trend of the points.

temperature for the sham (black curve) and millimeter waves exposed

membrane sample (red curve). The precritical behavior of the membrane

is greatly enhanced in the presence of the radiation and this causes an

upward shift of the transition point and a broadening of the transition
25 region.

5. Microscopic interpretation
5.1 Exposure time-dependent effect

As already observed in Figure 3, a significant decrease of the
30 heavy water quadrupole splitting occurs only under long term
exposure conditions (several hours). If the membrane is exposed
far from the transition point, no phase transition is induced.
However, a significant quadrupole splitting reduction occurs.
Figure 5 shows the dependence of Avg on the exposure time at 37
°C. Notably, the quadrupole splitting is constant during exposure
until the time t= ty+t, where t is the exposure time required to see
an effect. After this time Avg decreases very rapidly of ~25%.
This means that a certain amount of energy needs to be
accumulated in the system before having an effect on the
s membrane. Further exposure does not induce significant effects
but keeps the membrane in the same state. After the generator is
turned off, Avq relaxes back to its pre-exposure equilibrium
value, indicating that the effect is reversible. The relaxation
process occurs with a relatively fast initial kinetics, in which the
splitting is quite totally recovered in the first half an hour.
However, complete relaxation generally takes 2-3 hours. This
suggests that some structural rearrangement of the bilayer is
induced by the radiation.

Despite the accumulated energy is small compared to kT (Table
s0 2), the radiation is able to induce a gradual molecular
reorganization of the membrane that can also lead to the fluid-to-

gel transition if exposure is performed close to Tm (Figure 3).

Interestingly, the application of osmotic pressures with energies <

kT is also able to induce the fluid-gel phase transition in MLVs.*

a

4
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5.2 Hydration level-dependent effect

MMW interaction with the membrane must involve a coupling
between some polarized states of the lipid bilayer and the MMW
electric field. The primary mechanism of interaction takes into
account the structure of the membrane components and their
characteristic relaxation dynamics. Different temperature-
dependent relaxation times in the range of microwave frequencies
(107 to 10"% s),* have been measured in membrane systems.
Among all, local motions of water molecules have relaxation
frequencies in the range 0.1-9x10"? s°**%and more likely can
interact with MMWs, while other dynamic processes, such as
membrane area fluctuations and water diffusion are too slow to
be considered.*? A further coupling mechanism of the radiation
with the membrane can be due to the local dipole fluctuations of
the C-H bonds ( 10'°-10™"" ). However, due to the large
dielectric permittivity of water at these frequencies,® the
predominant role is played by the interaction between its
permanent dipole moment and radiation field.

It has been shown that water bound to phosphocholine
membranes exhibits a variety of dielectric relaxation dynamics in
the micorwave frequencies range (107'% s).>> 3 The fractions of
the different types of bound water depend on the water/lipid mole
ratio (n,,) as well as on T.% These THz time-domain spectroscopy
studies also suggest that water molecules with different relaxation
dynamics occupy different regions of the polar phosphocholine
headgroups, in agreement with recent molecular dynamic
simulations.> In addition, it was shown that the phosphocholine
group changes its mean orientation with respect to the bilayer
normal assuming increasing tilted conformations as the
temperature and/or n,, decreases.’'This supports the hypothesis
that a redistribution of bound water, i.e., a change in the water
partitioning (with different dielectric behaviour), is associated to
a change in the headgroup mean orientation. In addition, upon
cooling from the fluid phase toward the main phase transition
temperature, multibilayer phosphocholine membranes exhibit the
swelling phenomenon, i.e. an anomalous increase of the lamellar

This journal is © The Royal Society of Chemistry [year]
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repeat distance (larger than 5 A).*” ** *! Membrane swelling is
due to an increase of the interbilayer water thickness, indicating
that the ordering and/or the state of bound water is markedly
affected by a temperature change and that water is pushed out
from the most internal layers of the polar interface (carbonyl-
phosphate region) toward the choline moiety. This can only
occurs if a significant change of the phospholipid headgroup
conformation is achieved on cooling the system.

Also, the response of the membrane to MMWSs, measured as
change of the quadrupole splitting of heavy water, depends on the
hydration level of the membrane, increasing with the water/lipid
mole ratio.” In equation (1) the quadrupole splitting is affected
by the distribution of water among the various binding sites along
the phospholipid group. A model describing such dependence has
been proposed by Westlund and collaborators.”" " This model
explains for the evolution of ?H (water) and '*N (choline group)
NMR quadrupole interactions and the typical relaxation times of
the magnetization by considering the variation of water
distribution among two interfacial regions. These two regions
have been identified as the phosphate and the choline headgroup
binding sites, and have local water orientational order parameter
of opposite sign. In this case, eq. (1) can be written again taking
into account the contribution of bound water at these two
interfacial regions:

3
Av, =ZVQ\P&S& +P, S, | @)

with, Py Sy +PB,SB, =P8, <05 PB,+PB+ :PB

where, Sp. and Sp: (-0.0372 and + 0.0120) are the orientational
order parameters of water at the — (phosphate) and + (choline)
interface regions. Pp. and Pp. are the mole fractions of bound
water (Sz # 0) in the corresponding binding sites and Py
ng/(ng+ng), where nz and np are the moles of bound and free
water per mole of lipid, respectively.

Equation 7 shows that the quadrupole splitting of heavy water is
very sensitive to changes in the relative populations of bound
water at the two sites. A small increase of the fraction of water at
the choline site, for instance, causes a net decrease of the
splitting.”" °7 The model gives a good interpretation of the
temperature dependence of the quadrupole splitting, as a
temperature change induces a variation in the water populations
at the phosphate and choline sites. This is valid even when all the
water molecules are bound to the polar groups (P3 = 1), i.e., in
the hydration regime occurring for n,, < 14.%%

The dependence of the quadrupole splitting reduction on the
water/lipid mole ratio suggests that: i. MMWs directly interact
with bound water and ii. this interaction affects the water
partitioning at the polar heads. According to eq. (7), the reduction
of the quadrupole splitting during exposure, corresponds to a
displacement of water from the phosphate to the choline site.

The equilibrium exchange reaction between water at the two sites
of the phosphocholine group can be written as:

H,0,,«——H,0,, @®)

The Gibbs free energy change for this reaction before and after
exposure are, respectively:

65

85

AG,=—RTInK O AG ) =AG, + & =-RTInK,,,,

(10)where, K and Kypw are the
respective equilibrium thermodynamic constants at temperature
T:

K = Pp, (11)
Py
Lo T X 12
Ky = : (12)
pB*qW\/{W - l

where, y represents the change in the fraction of water molecules.
Assuming that the MMW energy is transformed into chemical
potential energy, ¢ is the “extra chemical potential energy”
provided to the system by the radiation and is given by:

K

£=RTln (13)

MMW

K and K,z can be calculated from the experimental quadrupole
splitting data before (Avy) and after exposure (Avg )

3
Av, ZZVQ‘PB’SB’ +PBASBA‘ (14)
3
A VQ,MMW = Z VQ‘I)BA,MW SBA + (1 - PB+.MW )SBf ‘ (15)
B, yw = PB+ + l (16)
From the ratio & we have:
Av,
MW
Av —-Av
0, 0 17
re s P Sa 45,05, ] a
oWpi B-
and, from eq. (11)-(12):
1=l (18)
By,
=P -
Konw = £ (19)
P+

Table 4 reports the thermodynamic data relative to three exposure
regimes where only the water/lipid mole ratio (n,) has been
changed. Taking into account the dosimetry data (Table 2) and
that the typical sample weight was 60 mg, we can roughly
estimate that that average power absorbed by the whole sample at
74 GHz is about 1 pW. Actually, this value is underestimated due
to the simplified model of the scenario used in the dosimetric
simulation that does not take into account the complex NMR
probe architecture (Supplementary Fig. 1).
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Table 4 Thermodynamic data

Ny A Vo AVQ MMW P B+ X K KMMW & (kJ/ 1'1'101)
7 605 (1) 558 (2) 0.6816 (0.0002) 0.0058 (0.0002) 0.467 (0.004)  0.4548 (0.002)  0.069 (0.002)

60
9 550 (2) 482 (2) 0.6884 (0.0004) 0.0085 (0.0006) 0.453 (0.004) 0.4352(0.002) 0.102 (0.002)

5 11 406 (3) 307 (4) 0.7061 (0.0008) 0.0122 (0.0004) 0.416 (0.002)  0.3922 (0.002)  0.153 (0.001)
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