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Our previous study of interaction between low intensity radiation at 53.37 GHz and cell-size system - such as
giant vesicles - indicated that a vectorial movement of vesicles was induced. This effect among others, i.e. elon-
gation, induced diffusion of fluorescent dye di-8-ANEPPS, and increased attractions between vesicles was attrib-
uted to the action of the field on charged and dipolar residues located at the membrane-water interface. In an
attempt to improve the understanding on how millimeter wave radiation (MMW) can induce this movement
we report here a real time evaluation of changes induced on the movement of giant vesicles. Direct optical obser-
vations of vesicles subjected to irradiation enabled the monitoring in real time of the response of vesicles. Chang-
es of the direction of vesicle movement are demonstrated, which occur only during irradiation with a “switch on”
of the effect. This MMW-induced effect was observed at a larger extent on giant vesicles prepared with negatively
charged phospholipids. The monitoring of induced-by-irradiation temperature variation and numerical dosime-
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try indicate that the observed effects in vesicle movement cannot be attributed to local heating.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The millimeter wave band is officially used in non-invasive comple-
mentary medicine in many Eastern European Countries against a varie-
ty of diseases such as cardiovascular disorders, diabetes, gastrointestinal
disorders and also for pain relief [1-4]. The most common frequencies
used are 42.2, 53.37, and 61.2 GHz, which are usually administered
onto a localized area of the skin at a sufficiently low intensity such
that there is no perceptible heating. However, no clear explanation of
the mechanism underlying its effectiveness has been provided [5]. Re-
cently also in Western Countries diagnostic and therapeutic medical ap-
plications of millimeter waves have been proposed [6,7].

On the other hand the interaction of millimeter waves (MMW) radi-
ation with biological systems is a fundamental scientific topic of great
interest. Vibrational dynamics in biochemical reactions of large macro-
molecules in living organisms play an important role in fundamental
processes related for instance to the transfer of genetic information
and protein interactions. Many of the vibration modes in complex bio-
molecules fall in the 1 GHz to 100 GHz range [8]. In this frequency
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range there are also significant parts of the intermolecular vibrational/
librational modes of water, fluctuations of atoms in organic molecules
and hydrogen bonds [9]. Therefore, biologically relevant processes can
be initiated using radiation in this frequency domain.

Our previous study of interaction between low intensity radiation at
53.37 GHz and giant vesicles (GVs), demonstrated that non-random
perturbation in the movement of the vesicles was induced only during
irradiation with a “switch on” of the effect [ 10]. This effect among others,
i.e. elongation, induced diffusion of fluorescent dye di-8-ANEPPS, and in-
creased attraction between vesicles was attributed to the action of the
field on charged and dipolar residues located at the membrane-water in-
terface. This hypothesis seems to be reinforced by our recently obtained
results on permeability increase induced on cationic lipid vesicles sub-
jected to same low intensity radiation at 53.37 GHz [11].

With the purpose of improving the understanding on how this very
low intensity radiation [12] can induce this movement, we report here a
real time evaluation of directional changes induced on giant vesicles.
These vesicles have a unique property: they are only a few tens of mi-
crons in size, as a consequence, they are visible under a light microscope
and provide a handy biomimetic tool for displaying directly the re-
sponse of the membrane on the cell-size scale. Furthermore, they have
been already used successfully for investigating a wide range of events,
including the static and dynamic behavior of membranes [13,14] and
rheology and dynamics of red blood cells [15,16].
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The characterization of MMW radiation exposure conditions in
terms of the field distribution in the liposome sample is fundamental
to achieving information about the field level and any related thermal
increase. Here the specific absorption rate (SAR) is evaluated and corre-
lated with the observed effects in the vesicle movement. Furthermore,
well-defined and characterized exposure conditions are provided in
this study, as suggested in the literature, for obtaining adequate inter-
pretation and reproducibility of the result [17].

In this report the motion of vesicles was investigated by processing
images acquired by a correctly set optical system. Technically, a semi-
automated strategy allowed evaluation of the perturbation noticed in
vesicle motion by the turning on and off of the irradiation.

2. Materials and methods
2.1. Chemicals

L-a-Phosphatidylcholine (egg yolk PC) and phosphatidylglycerol
sodium salt (PG) were purchased by Sigma Aldrich (St. Louis, MO).
Spectroscopic grade organic solvents and pure distilled water were
purchased from Carlo Erba Reagenti (Milano, Italy). Anhydrous, pro-
analysis (p.a.) glucose and sucrose (Fluka Biochimica, Switzerland)
were used without further purification.

2.2. Giant vesicles preparation

Giant vesicles were prepared from egg yolk PC using the
electroformation method from lipid films spin-coated on 45 mm x
45 mm glass slide covered with indium tin oxide (ITO) [18]. Briefly,
egg yolk PC was dissolved in chloroform:acetonitrile (95:5 v/v), at a
concentration of 3.75 mg ml~ '. Approximately 0.25 ml of this solution
was deposited on the conductive face of the ITO glass, and spin-coated
at 600 rpm for 5 min (BLE Laboratory Equipment, GmBh). The lipid
films were then dried under vacuum (~8 mbar) overnight to remove
traces of solvent. The preparation chamber was made from two pieces
of ITO glass, with their conductive faces facing each other, separated
by a 1.6 mm thick rectangular frame of poly-dimethylsiloxane
(PDMS), the whole held together with small binder clips. Solution
of 0.2 M sucrose was injected through a hole in the PDMS spacer,
and a voltage of 10 Hz 1.2 V peak-to-peak was immediately applied
between the two ITO glasses. The formation of giant vesicles was
then observed by light microscope. After approximately 1.5-2 h,
vesicles of a size >30 pm in diameter were formed. The giant vesicles
were detached from the ITO glass by the application of a voltage of 3 V
peak-to-peak, 5 Hz for 10 min. The vesicles that were swollen in 0.2 M
sucrose solution were recovered by gentle suction with a syringe, and
were transferred to the wells of the exposure chamber, a four-dish
polystyrene (NUNC Brand Products, Denmark), in a medium con-
taining 0.2 M glucose solution. The sugar solutions inside and outside
the vesicles were isotonic to prevent the vesicles from collapsing due
to the osmotic difference across the membrane.

In some occasion to prepare anionic GV, mixtures of egg yolk PC and
PG at molar ratio of 9:1 were used.

All steps of the vesicle preparations and exposures were performed
at room temperature, which is above the main phase transition one of
egg-PC, so that the phospholipids were in their liquid crystalline state.

2.3. Optical microscopy and movement analysis

Microscopy observations were performed on an Olympus (Rungis,
France) IX 70 inverted microscope in phase contrast mode; the objec-
tive lens used was 20x with a total magnification of 200 x.

Carefully attention was given to avoid any possible artifacts influenc-
ing the movements of GVs: To maintain system stability during growth
and analysis, the microscope was placed on a Newport air-controlled vi-
bration control table; the turning on-off of the microscope light, camera

and millimeter wave antenna was governed by a unique push button
placed on a well-separated table.

The microscope was equipped with an optical condenser and a high
speed camera having a 1 kHz frame acquisition rate (F-View Il — Soft
Imaging System GmbH, Germany). Image recording was always per-
formed at focal planes away from the top, bottom and sides of the
dish. The microscope light was turned on only for the short time neces-
sary for image acquisition. One image per minute was acquired, if not
otherwise specified, along the entire time scale of the experiments by
using the analysis control software. The microscope images were post-
processed by using the open source software ‘Image]J’ [19]. In detail,
the plug-in MTrack] was applied to obtain the sequence of coordinates
indicating the position of each tracked vesicles at each time point.
These results were imported into a Matlab environment where: (1) se-
lected vesicle trajectories were reconstructed from the measured coor-
dinates; (2) the angles between vectors connecting two consecutive
points of the trajectory described by each vesicle during its motion
and a reference direction (which was set as the horizontal one, corre-
sponding to the x-axis of the reference coordinate system adopted
here, as will be clear in the forthcoming Results section) — the so-
called instantaneous angles [20] were evaluated; (3) polar plots of the
distribution of instantaneous angular values were generated.

24. Millimeter waves exposures

An exposure chamber made of four separate dishes, which were
devoid of any conductive materials, was placed on the microscope
stage (Fig. 1). Each dish was filled with 1.5 ml of 0.2 M glucose solution.
The dishes were processed separately, a small amount of giant vesicles
(2-4 ) being added prior to the irradiation, and carefully checked for
level using a circular spirit level. For each GVs preparation a minimum
of 5 samples was processed.

The experiments were performed at 53.37 GHz by using a conical
horn antenna (IMG-53.37, Micro Med Tech, Russia) with 34 mm of max-
imal diameter (D) and an output power of 39 mW. The distance (R) of
the center of the exposed dish from the horn antenna was 8 cm and
the incidence angle was 45° (Fig. 2A). It is worth noticing that in this
test bench configuration an upward irradiation is applied on the sam-
ples, which enhances the efficiency of the exposure due to the reduction

Fig. 1. MMW exposure chamber (polystyrene four dishes) on the microscope stage is
shown.
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Fig. 2. Model of the experimental set up for exposure to 53.37 GHz including the horn antenna and the modeled exposure chamber. A) Side view: showing that the sample was exposed
from the top. B) CAD model of dish (diameter of 15 mm and height of 8.5 mm). The grid mesh side view is shown. C) Top view of SAR distribution in the 41st mesh layer in the compu-

tational domain is shown.

of (1) the multiple reflections between the chamber and the horn an-
tenna and (2) the field disturbance due to the wave reflections from
the workbench [21].

The GVs suspension was subjected to either 53.37 GHz radiation or
sham exposure, i.e., when the 53.57 GHz radiation was turned off. The
irradiation was intermittently turned on and off at the time intervals in-
dicated in Results and discussion section. The overall experimental
setup was located in a temperature-controlled room, which governed
the exposure temperature. Temperature measurements inside the
samples were performed using a four-channel Analog Device electronic
thermometer equipped with two Flexible Implantable Probes (Physitemp
Instruments, Inc. Type IT-18) of 0.06 cm diameter, a lead length of 1 m,
time constant of 0.1 s, and resolution of 0.01 °C. The probe tip of thermo-
couple was placed in the center of the dish, around 4 mm below the upper
surface of the aqueous solution containing the vesicles, where microscope
images were always collected.

2.5. Numerical dosimetry

To evaluate SAR distribution inside the exposure chamber a compu-
tational strategy was applied. The computational study was performed
by applying a finite integration technique-based commercial code
(CST Microwave Studio, Darmastadt, Germany), and a more accurate
dosimetry than previously described [10] was performed. In particular,
in the present study, the hypothesis of local plane incident wave was re-
moved and the horn antenna was considered as MMW radiation source.

The circular horn antenna at 53.37 GHz and the dish containing the
glucose solution sample - a perfectly cylindrical shape of diameter

15 mm and height of 8.5 mm - were considered and carefully designed
(Fig. 2A-B) to facilitate calculating as realistically as possible (1) the
electric field in the computational domain and (2) SAR distribution in
the giant samples. The dielectric parameters of the materials adopted
for the simulation at the working frequency are reported in Table 1.

An adaptive mesh tool was adopted for analyzing the entire domain.
In detail, the modeled sample was subdivided into a computational grid
in such a way that the dimension of each cell was about 1/10 of the
wavelength \, which in the aqueous samples is equal to 1.2 mm. As a
consequence, the resulting computational domain was discretized into
0.145 x 0.145 x 0.145 mm? grid cells, and over each node of the grid
the electric field was calculated. The local SAR (W/Kg) was evaluated
from the electric field by applying the formula:

Pa lo 2

SAR_E_EE\E\ i (1)

where P, is the absorbed power, m the mass of the sample and E the
local electric field amplitude. As the concentration of giant vesicle

Table 1
Dielectric parameters adopted in the numerical simulation.

Component Materials Relative dielectric Effective electric
constant conductivity [S/m]

Horn antenna PEC - o

Sample Glucose solution 14 712

Dish Polystyrene 24 -
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suspensions is extremely low we made an assumption that the permittiv-
ity value is that of glucose solution at 53.37 GHz [22]. As a consequence,
the adopted values for effective electric conductivity - o - and skin
depth - 6 - were set equal to 71.2 S/m and 0.34 mm, respectively. As
for mass density - p - the value of 0.2 M glucose solution 1010 kg/m3
was adopted [23].

The layer-by-layer SAR distribution was processed and the spatial
average inside the modeled samples was evaluated in 85 mesh layers
(Fig. 2B). Fig. 2C shows the SAR distribution in correspondence of the
critical observed region, at around 4 mm below the upper surface of liq-
uid (41st mesh layer in the computational domain).

3. Results and discussion
3.1. Formation of giant vesicles

Vesicles produced from spin-coated lipid films were unilamellar, uni-
form, spherical and with a mean diameter of 16 um (Fig. 3). Girard and co-
workers previously showed that GVs obtained through electroformation
were unilamellar [24]. In the irradiation experiments, individual spherical
vesicles of different size were selected with diameters ranging from
14 pm to 30 pm.

In all thirteen preparations of GVs used throughout this work we
found that if the liquid suspensions containing the giant vesicles were
maintained for more than 5 h, the vesicles did not grow further, neither
did they collapse, indicating a good stability of vesicle preparations,
a prerequisite for successful investigation of the effects induced by
MMW radiation.

For enhancing the visualization of vesicles on microscope images the
use of a diffraction index asymmetry, achieved by using solutions of su-
crose inside and glucose outside the GVs, was, for us, preferential to
fluorescent dyes, for instance di-8ANEPPS. In fact during MMW irradia-
tion these dyes can diffuse resulting in a blurring of the vesicle edges
making GVs observation more difficult [10]. In order to reduce the pos-
sible impact that the viscosity could have on the motion of vesicles, we
also tried to use vesicles, containing 0.01 M sucrose solution and diluted
in 0.01 M glucose solution, unfortunately observing them was difficult,
and they moved away from the microscope's field of view in a short
time making it difficult to perform sham and irradiation treatments
on the same sample, a prerequisite of this study. Thus we decided to
use the same concentration of sugar solutions as in the previous work
[10].

- = =k = B
MR O o O
' : L L )

Number of giant vesicles
& o ® O

L]
'

=]

0 16 24 32 40 60
Dimension (Um)

Fig. 3. Size distribution of GVs on four different preparations. In the irradiation experi-
ments, individual spherical vesicles of different size were selected with diameters from
14 pum to 30 um.

3.2. Temperature measurements

To evaluate the heating effect of MMW irradiation, we carefully
measured temperature changes in the liquid containing the vesicles. Be-
cause most of the incident MMW energy is absorbed within the first few
one-tenths of a millimeter in liquid media [25], temperature gradients
close to the irradiated surface can be high enough to produce different
types of convection process. As a matter of fact, being the SAR also relat-
ed to the rate of temperature increase (SAR = ¢, (AT/At)), where ¢, is
the specific heat capacity of 0.2 M glucose solution, ¢, = 4101 J/kg K
[26] and AT is the temperature increase observed over a time interval
At, the layer-by-layer, average thermal increase has been calculated in
the exposed sample as a result of the numerical dosimetry. As shown
in Fig. 4, a very steep thermal gradient occurs in the first few tenths of
amm (~§& = 0.34 mm) from the top surface of the sample. However,
it must be pointed out that such a relation does not take into account
any thermal conductive and convective exchanges.

Since GVs were randomly dispersed in the glucose solution at layers
well below the upper surface of the liquid we studied the behavior of
temperature dynamics in samples subjected to a time-interrupted re-
gime of exposure, positioning the thermocouple probe tip away from
the top, bottom and sides of the dish. A typical example of the temper-
ature dynamics recorded during these exposure experiments is shown
in Fig. 5. The average temperature increase achieved on three different
samples after 20 min of interrupted regime of exposure (MMW off for
5 min then on for 5 min then off for 5 min, and then on for 5 min)
was 0.15 + 0.05 °C. This weak temperature increase inside the irradiat-
ed sample could be ascribed to the unavoidable SAR difference between
the boundaries and the bulk, which takes origin in the low penetration
depth of MMW. However, such a temperature increase is considered in
the literature to be below the threshold at which its effects should be
considered thermal [27,28]. No further temperature increments were
observed when the microscope light was turned on for the time neces-
sary to acquire the images (data not shown), indicating that no marked
temperature elevation was created under our exposure conditions.

3.3. Millimeter wave irradiation

In order to evaluate the effects of irradiation, vesicles were selected
one at a time following the criteria that they were not connected to
others and did not have internal formations or visible protuberances,
as suggested elsewhere [29]. The concentration of vesicles was main-
tained sufficiently low such that they could move in the solution freely
and without collision.

Fig. 4. Modeled rate of thermal increase in the exposed sample as derived from SAR calcu-
lation being the temperature rise (AT/At) proportional to SAR.
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Fig. 5. Temperature dynamics recorded in a sample subjected to a typical time-interrupted
regime of exposure (MMW was off for 5 min, then on for 5 min, then off for 5 min, and
then on for 5 min). The probe tip of thermocouple was positioned in the center of the
dish at around 4 mm below the upper surface of the aqueous solution containing the ves-
icles. The point at which the irradiation was turned on is marked with arrows.

In a first attempt, the visual inspection of the acquired video record-
ing of vesicle dynamics in sham condition (i.e. when the 53.57 GHz ra-
diation was turned off) revealed that GVs usually moved randomly
away from the microscope's field of view during 20 min of observation
by exhibiting not preferential directions in lateral displacements. Based
on this finding, the maximum observation time adopted during irradia-
tion experiments was usually never more than that.

To provide an experimental control with microscope light turned on
only for the short time needed for image's acquisition, vesicle move-
ment was analyzed on three different samples. The resultant sequence
of microscope images collected during the sham condition was proc-
essed to track vesicle motion in the image plane. Fig. 6A shows a repre-
sentative microscope image with two vesicle trajectories overlaid. In
this specific case eleven microscope images were acquired and analyzed
for the trajectories related to two individual vesicles. In the absence of
irradiation, vesicle motion is driven essentially by mechanical force
fields, such as gravity, buoyancy or diffusion. In particular, due to the
action of the gravitational force, the observed phenomenon can be
ascribed mainly to a sedimentation process. A not unidirectional correlat-
ed motion of the vesicles was observed (a similar behavior was observed
in all sham samples). This correlated motion could be interpreted as a

possible artifact influencing the motion of vesicles. Nevertheless, given
that the experimental setup was carefully controlled, especially for
level, we do not expect this to be the case. Neither the influence of elec-
trostatic interactions between different components in our experimental
setup, due to the absence of charged glass substrate or ionic conditions,
can be considered. These electrostatic interactions may affect the behav-
ior of a suspended vesicle, for instance, in determining the sedimentation
dynamics of the vesicle.

The literature does not report clear evidence of highly correlated
motion characterized by lateral displacements in the sedimentation
process of (sham) vesicles as in Fig. 6A. However, in a very recent
study it is mentioned that vesicles in isotonic conditions present signif-
icant lateral displacements during sedimentation process [30]. This ob-
servation could be taken to support our findings.

Further, a possible explanation of our findings could be found in the
onset of deformation in vesicle membrane. It has been shown [31] that
membrane deformation in a sedimentation process is caused by super-
imposition of two modes: smoothing of thermal undulations and direct
stretching of the membrane. At low external forces (as in our sham con-
dition), it is expected that strain should be due to the former mode only.
Hence, vesicles of similar dimensions undergoing sedimentation pro-
cess, in the same small region, are subjected to similar deformations,
which, in turn, could dictate similar deflection from trajectories aligned
to the direction of action of the external force, which in our condition
should be the gravitational force.

Fig. 6B shows the angular histogram of the distribution of instanta-
neous angular values of these two vesicles. The observed distribution
of angles confirms that, in the absence of irradiation, the vesicles
moved spanning a wide range of deflection angles describing their tra-
jectory. For the sake of completeness, we report here, that the overall
occurrence of -x or + X direction of deflection in vesicle motion is al-
most the same in all the sham samples observed.

Surprisingly, in two different GV preparations we always observed
vesicles exhibiting collective changes in the direction of movement
when MMW radiation was switched on. Fig. 7 shows a representative
example of different angles of the direction of a vesicle movement,
calculated on trajectories of images acquired during sham (MMW off
for 5 min) and irradiation (MMW on for 5 min) condition.

To ascertain if the MMW-induced effect on GVs movement would be
directional, the trajectories of vesicles subjected to a time-interrupted
regime of exposure (MMW off for 5 min, then on for 5 min, then off
for 5 min, and then on for 5 min) were analyzed on a further six differ-
ent GV preparations. A representative example of the results of the anal-
ysis is shown in Fig. 8, where the trajectories related to six individual

15

180,

210

270
MMW-off

Fig. 6. Analysis of vesicle trajectory of sample not subjected to irradiation (sham). A) Eleven microscope images were acquired and analyzed for the trajectories related to two individual
vesicles (diameters from 14 um to 20 um). B) Plots angular histogram of the distribution of instantaneous angular values.
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Fig. 7. A 3D plot of the movements in the XY plane of sham — blue - and irradiated — violet-
vesicles with respect to elapsed time — the green vertical axis.

vesicles are presented. It can be observed that all vesicles are character-
ized by similar trajectories during irradiation independently from their
dimensions. Notably, marked changes in the orientation of vesicle
trajectories occurred only at the MMW-switch on and not at MMW-
switch off, indicating that the influence of irradiation was determinant
in eliciting the effect.

There is evidence of the presence of instability of a vesicle mem-
brane driven by electromagnetic fields due to a reorganization of
charges both internal and external to the vesicle. It has been shown
[32,33] that the vesicle shape is obtained by balancing electric, hydrody-
namic, bending and tension stresses exerted on the membrane and de-
scribe the time evolution of the transient vesicle deformation. In our
case a similar transient deformation of the vesicles could, in principle,
result and contribute to the observed changes in direction of the GVs
when the MMW is turned on, with a reversed deflection in the trajecto-
ries when the MMW is applied a second time. On the other hand, the
time scale of these phenomena is orders of magnitude smaller than the
observation times of our study and the image resolution we used to de-
pict vesicle motion does not allow observing small shape deformations.
However, it should be mentioned here, that there is still no evidence

® Start point

—MMW-off 1
MMW-on 1

— MMW-off 2

— MMW-on 2
* End point

Fig. 8. Analysis of vesicle trajectory of sample subjected to interrupted regime of exposure
as in Fig. 5. Twenty-nine microscope images were acquired and analyzed for the trajecto-
ries related to six individual vesicles (diameters from 14 pm to 30 um). The green and
black segments exhibit MMW treatment and the red segment is sham condition.

that, e.g., AC electric fields in the range of frequency of millimeter
waves could lead to deformations in the shape of the vesicles [34].

Fig. 9A-D shows the angular histograms of the distribution of instan-
taneous angular values, related to the trajectories described from these
six vesicles during the four phases of the exposure. The vesicles clearly
moved from +x to -x at the first MMW-switch on (Fig. 9A versus B)
and again from -x to +x at the second MMW-switch on, the latter
case being characterized by a biphasic distribution (Fig. 9C versus D).

Remarkably, when the MMW was turned off during the intermedi-
ate period of sham condition (Fig. 9C), no change in angular distribution
was observed, indicating that the strong alignment imposed on vesicle
movement as a consequence of the previous 5 min of irradiation
(Fig. 9B) is maintained. This could be probably ascribed to inertial effects
in vesicle motion within the liquid.

When another sample was subjected to a shorter period of radiation
(MMW off for 5 min, on 1 min, off 5 min) no marked changes in the
orientation of vesicle motion was observed (data not shown). These
findings lead us to conjecture that the duration of irradiation (accumu-
lation effects?) could play a role in the orientation changes in vesicle's
motion and also that they confirm the switch on/off character of the
MMW-induced effects.

In the previous study [10], we hypothesized that GVs, even if they do
not couple to the electromagnetic fields with sufficient strength to allow
significant energy transfers [35], exhibited physical changes - including
in their movement - due to the action of MMW at the membrane-water
interface, where charged and dipolar residues are located (i.e., the zwit-
terionic phosphocholine headgroup and/or the first layer(s) of bound
water molecules).

To further investigate this assumption, we used GVs prepared
with a mixture of electrically neutral phosphatidylcholine - egg yolk
PC - and a representative of negatively charged phospholipids, such
as phosphatidylglycerol. The preparation of GVs is efficiently improved
if their lipid composition includes PG [36]. The use of negatively charged
phospholipids, e.g., phosphatidylserine or inositol phospholipids other
than PG, has its rationale in the fact that they are always contained in bi-
ological membranes and play many important roles in living cells.

Surprisingly, negatively charged GVs in a sham condition moved
away from the microscope's field of view in an overall time shorter
than neutral ones. Thus the maximum observation time has to be
reduced. The vesicle trajectories were analyzed on six different samples
subjected to a time-interrupted regime of exposure of MMW off for 5
min, then on for 2 min and 30 s, then off for 1 min, then on for 5 min,
and then off for 3 min.

Fig. 10 shows a representative example in which a sequence of eigh-
teen acquired microscope images was used to analyze the trajectories of
three individual vesicles; for various reasons it was not possible to track
them for the entire time of their treatment. However, since vesicles have
similar trajectories during irradiation, taken together the overall analy-
sis revealed again significant changes of direction at the MMW-switch
on and not at MMW-switch off.

Remarkably, the charged vesicles present the peculiarity that their
movement is restricted within the -x portion of the polar plot and the
main change of direction was toward the antenna side (Fig. 11C versus
D). A possible explanation for differences observed in the movement of
charged and non-charged GVs could be in the different distribution of
the charge (1) internal to the vesicle membrane and (2) between the in-
ternal and external of the membrane [34]. From our findings, we conjec-
ture that charged GVs experience an increase in their velocity in the
switch-on phase and the onset of more marked inertial effects in the
switch-off phase (which are the consequence of the increased velocity).
The action of inertial effects is supported by the observed lack of rele-
vant changes in the direction of the motion of charged GVs after the
switch-off (Fig. 11B versus C). This behavior was not observed in non-
charged GVs (Fig. 9B versus C).

In addition simulation data demonstrated that, as expected, due to
the high conductivity of the water, higher SAR values resulted at the
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Fig. 9. Plots of angular histogram of the distribution of instantaneous angular values, showing the direction of vesicle motion in terms of relative frequency. A direction of 0° indicates +x
motion where vector component runs parallel to the positive x-axis pointing to the right. A direction of 180° indicates —x motion 180° where vector component runs parallel to the neg-

ative x-axis pointing to the left. Arrows depict the position of MMW antenna.

top, bottom and sides of the dish. However, a very uniform distribution
of SAR was present in the central region, covering an area of about
0.1 mm?, where images of dispersed GVs were always acquired

Fig. 10. Analysis of vesicle trajectory of negatively charged GVs subjected to interrupted
regime of exposure. Eighteen microscope images were acquired and analyzed for the tra-
jectories of three individual vesicles, vesicle diameters from 14 um to 20 um. The green and
black segments exhibit MMW treatment and the red segment is sham condition. It should
be noted that two of the three vesicles had moved out of the field of view.

(Fig. 2C). An average SAR value of 0.2 W/kg was calculated in the ob-
servation section; this is far below the recommended SAR threshold
value below which there is no significant temperature elevation that
would cause bioeffects (0.2 W/kg vs. 1.6 W/kg) [37]. Notably, a neg-
ligible elevation of temperature is expected from this SAR level. As a
matter of fact, an increase of 0.014 °C in temperature in 5 min of ex-
posure is expected, in the worst case of absence of thermal conduc-
tive and convective exchanges, thus this intensity was so low that
it could not cause local heating of the sample.

4. Conclusions

Giant vesicles as cell-size system provide a very useful model system
for investigating the effects of electromagnetic fields on lipid mem-
branes. They allow for direct microscopy observation of membrane per-
turbations in the millimeter range. We examined specifically the motion
of giant vesicles subjected to 53.37 GHz radiation when the GVs were
randomly dispersed in the glucose solution at layers well below the
upper surface of the liquid where vesicle motion induced by the onset
of temperature spatial gradients was negligible. This was confirmed by
the analysis of the motion of GVs under sham irradiation, which did
not exhibit preferential direction. On the contrary, the irradiation in-
duced a collective reorientation in the vesicles' motion. These changes
occur only during irradiation with a “switch on” of the effect.

However, further experimental and theoretical studies are needed to
increase our knowledge about the possibility to model an effective cou-
pling between MMW radiation and charged structures in aqueous
environments.
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Fig. 11. Plot angular histogram of the distribution of instantaneous angular values, showing the direction of anionic vesicle motion, in terms of relative frequency. (A) Start MMW-off; ves-
icles migrate in the negative x-axis direction, maintaining angles on the second and third quadrant. (B) First MMW-on for short time: no relevant change in angular distribution. (C) Second
MMW-off for short time: not at all change in angular distribution. (D) Second MMW-on: slight change of the angular distribution. (E) Third MMW-off: slight change of the angular dis-

tribution. Arrows depict the position of MMW antenna.
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