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Abstract

Superparamagnetic iron oxide nanoparticles are used in a rapidly expanding number of research and practical applica-
tions in biotechnology and biomedicine. Recent developments in iron oxide nanoparticle design and understanding of
nanoparticle membrane interactions have led to applications in magnetically triggered, liposome delivery vehicles with
controlled structure. Here we study the effect of external physical stimuli—such as millimeter wave radiation—on the
induced movement of giant lipid vesicles in suspension containing or not containing iron oxide maghemite (y-Fe,O3)
nanoparticles (MNPs). To increase our understanding of this phenomenon, we used a new microscope image-based
analysis to reveal millimeter wave (MMW)-induced effects on the movement of the vesicles. We found that in the lipid
vesicles not containing MNPs, an exposure to MMW induced collective reorientation of vesicle motion occurring at the
onset of MMW switch “on.” Instead, no marked changes in the movements of lipid vesicles containing MNPs were
observed at the onset of first MMW switch on, but, importantly, by examining the course followed; once the vesicles are
already irradiated, a directional motion of vesicles was induced. The latter vesicles were characterized by a planar
motion, absence of gravitational effects, and having trajectories spanning a range of deflection angles narrower than
vesicles not containing MNPs. An explanation for this observed delayed response could be attributed to the possible
interaction of MNPs with components of lipid membrane that, influencing, e.g., phospholipids density and membrane
stiffening, ultimately leads to change vesicle movement.

Keywords Giantunilamellar vesicles - Magnetoliposomes - Millimeter waves - Vesicle motion - Image-based automatic analysis -
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The ability to provide doses of medicine inside the organism
in a specific place and time over drug release from artificially
designed drug carriers is one of the core challenges in biomed-
ical research [1-4]. Numerous techniques have been proposed
as possible ways to control the motion of biological and bio-
compatible nano- and microstructures, particularly lipid vesi-
cles. Specially designed microfluidic devices can use differ-
ences in size, shape, and rigidity to physically separate parti-
cles. It is also possible to use light [5] and acoustic waves [6]
to induce particle motion. Other approaches use self-
propelling particles for delivering therapeutics, such as coag-
ulation factors, small molecules, or other chemical or biolog-
ical agents [7].

Of particular interest in the field of drug delivery is the use
of externally controllable fields to direct the motion of drug
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carriers. In this regard, magnetic resonance navigation ap-
proaches have been developed that, using magnetic nanopar-
ticles embedded in microcarriers or microrobots, impart a di-
rectional propelling force by 3D magnetic gradients [8]. As far
as the use of soft particles as drug carriers, electric fields have
been demonstrated to induce large deformation in liposome
vesicles both experimentally [9, 10] and theoretically [11, 12].
Electric fields can be used to sort cells and to induce the
formation of pores in vesicle membranes. Magnetic fields also
offer the opportunity to direct the motion of biologically com-
patible soft matter. Experiments have demonstrated that lipo-
some vesicles tend to align with an externally applied mag-
netic field. This is due to the directional magnetic susceptibil-
ity difference of the lipids, which form the membrane of these
vesicles [13]. Unlike electric and magnetic field effects, the
influence of high-frequency electromagnetic fields on lipo-
some vesicles has received much less attention.

Liposomes, as carrier systems, have been explored more
than any other nano- and microparticles for various diseases
ranging from cancer treatment to pain management [14] and
occupy unique position in drug delivery technology. These
systems have unique properties of flexibility in terms of size
and composition, the easy modification of surface properties,
and high biocompatibility, and they are able to incorporate
drugs within both their aqueous core and their lipidic bilayers.
Through such means, the pharmacokinetics of a drug can be
controlled and dictated by the liposomal delivery system rath-
er than the drug attributes [15]. The most common methods to
favor drug leakage from liposomes are based on the destabi-
lization of the system induced by an external stimulus, among
them there is mild hyperthermia usually induced by micro-,
radio-, or ultrasound waves [16, 17]. Thus, the knowledge of
the behavior of liposomes in response to external physical
stimuli such as millimeter waves would be very valuable for
designing novel drug delivery systems.

The adequacy of liposomes as a carrier system for drugs
strictly depends on their size; thus, liposomes with
submicrometer diameter (i.e., large unilamellar vesicles) are
commonly used for in vivo applications, while giant
unilamellar vesicles (GUVs), with a diameter ranging between
1 and 100 um but with identical local arrangement of lipid
bilayers, can be used as models to visualize with optical mi-
croscopic techniques the membrane perturbations occurring
after the application of an external stimulus [18].

In our previous study [19], we used GUVs to directly ob-
serve their response to exposure to low intensity millimeter
wave (MMW) at 53.37 GHz. This frequency is one of the
frequencies—other than 42.22 and 61.2 GHz—officially used
in non-invasive complementary medicine against a variety of
diseases [20-22]. Real-time imaging observations by light
microscopy showed three distinct effects: (1) on vesicles ge-
ometry, i.e., elongation consisting of an increase in their
lengths and changes in their direction angle, (2) induced
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diffusion of fluorescent dye di-8-ANEPPS located in the re-
gion between the aqueous phase and the hydrocarbon interior
of the lipid bilayer, and (3) change in the direction of vesicle
motion and relative attraction among them [19]. These effects
were not dependent on increase in temperature; thus, they
have been considered non-thermal effects [23] .

To address the question of whether the abovementioned in-
duced movement of vesicles is dependent on the action of
MMW on lipid membrane, considered the main target for the
interaction of MMW with biological systems [24], we have
successively studied two different types of GUVs formed of
neutral (egg-PC) and negatively charged phospholipids (egg-
PC/PG) and introduced a specific quantization of trajectories
taken by all vesicles before, during, and after MMW exposure
[25]. A marked change in the direction of vesicle trajectories
occurring at the MMW switch “on” has been observed.
Furthermore, only in the case of charged GUVs preparation,
the induced direction of vesicle trajectories was maintained also
after the MMW switch “off” [25]. As an explanation of these
results, we have proposed that the different behaviors between
neutral and charged GUVs could be ascribed to the different
distributions of the charge (1) internal to the vesicle membrane
and (2) between the internal and external of the membrane.

The combination of liposomes and superparamagnetic iron
oxide nanoparticles in hybrid structures represents a unique op-
portunity for achieving therapeutic objectives [26]. The lipo-
somes can act to concentrate these small nanoparticles (i.e., low-
er than 15 nm) and shield them from the immune system. In
turn, the iron oxide nanoparticles can be magnetically guided for
targeting in vivo [27] and control drug release providing heating
when exposed to external stimuli such as alternating current
electromagnetic fields, typically micro- and radiowaves [28, 29].

The aim of this study is to add information on the ways to
orient the motion of lipid vesicles containing iron oxide nano-
particles by evaluating changes induced on their direction of
motion while applying MMW exposure. Vesicle trajectories
were here analyzed using a new ad hoc microscope image
processing strategy to determine the motion of vesicles sub-
jected or not to MMW exposure. Furthermore, accurate char-
acterization of MMW exposure conditions was carried out,
following recommendation provided in literature [23, 30],
for obtaining adequate interpretation and reproducibility of
the result.

Materials and methods

Materials

L-o-Phosphatidylcholine (egg yolk PC), 6:0-18:1 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), 16:0-18:1 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG),
phosphate buffer, calcein, and mineral oil were purchased from
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Sigma-Aldrich (St. Louis, MO). Organic solvents (spectroscop-
ic grade) 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. Aqueous dispersion of 10 +
2.5 nm oleic acid-amphiphilic polymer-coated maghemite (y-
Fe,03) nanoparticles was obtained from Ocean NanoTech (San
Diego, CA).

Preparation of GUVs containing or not containing
MNPs

Giant unilamellar vesicles (GUVs) were prepared by the water
droplet transfer method [31], with a slight modification as
described elsewhere [32]. Briefly, an Eppendorf tube
(1.5 ml) was filled with, and in, the following order: (1) the
“outer” solution (0.5 ml, 5 mM sodium phosphate pH 7.4,
200 mM glucose); (2) interfacial phase (0.3 ml, 0.5 mM lipids
(POPC/POPG 9/1) dispersed in mineral oil); and (3) a water/
oil emulsion (0.6 ml) prepared by pipetting up and down the
inner phase (20 ul, 5 mM sodium phosphate (pH 7.4)—
200 mM sucrose, containing maghemite (y-Fe,O3) nanopar-
ticles (MNPs) at a concentration of 3 nmol/ml, in POPC/
POPG (0.5 mM) suspended in mineral oil). The tube was
centrifuged two times: firstly at 300xg for 10 min and second-
ly at 2500%g for a further 10 min at room temperature with
fresh outer solution to remove mineral oil and any non-
entrapped MNPs. Giant unilamellar vesicles containing
MNPs (i.e., the visible pellet on the bottom of the tube) were
re-suspended in 100 pl final volume of 5 mM sodium phos-
phate (pH 7.4)-200 mM glucose.

The same procedure was adopted to prepare GUVs not
containing MNPs by not adding MNPs in the abovementioned
inner phase.

To provide a positive control of vesicle motion, the same
giant unilamellar vesicles used in previous studies [19, 25] were
prepared from electrically neutral phosphatidylcholine (i.e.,
egg-PC) by using the electroformation method applied to lipid
films spin-coated on 45 mm % 45 mm glass slide covered with
indium tin oxide (ITO) as extensively described in [25].

All steps of vesicle preparations were performed at room
temperature, which is above the main phase transition one of
POPC/POPG mixture or egg-PC; thus, the vesicle membrane
should be in the fluid-like state.

Quantitative analysis of MNPs contained in GUVs

Quantitative analysis of internal MNP concentration in GUVs
was conducted with colorimetric o-phenanthroline method as-
say of iron, by measuring the absorbance of Tris (1,10-
phenanthroline) iron(II) complex at A =500 nm [33].
Briefly, 100 ul of the MNP-GUYV suspension was diluted
1:10 in HNO3 (31.5%) and HCI (18.5%) and incubated on a

hotplate. After cooling, the mixture was dissolved in 22 ml of
HCI (3.7%) and iron (III) was reduced with hydroxylamine to
the ferrous state. After the addition of 1,10-phenanthroline
(1.0 g/l), the pH was adjusted to 3.0-3.5 by adding HCI.
Iron content was determined with [Fe**] from 0 to 5 mg/ml
as standard.

Qualitatively analysis of GUVs containing MNPs

To ascertain that, GUVs containing MNPs were morpho-
logical stable water-soluble fluorescent probe (i.e., calcein
disodium salt) was used as fluorescent markers of the aque-
ous GUVs cavity. Calcein entrapment was determined and
imaged by confocal laser scanning inverted microscope
(LEICA SP5II) on fresh and aged MNP-GUYV preparations
(i.e., maintained 24 h at room temperature in the dark).
Digital image processing and analysis was carried out
using Imagel software.

Millimeter waves setup and exposure protocol

The exposure experiments were performed at low intensity
millimeter wave with frequency of 53.37 GHz by using a
conical horn antenna (IMG-53.37, Micro Med Tech, Russia)
with 34 mm maximal diameter and an output power of
39 mW. The distance between the centre of the observation
dish and the horn antenna was 8 cm, and the incidence angle
was downward at 45° to the vertical (see Supporting
Information Fig. SI-1). This position of antenna minimizes
reflections from the bench returning through the sample; thus,
it was mainly exposed to the incident wave, avoiding addi-
tional power absorption from the reflected wave, as described
in literature [34].

The same exposure protocol previously used [19, 25] was
as follows: a polystyrene exposure chamber made of four
separate dishes that were devoided of any conductive mate-
rials was placed on the microscope stage (Fig. 1). Each dish
was filled with 1.5 ml of 200 mM glucose solution covering
~ 8 mm of the dish height (10 mm). The dishes were processed
separately and carefully checked for level using a circular
spirit level. A small amount of vesicles suspension (2—4 pl)
was added just to the dish under study so that only a few
vesicles were freely dispersed in the glucose solution in order
to minimize vesicles interaction. In order to evaluate the ef-
fects of exposure, vesicles were selected one at a time follow-
ing the criteria that they were not connected to others and did
not have internal formations or visible protuberances, as sug-
gested elsewhere [35].

GUVs—the exposed samples—were subjected to
53.37 GHz radiation, which was switched on and off intermit-
tently at the time intervals indicated in the “Results and
discussion” section. Other GUVs—the sham samples—were
not subjected to this radiation.

@ Springer



Drug Deliv. and Transl. Res. (2019) 9:131-143

Fig. 1 Exposure experiments were performed at low intensity millimeter
wave with frequency of 53.37 GHz using a conical horn antenna (on the
left). The exposure chamber (polystyrene four dishes) on the microscope
stage is shown, where the dish under study has been colored in brown for
visibility in this photograph

Accurate temperature measurements inside the samples
were taken using a four-channel analog devices electronic
thermocouple equipped with a flexible implantable probe
(Physitemp Instruments, Inc., Type IT-18) of 0.06 cm diame-
ter, 1 m lead length, 0.1 s time constant, and resolution of
0.01 °C. The probe tip of the thermocouple was placed in
the central region of the aqueous solution containing GUVs,
where microscope images were always collected.

Optical microscopy analysis

To study the movement of vesicles, real-time imaging obser-
vations were carried out with an Olympus IX 70 inverted
microscope (Rungis, France) in phase contrast mode,
equipped with an optical condenser and a 20% objective lens
with a total magnification of x 200. A high-speed camera hav-
ing a 1-kHz frame acquisition rate (F-View [I—Soft Imaging
System GmbH, Germany) was used to record images. The
best optical contrast was obtained by using diffraction index
asymmetry of the solutions 200 mM sucrose inside and glu-
cose outside the vesicles, as extensively described elsewhere
[25]. The best focal planes were in the central region of the
observation dish, corresponding to ~ 3—4 mm of its height,
where it was possible to observe the vesicles over the entire
time of experiment before they approached the bottom of the
dish. Further, at the start of the experiments, the area of obser-
vation was fixed and the focus plane and microscope light
intensity were adjusted to obtain the highest definition of the
edge of the selected vesicle, which is not necessarily coinci-
dent with the best optical contrast between inner and outer
vesicle solution—usually obtained only when vesicles are sta-
bilized by gravity at the bottom of the observation dish as
indicated elsewhere [36]. Then, sequences of up to 20 images
of'the fixed area of observation were taken and recorded every
minute. The microscope light was switch on only for the short
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time needed for the image’s capture. Particular attention was
given to avoiding any possible artifacts influencing the motion
of vesicles. To maintain the stability of the test bench, the
microscope was placed onto a Newport air-controlled anti-
vibration table; the turning on/off of the microscope light,
camera, and MMW antenna was governed by a single push
button placed on a separate table.

Vesicle motion analysis

A fully automated strategy was applied to process the micro-
scope images of vesicles. Technically, a two-step algorithm
was implemented for the automatic detection of all vesicles
in each image frame and for the reconstruction of selected
GUVs. The algorithm was developed within the Matlab™
(MathWorks, Natick, MA, USA) environment. The first pro-
cessing step automatically detected the position of vesicles
within each image frame (Fig. 2a). This task was achieved
by applying the Hough transform [37], which permitted the
identification of all the circular objects inside each single
frame (Fig. 2b) and the subsequent deletion of concentric/
intersecting objects (Fig. 2¢). The second processing step
was devoted to the reconstruction of the trajectory described
by each identified vesicle during its motion. The trajectory of
each vesicle in a sequence of image frames (Fig. 2d) was
plotted, commencing with the largest, as follows: identify
the position of the vesicle with the most similar size within a
distance equal to five times the vesicle’s radius, draw a con-
nection between the two, and repeat for each pair of consecu-
tive frames in the sequence.

The algorithm also evaluated the 2D trajectory deflection,
in terms of the instantaneous angle between the vector
connecting two consecutive points of the vesicle trajectory
and a reference direction (which was set as the horizontal
one, the same in all image frames, corresponding to the y-axis
of the reference coordinate system adopted here). Finally, the
algorithm combines the in-plane trajectory of each vesicle
with its through-plane trajectory (as evaluated from GUV seg-
mentation, performed over each image frame) for fully three-
dimensional characterization of each GUV trajectory: By as-
suming that, a vesicle does not change in size during its re-
corded motion; then, apparent variations in its radius during
the experiment can give a measure of its position along the
camera axis relative to the in-focus plane.

Results and discussion
Characterization of GUVs containing MNPs
GUVs containing superparamagnetic iron oxide nanoparticles

(MNPs) prepared by the “droplet transfer” method were
spherical (Fig. 3). Chiba and co-workers previously showed
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Fig. 2 Image-based analysis. a Original image. b Circular object
detection within the image using the Hough transforms. ¢ Position of
vesicles inside the frame after the deletion of concentric/intersecting

that GUVs obtained through this droplet transfer method were
unilamellar [38]. A prerequisite for successful investigation of
the effects induced by MMW exposure is the morphological
stability of vesicle preparations. In this context, no significant
differences in the fluorescence intensity distribution of water-
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Fig. 3 Formation of GUVs (POPC/POPG 9/1) containing internal
concentration of MNPs (2.2+0.1 uM) and calcein (10 uM) are shown.
Fluorescence confocal microscopy image is shown. Bar 50 pm
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objects. d Reconstruction of the entire trajectory described by each
vesicle during its motion. GUVs not containing MNPs (i.e., empty
GUVs) are shown

soluble probe (i.e., calcein) were observed between the fresh
and aged (i.e., 24 h) MNP-GUYV preparations. Furthermore,
the double washing by centrifugation carried out during the
preparation of MNP-GUVs ensured that any MNPs not
entrapped in the lumen of vesicles were removed.

Finally, the hydrophilic shell of MNPs and the dimension
of nanoparticles (i.e., 10 nm) ensured that MNPs were loaded
in GUVs lumen and not bound to the membrane surface or
embedded into the bilayer [39]. The calculated internal
amount of MNPs, determined by the absorbance of the
iron(Il) complex, was 2.2 +0.1 uM. For GUVs with a mean
diameter of 20 um—used throughout this work—an average
number of MNPs equal to 5.4 x 10° per each GUVs prepara-
tion can be estimated, corresponding to a mass increase, for a
single GUV, of 1.2 x 10~"! g. This is similar to saying that a
percentage mass increase of = 0.2% was achieved after encap-
sulation of MNPs.

Characterization of MNP-GUV motion
To provide an experimental control of vesicle motion, we
analyzed the dynamics of GUVs containing MNPs in the ab-

sence of MMW exposure. A sample of these data, from six
independent experiments, is shown in Fig. 4a, displaying two
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Fig. 4 Vesicles dynamics under sham condition. a Image frame with the
trajectory of two individual MNP-GUVs is shown. b Image frame with
the trajectory of three individual neutral electroformed giant vesicles is

MNP-GUYV trajectories overlaid. In this specific case, the se-
quence of 13 microscope images was analyzed for the trajec-
tories related to two individual MNP-GUVs.

Since we previously used giant vesicles formed of egg-PC
and prepared using a different method, such as electroformation,
to study the dynamics of vesicles subjected to MMW exposure
[19, 25], here, again, we used the same vesicle preparation as a
positive control and to compare their dynamics with that of
MNP-GUVs prepared using the droplet transfer method. Our
aim was to show that the proposed experimental setup could
allow the observation of vesicles dynamics independently from
the type of phospholipids and/or preparation used. A sample of
these data, from three independent experiments, is shown in Fig.
4b, displaying three neutral giant vesicle trajectories overlaid. In
this specific case, the sequence of 21 microscope images was

in-plane (xy) displacement (1t m)

through-plane (zy) displacement ( ftm)

L . L .
2 4 6 8 10 12 14 16 18 20
Exposure time (min)

shown. ¢ Comparison between in-plane (xy) displacement and through
plane (zy) displacement for a vesicle in a. d Comparison between in-plane
(xy) displacement and through-plane (zy) displacement for a vesicle in b

analyzed for the trajectories related to three individual neutral
giant vesicles. Hence, it is evident that in both cases, a collective
motion is observed with non-preferential directions in lateral
displacements. Furthermore, from the three-dimensional charac-
terization of vesicle trajectories, accurately described in
“Materials and methods,” in both cases, vesicle motion was
mainly characterized by an in-plane (xy) displacement of one
to two orders of magnitude greater than through-plane (zy) dis-
placement (Fig. 4c, d). Similar results were also found for ves-
icle dynamics analysis of GUVs not containing MNPs (i.e.,
empty GUVs) (Table 1). It appears that phospholipid vesicles,
generally, have high rates of lateral diffusion, as stated elsewhere
[40], independently from the phospholipids composition and
type of preparations. A similar random in-plane motion during
image acquisition of vesicles by confocal fluorescence

Table 1 Three-dimensional

characterization of vesicles Type of vesicle No. of sample Displacement

trajectory: in-plane and through-

plane displacement (mean + In-plane (um) Through-plane (pum)
standard error of the mean) for all

analyzed vesicles in different Neutral giant vesicles 81.19 £ 5.76 0.76 £ 0.12

samples subjected to MMW Empty GUVs 34.14 £ 4.71 0.79 £ 0.10
exposure MNP-GUVs 37.41 +231 133 +0.11
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microscopy was also reported [41]. Furthermore, a similar be-
havior was also reported in a study of sedimentation process of
vesicles in isotonic conditions, which presented significant lat-
eral displacements [42]. Hence, in the absence of MMW expo-
sure, vesicle motion is mostly planar, with gravity (vertical mo-
tion) playing a negligible role during the observation time. That
is to say that under our carefully controlled experimental condi-
tions, the observed vesicle motion could only be minimally
ascribed to a sedimentation process of vesicles.

MMW induces a change of MNP-GUV motion

The image-based analysis allowed us to identify trajectories
taken by all vesicles before, during, and after MMW exposure.
In a first attempt, the visual inspection of sequence of micro-
scope images acquired during vesicle dynamics observation
revealed that all vesicles were characterized by similar trajec-
tories independently from their dimensions (see in Supporting
Information Fig. SI-2). As a consequence, the vesicle selected
for the image-based analysis of the dynamics could be consid-
ered, in any case, statistical representative of all many vesicles
present in the observation dish. Vesicle movement was ana-
lyzed on microscope images of MNP-GUVs subjected to
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Fig.5 MMW changes MNP-GUV motion. a Image frame with the entire
trajectory of one MNP-GUV color-coded under sham (blue) and
exposure (red) conditions. b Comparison between in-plane (xy)
displacement and through-plane (zy) displacement for the vesicle. ¢
Rose diagrams are angular histograms of the distribution of
instantaneous angular values showing the direction of vesicle motion in

MMW exposure intermittently switched on and off at 5-min
intervals for a total time of 20 min. A sample of these data,
from six independent experiments, is shown in Fig. 5a,
displaying the entire trajectory of one MNP-GUYV color-coded
under sham (blue) and exposure (red) conditions. In this spe-
cific case, the sequence of 21 microscope images was ana-
lyzed for the trajectories related to one vesicle. A markedly
in-plane motion for the MNP-GUYV is observed (Fig. 5b) be-
fore, during, and after MMW exposure. We analyzed the vec-
tors taken by the vesicle in the dataset (Fig. 5¢), finding that
the trajectory was highly polarized with a preferential dis-
placement, independent from the exposure condition, where
the vector components runs parallel to the y-axis in the nega-
tive direction, which in our coordinate system is to the left and
is the same side as the MMW antenna (indicated by the arrow
in Fig. 5c). Furthermore, no marked change in the vesicle
direction at the onset of MMW-switch on (SHAM; vs. IRR;;
Fig. 5¢) was observed. But, importantly, by examining the
course followed once the vesicle was already irradiated, we
found a clear trajectory deflection when the MMW exposure
was switched off (IRR; vs. SHAM>; Fig. Sc), with realignment
in the direction previously taken at the first MMW switch on
(IRR; vs. IRR>; Fig. 5¢). This finding leads us to conjecture

T

in-plane (xy) displacement (4 m)
throdgh-plane (zy) disp\acement (/'L m)

2 4 6 8 10 12 14 16 18 20
Exposure time (min)

SHAM; IRR;
2 , % ,
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terms of relative frequency. A direction of 0° indicates + y motion where
vector component runs parallel to the positive y-axis pointing to the right.
A direction of 180° indicates —y motion 180° where vector component
runs parallel to the negative y-axis pointing to the left. Arrow depicts the
side position of MMW antenna (color figure online)
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that during MMW exposure, a directional motion of MNP-
GUVs can be induced.

MMW induces a change of empty GUV motion

We previously compared neutral (i.e., egg-PC) and negatively
charged (i.e., PC/PG) giant vesicles prepared using the
electroformation method [25] to relate the MM W-induced
change in the direction of vesicle motion with the presence
of charge and dipolar molecules at the bilayer/water interface
region of the lipid bilayer [43]. This correlation was confirmed
as MMW-induced change on the direction of vesicle motion
was observed to a larger extent on giant vesicles prepared with
negatively charged phospholipids than with neutral ones [25].
Here, accordingly, GUVs containing and not containing
MNPs were both formed of negatively charged phospholipids
(POPC/POPG); thus, by comparing them, it was possible to
relate the MMW-induced change in the direction of vesicle
motion only with the presence of MNPs in the lumen of for-
mer vesicles. To do this, the same experiments and analysis
were performed on GUVs not containing MNPs (i.e., empty
GUVs). A sample of these data, from three independent ex-
periments, is shown in Fig. 6a, displaying the entire trajectory

SHAM, IRR,
% , %0 ,
120 60 120 60
L 2
150 1 30 150 i:
‘
180 0 180

210 330 210

240 300 240 300

270 270

Fig.6 MMW changes empty GUV motion. a Image frame with the entire
trajectory of one empty-GUV color-coded under sham (blue) and
exposure (red) conditions. b Comparison between in-plane (xy)
displacement and through plane (zy) displacement for the vesicle. ¢
Rose diagrams are angular histograms of the distribution of
instantaneous angular values showing the direction of vesicle motion in
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of one empty GUV. In this specific case, the sequence of 20
microscope images was analyzed for the trajectories related to
one vesicle. In agreement, a prevalent in-plane motion is also
observed for empty GUV (Fig. 6¢). Instead, the overall trajec-
tory of empty GUV was characterized by the spread of vesicle
deflection values larger than GUVs containing MNPs
(Figs. 6¢ vs. 5¢), indicating that the trajectory was not polar-
ized. Furthermore, a marked change in the direction of vesicle
motion occurs at the first MMW switch on (SHAM; vs. IRR;;
Fig. 6¢) and at the first switch off (IRR; vs. SHAM; Fig. 6¢).
These results confirming previous observations on giant ves-
icles prepared using the electroformation method, where the
switch on/off character of the MMW-induced effects was ex-
tensively described [19, 25], allowed a common explanation
of the obtained results.

Under the proposed exposure condition, the energy content
associated with electromagnetic fields has insufficient
strength to modify the inherent structure of the region hit by
the electromagnetic wave [44-46]. Thus, a different phenom-
enon can be proposed for explaining the obtained results: the
interaction between the electromagnetic field and the charged
structure can result, under given conditions, in a resonant
(non-thermal) phenomenon which does not affect the structure

b 150 14

£
_ PR
£ =
c
z 2

2 11
D100 | 9]
£ s
8 {os &
o b
0 ﬁ
o HJoe &
> [}
H 5

50
p K]
= o4 &
£ <
e g
G

£ H02 ©
<
=]

o . . . . . . . o

0 2 4 6 § 10 12 14 16 18 20

Exposure time (min)
SHAM, IRR,
% , % ,
120 60 120 60
15
150 ' 30 150 05 30

180

210 330

240 300 240 300

270 270

terms of relative frequency. A direction of 0° indicates + y motion where
vector component runs parallel to the positive y-axis pointing to the right.
A direction of 180° indicates —y motion 180° where vector component
runs parallel to the negative y-axis pointing to the left. Arrow depicts the
side position of MMW antenna



Drug Deliv. and Transl. Res. (2019) 9:131-143

139

from a thermal point of view but can induce mechanical mod-
ifications (e.g., motions) that could lead to biological changes.

By using a fast imaging digital camera, with a high tempo-
ral resolution (one image every 33 ps), observations of giant
lipid vesicles subjected to electromagnetic field had shown a
transient vesicle deformation [36], which the authors ex-
plained due to a reorganization of charges both internal and
external to the membrane of vesicle [47, 48]. Although, the
time scale of these phenomena is orders of magnitude smaller
than the observation times of our study, and the image time
resolution (one image every 50 ms) we used is not sufficient to
detect small shape deformations, a similar transient deforma-
tion of the vesicles could result and contribute to the observed
changes in direction of the vesicle motion when the MMW is
switched on. However, it should be mentioned here, that there
is still no evidence that, e.g., AC electric fields in the range of
frequency of millimeter waves could lead to deformations in
the shape of the vesicles [10].

In this scenario, the difference observed in the dynamics of
GUVS containing MNPs vs. empty GUVs, i.e., GUVs con-
taining MNPs do not markedly modify the direction of their
motion at the onset of MMW switch on, could be ascribed to
the interaction of MNPs with membrane components that
could modify the vesicle transient deformation. In principle,
the MNPs (i.e., hydrophilic uncharged particles of large size
~ 10 nm) for inclusion limits between the bilayer would prefer
to remain in the lumen of the GUVs rather than to be embed-
ded into the lipid bilayer [49]. Nevertheless, MNPs could be
shedding the oleic acid/polymer ligands, which, in turn, could
embed into the membrane changing its dynamics, but, impor-
tantly, interaction of iron with the phosphate terminus of lipid
head groups could be also possible. This latter interaction, by
increasing the tilt angle, could enlarge the area of the head
groups, as reported for giant vesicle of mixed DOPC/DOPG
[50], thus leading to an enhancement of phospholipids density
and subsequent membrane stiffening. Interestingly, the polar

a 140 T T b 140

head groups of the surface layer can affect the physical prop-
erties of the entire membrane as showed in a computer simu-
lation study of dynamics of surface lipid membrane [51].

Vesicles velocity under sham and exposure conditions

To investigate further the influence of MMW on vesicle dynam-
ics, we also calculated the average in-plane velocity (expressed
as pm/min) of vesicles under study. Firstly, we analyzed the
velocity of MNP-GUVs and empty GUVs and, for reference, of
neutral giant vesicles prepared using the electroformation meth-
od in the absence of MMW. The analysis of these data, from
three independent experiments, revealed no marked difference
between the average in-plane velocity magnitude of MNP-
GUVs and empty GUVs (36.58 + 1.73 vs. 33.06 + 2.43 um/
min). This supported the small increment of mass between
GUVs containing and not containing MNPs calculated to be
less than 0.2%, thus indicating no influence of MNPs on the
vesicles velocity. On the other hand, MNP-GUVs and empty
GUVs exhibited an average in-plane velocity magnitude nearly
double with respect to that of electroformed neutral giant vesi-
cles (16.45 + 1.73 um/min).

We then analyzed the vesicles velocity on samples subject-
ed to MMW exposure. This analysis revealed that in the case
of electroformed neutral giant vesicles and empty GUVs, the
average in-plane velocity increased by a factor around 4 dur-
ing MMW exposure (Fig. 7a, b). Instead, lower increase in the
average in-plane velocity magnitude of MNP-GUVs was ob-
served (Fig. 7c). Representative samples of these data from
MNP-GUVs and empty GUVs are shown in Fig. 8.

Together, these experiments show that the vesicle motion,
mainly planar (in-plane) and independent of the sham/
exposure condition, is the snapshot of a sedimentation-
independent phenomenon, along the time of the experiments.
Furthermore, these results reinforce that the proposed expla-
nation for that differences observed in the movement of
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vesicles could be in the different distribution of the charge (1)
internal to the vesicle membrane and (2) between the internal
and external of the membrane, which does influence the action
of MMW [10].

In preliminary experiments, we tried to use low concentra-
tion of sugar solutions to reduce the possible impact that the
viscosity could have on the motion of vesicles without success.
The vesicle motion was too fast, and they moved away from the
microscope’s field of view in a short time making it difficult to
perform the observation during sham and irradiation treatments
on the same sample, a prerequisite of our study. This observa-
tion provides a useful hint for predicting what would be the
behavior of vesicles in viscous biological fluids. We predict that
a slowdown of the vesicle response should occur due to inertial
effects. However, a proper tuning of irradiation conditions
could easily allow the control of inertial/deformation effects
also in biological fluids such as blood.

Temperature measurements

To evaluate any possible heating effects of MMW exposure on
the specimen, we carefully measured temperature changes and
temperature rise rates in the aqueous solution containing either
MNP-GUVs or empty GUVs in the observation dish follow-
ing the indication in literature [52]. A representative example
of temperature dynamics recorded during exposure

@ Springer

experiments of MNP-GUVs is shown in Fig. 9. The average
temperature increase achieved after 20 min of interrupted re-
gime of exposure (MMW 5 min off then 5 min on) was
0.15 £+ 0.05 °C. The same increment was also observed for
empty GUVs (data not shown), indicating that though heat
generation can be localized within the volume of MNPs
[53], under our conditions, negligible temperature increment
over the entire volume of the specimen was observed. As a
consequence, this small temperature increase could be as-
cribed to the unavoidable specific absorption rate difference
between the boundaries and the bulk, which originates as a
consequence of the low penetration depth of MMW. Indeed,
in liquid media, most of the incident MMW energy is
absorbed within the first few one-tenths of a millimeter [54],
and temperature gradients close to the irradiated surface can
be high enough to produce different types of convection pro-
cesses. However, such a temperature increase is considered in
the literature to be below the threshold at which its effects
should be considered thermally driven [55, 56]. No further
temperature increment was observed when the microscope
light was switched on for the short time necessary to acquire
the images (data not shown).

To achieve a quantitative understanding of the induced
change of movement direction in the presence of MMW, the
specific absorption rate (SAR) was quantified and correlated
with the observed phenomenon. Numerical evaluation of
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SAR, extensively described elsewhere [25], indicated that a
very uniform distribution of SAR was present in the central
region of the dish, covering an area of about 0.1 mmz, where
microscope images of dispersed vesicles were always ac-
quired. An average SAR value of 0.2 W/kg was calculated
in the central region of the dish (see Supplemental
Information in Fig. SI-3); this value is significantly smaller
than the recommended SAR threshold value below which
there is no significant temperature elevation that would affect
biosystems (0.2 vs. 1.6 W/kg) [57]. Notably, a negligible ele-
vation of temperature is expected from this SAR level. In fact,
in the worst case of no thermal conductivity or convective
exchanges, an increase of 0.014 °C of temperature during
the 5 min of exposure is expected, i.e., so low that it could
not cause local heating of the sample.

Finally, the magnetic response of MNPs can be
neglected in the evaluation of the SAR due to the low
quantity of MNPs inside the MNP-GUVs and the high
exposure frequency applied [58].

Conclusion

In conclusion, this study described an experimental setup to
follow the dynamics of lipid vesicles, in general, and with
combinations of magneto nanoparticles when eliciting their
response to external stimuli to move directionally. Our results
revealed that the membrane composition (neutral vs. charged
phospholipids) of giant vesicles modulates the effect induced
by MMW exposure on the collective reorientation in vesicle’s
movement. This knowledge could be used in designing lipo-
somal formulation for improving the effectiveness, for exam-
ple, of local distribution of liposomal agents.

Furthermore, this study indicates that also negatively
charged lipid vesicles containing magnetic nanoparticles, al-
though with MM W-induced response delayed in comparison
with negatively charged lipid vesicles alone, change the direc-
tion of their motion. For example, it is imagined that using the
experimental equivalent to that shown here, it could be possi-
ble, in conjuncture with magnetic fields, to precisely control
the dynamics of vesicles.

The use of millimeter wave opens up new possibilities for
characterization and processing of not only liposome vesicle
but also other soft matter multiphase systems such as polymer
vesicles or biological cells.

Note, that the results were attributed solely to non-thermal
phenomena, thus suggesting subtle specific effects not de-
pending on the thermal energy deposited by the MMW on
the specimen.

Although, the tests were on micrometer-sized vesicles, which
could have a limited value for in vivo applications, new infor-
mation for future development of electromagnetic field guidance
of lipid vesicles to tissue targets has been provided.
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