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Cationic liposomes have been intensively studied both in basic and applied research because of their promising
potential as non-viral molecular vehicles. This work was aimed to gain more information on the interactions be-
tween the plasmamembrane and liposomes formed by a natural phospholipid and a cationic surfactant of the
gemini family. The present work was conducted with the synergistic use of diverse experimental approaches:
electro-rotation measurements, atomic force microscopy, {-potential measurements, laser scanning confocal
microscopy and biomolecular/cellular techniques. Electro-rotation measurements pointed out that the interac-
tion of cationic liposomes with the cell membrane alters significantly its dielectric and geometric parameters.
This alteration, being accompanied by significant changes of the membrane surface roughness as measured by
atomic force microscopy, suggests that the interaction with the liposomes causes locally substantial modifica-
tions to the structure and morphology of the cell membrane. However, the results of electrophoretic mobility
(¢-potential) experiments show that upon the interaction the electric charge exposed on the cell surface does
not vary significantly, pointing out that the simple adhesion on the cell surface of the cationic liposomes or
their fusion with the membrane is to be ruled out. As a matter of fact, confocal microscopy images directly
demonstrated the penetration of the liposomes inside the cell and their diffusion within the cytoplasm.
Electro-rotation experiments performed in the presence of endocytosis inhibitors suggest that the internalization
is mediated by, at least, one specific pathway. Noteworthy, the liposome uptake by the cell does not cause a
significant biological damage.
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1. Introduction

Due to their biocompatibility, partial tissue selectivity and relative
simplicity of manufacturing, liposomes are among the most studied
drug delivery systems (DDS). The validity of liposomes as vehicles
for the transport of specific drugs depends on a number of physico-
chemical parameters, that are determined by the type and amount of
lipids used in their formulation and the physiology of the target system.
In the last two decades a particular kind of liposomes, the cationic ones,
has raised an increasing interest. Cationic liposomes are formulated
with cationic lipids which do not occur naturally and, because of their
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positive charge, interact more easily with the negatively charged
cell membrane and nucleic acids [1]. As a consequence, after the
pioneering work of Felgner [2], most investigations have concerned
their application as carriers of nucleic acids and, more recently, as vac-
cine carrier/adjuvants [3,4]. Further, abilities of cationic liposomes to
deliver in a fairly specific manner their payload to specific tissues such
as tumor endothelium, lungs and liver [5], and gastro-intestinal tract
upon oral delivery [6], make them attractive DDS of therapeutic agents
for a number of pathologies, among which are the neoplastic ones [7,8].
Due to their ability to increase bacterial cell wall and membrane perme-
ability, thus causing a higher susceptibility to drugs [9,10], cationic lipo-
somes have also been considered as DDS in antibacterial therapies
against Gram-negative or antibiotic-resistant bacteria.

As mentioned above, the initial interaction of cationic liposomes
with plasma membranes is of electrostatic nature. However, the mode
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of interaction of these, as well as of other nanoparticles, with the cell
membrane, the routes of internalization and the intracellular trafficking,
yet remain to be fully clarified. On the other hand, the assessment of the
internalization pathway, that in turn controls the intracellular traffic
and hence determines the target within the cell [11], is a main prerequi-
site for an optimized drug delivery. As a matter of fact, this information
is of the utmost importance to address an adequate design of both new
and improved formulations.

The aim of the present study is therefore to analyze the process of
the interaction with the cell of a cationic liposome formulation that al-
ready demonstrated satisfactory characteristics for pharmacological
and gene therapies in terms of delivery and transfection efficiency,
stability, and the efficacy of interaction with the cell surface [7,12-15].
To this aim, murine fibroblasts (known as 3T6) in culture were used
as a model system.

In particular, the main aim of this work is to discriminate between
two possible mechanisms of interaction: the adsorption or adhesion of
the liposomes onto the outer surface of the cell membrane, favored by
electrostatic interactions and eventually followed by their fusion with
the membrane, or their internalization into the cell. This investigation
was conducted with the synergistic use of diverse experimental ap-
proaches, i.e. electro-rotation (ER) measurements, atomic force micros-
copy (AFM), {-potential measurements, and laser scanning confocal
microscopy (LSCM) as well as biomolecular/cellular techniques. ER
may reveal membrane alterations measuring the dielectric parameters:
specific capacitance, C, and conductance, G, that are related to the mem-
brane structure/functions [16-18]. The surface of cytoplasm membrane
of untreated 3T6 cells and of cells of the same line after their exposure to
the liposomes was studied using AFM, to gain qualitative and quantita-
tive information about cell surface features [19]. Electrophoretic light
scattering technique (¢-potential measurement) can be informative of
the overall charge of the cell surface [20]. LSCM allowed following the
pathway of fluorescently labeled liposomes inside the cell [21]. Finally,
the biological effects of the liposomes were assessed by means of
standard biomolecular/cellular techniques that allow investigating
the cell survival/proliferation. By collecting and combining all the re-
sults obtained by these different techniques, we were led to conclude
that the cationic liposomes under investigation cross the cell mem-
brane, are diffuse within the cytoplasm and do not cause a significant
bio-damage.

2. Materials and methods
2.1. Liposome preparation

In all the experiments we used a liposome formulation formed by
the zwitterionic phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphati-
dylcholine (DMPC), (Avanti Polar lipids, USA) with the addition of the
cationic gemini surfactant (2S,3S)-2,3-dimethoxy-1,4-bis(N-hexadecyl-
N,N-dimethylammonium)butane bromide (hereafter Ge1) (Fig. 1), at
the molar ratio of 8:2.

The aqueous dispersions of liposomes were prepared by extrusion
according to the usual procedure described in the literature [22,23].
Briefly, a film of lipid was prepared by evaporation of a CHCl3 solution
containing the appropriate amount of DMPC and Ge1l to obtain the
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Fig. 1. The synthetic gemini surfactant used for liposome preparation.

desired molar percentage mixture. One milliliter of PBS buffer solution
(Aldrich, 1072 M, pH 7.4) was added to obtain a 12.5 mM lipid disper-
sion. The solutions were vortex-mixed and freeze-thawed 6 x from lig-
uid nitrogen to 307 K. Dispersions were then extruded (10x) at 307 K
using a 2.5 mL extruder (Lipex Biomembranes, Vancouver, Canada).
The size of liposomes was 110-120 nm, as determined by DLS (cumulant
analysis), with a polydispersity index lower than 0.15. The value of
¢-potential was around 26 mV, as obtained from electrophoretic
measurements. Liposome suspensions were stable up to 4-5 days.

Fluorescent liposomes were prepared for the LSCM experiments
by adding the fluorescent lipid 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-lissamine rhodamine B sulfonyl ammonium
salt (DMPE-RHoB), (Avanti Polar Lipids) to the DMPC-Ge1l mixture in
the film preparation (1% of total lipids).

2.2. Cell cultures

The mouse fibroblast cell line 3T6 was used and cells were routinely
grown as previously reported [24]. Cultures were exposed to a vast
excess of liposomes (in the order of magnitude of 10° per cell) for 1 h.
These treatment times were selected on the basis of literature data
[7,14,15].

In selected electro-rotation experiments bafilomycin A;[25] and
chlorpromazine [26] were used as endocytosis inhibitors. A bafilomycin
A, solution was added to the growth medium at 100 nM (f.c.). After
45 min, an aqueous solution of chlorpromazine was added to the
growth medium, at 28 uM (f.c.). Total incubation time was 60 min.

The effect of both cationic liposomes and endocytosis inhibitors on
cell survival was assessed by the MTT assay (a standard colorimetric
assay that measures the reduction of 3-(4,5-diMethyThiazol-2-yl)-2,5-
diphenyl tetrazolium bromide, MTT, by mitochondrial succinate
dehydrogenase) [27].

2.3. Electrorotation: theory and apparatus

A rotating electric field applied to a poly-dispersed cell suspension
induces on each cell a dipole moment, due to the accumulation of
charges at the interphase plasma-membrane/solvent [18]. This charge
accumulation is a consequence of the high difference in the polarizabil-
ity between the dispersing medium and the cell membrane. When this
mechanism of interfacial polarization relaxes, a phase shift between the
electric field and the induced dipole moment occurs. As a consequence,
a torque is generated and the cells rotate in an anti-field fashion. The
phenomenon is generated in the range of approximately 10%-10° Hz;
as the frequency is further increased (210 MHz), the electric field
traverses the plasma membrane and the direction of cell rotation is
inverted in a co-field fashion. In the kHz range, a further relaxation oc-
curs, associated to the double electrical layer formed by the counter-
ions and the mechanisms of surface conductivity. These three relaxa-
tions are known as (3, v and « dispersion, respectively. In this study
we only considered the 3 dispersion, directly related to the dielectric
properties of the plasma membrane [16,28].

The rotation period (T) of the cell depends on the frequency (f) of the
applied field, according to the following equation, which describes a
Debye-like relaxation:

2
T(f) = TmmM (1)

where f* is the relaxation frequency and T,,,;, is the corresponding value
of the period. Since the relaxation frequency changes with the conduc-
tivity of the dispersing medium o, the measurements were carried out
on an osmolar sucrose solution (300 mM) supplemented with NaCl at
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the concentrations of: 0, 0.5, 1.0 and 1.5 mM. In these experimental
conditions the dependence of f* upon o, becomes linear:

fr= (%{)oe + <217C>G )

Following Eq. (2), a linear fit of the relaxation frequency measured at
the different solvent conductivities allows to calculate the membrane
electric parameters, i.e. the capacitance C and the conductance G per
unit surface. Here R is the radius of the cell, assumed to be spherical.
An exhaustive overview of the electro-rotation theory can be found in
the excellent reviews of Arnold and Zimmermann[29] and of Gimsa
[30]. Noteworthy, since in non-living cells the electrical insulation of
the membrane is strongly reduced, dead cells do not rotate; as a conse-
quence this technique intrinsically selects metabolically active cells.

An example of data analysis performed on the basis of this model
(single-shell, spherical) is reported in Fig. 2 and 3.

We used a standard apparatus for electro-rotation that has been pre-
viously described in details [ 17,24]. The rotating electrical field was gen-
erated by superimposing four square waves with a relative phase shift
of 90°. These square pulses were applied to the copper mini-plate elec-
trodes of the measuring chamber, which formed a central circular cavity
with a volume of about 10 pL. The whole set up was glued onto a micro-
scope slide. The apparatus was connected to a video-recording system
that allows a more accurate off-line image analysis. This analysis
consists in the measurement of the cell radius and the rotation period
at each frequency of the electric field in dispersing media with four dif-
ferent conductivities. A minimum number of 15 cells per frequency
value were observed. The conductivities of the four solvents were accu-
rately measured by an impedance meter HP 4194A. The conductance
cell is a short section of a cylindrical coaxial line, with stainless steel
electrodes, excited far beyond its TMg, cutoff frequency, connected by
means of an APC-7 connector directly to the input of the meter [31].
The cell is surrounded by a thermostatic jacket that allows to control
the sample temperature within 0.1 °C. Cell constants were deter-
mined by measurements with electrolyte solutions of known conduc-
tivity using a standard procedure described elsewhere [32]. In the
range of electrolyte concentrations considered, the measured conduc-
tivity is independent of frequency, from approx 10 MHz down to
about 10 kHz within the error. The effect of electrode polarization is
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Fig. 2. Typical correlation between cellular rotation period and the frequency of the applied
electric field. As an example, the experimental data for sucrose 300 mM (40 mM NacCl)
sample are reported. The curve is the best fit in accordance to Eq. (1). The inset shows
two 3T6 fibroblasts with the typical spheroidal appearance that they assume in a suspen-
sion when they are not adhering to a substrate, as they appear under the microscope in the
electrorotation measuring cell. The bar is 20 um.
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Fig. 3. The relaxation frequency, f, as a function of the conductivity of the dispersion
medium (0,) for: (A) untreated control samples (3T6 cells); (o) 3T6 cells interacting
with cationic liposomes DMPC/Ge1 (after 1 h of treatment); ([1) 3T6 cells interacting
with cationic liposomes DMPC/Ge1 but in the presence of two endocytosis inhibitors
(bafilomycin A; and chlorpromazine). The straight lines are the best fit of the experimental
data obtained according to Eq. (2), using C and G as free parameters to be determined.

significant only at lower frequencies [33]. The overall accuracy, in the
range of conductivities investigated is within 1%.

2.4. Atomic force microscopy: image acquisition and sample preparation

AFM measurements were performed in Light Tapping Mode by
using a Dimension Icon microscope (Brucker AXS, Germany), simulta-
neously recording topographic and error images for every analyzed
sample. We used high resolution RTESP (Rotated Tapping Etched
Silicon) probes, characterized by a sharp tip (radius of curvature speci-
fied by the manufacturer R = 8 nm) which is asymmetrically connected
to the rectangular cantilever (length 125 mm, nominal resonant
frequency 300 kHz, nominal spring constant 40 N/m).

Light Tapping Mode involves maintaining a high amplitude set point
relative to the free amplitude of the cantilever. This was chosen as imag-
ing mode because it allows reducing the force applied on a soft sample,
thus minimizing membrane alterations and damages due to tip-surface
interaction, and avoiding a possible influence of underlying cytoskele-
ton structures [34-38].

Measurements were performed in air on chemically fixed cells to
reveal the topographic modifications caused by the interaction with
the liposomes. Noteworthy, also in dry conditions a certain amount of
hydration water is retained, allowing reproducible and accurate obser-
vations for several hours [35,39]. The acquired images were processed
for surface analysis using the Gwyddion 2.28 free software (http://
gwyddion.net/). Roughness analysis was performed on all the images.
Cells were grown on sterile glass slides in 100 mm-Petri dishes, that
were chosen as substrates for AFM measurements. Incubation was
continued until the desired cell density was reached, corresponding to
no more than one cell for a typical scan size of 50-60 pm. Cells were sub-
jected to chemical fixation with increasing ethanol concentrations
employing standard protocols known to minimize alterations of cell
morphology [40-42].

2.5. Electrophoretic mobility measurements

Electrophoretic light scattering was used to determine the ¢-
potential of cells. This technique offers advantages in terms of accuracy,
measurement time and ease of use [20] with respect to other ordinary
experimental techniques. A NanoZetaSizer (Malvern Instruments LTD,
UK) apparatus equipped with a 5 mW HeNe laser was used. By combin-
ing laser Doppler velocimetry (LDV) and phase analysis light scattering
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(PALS) [43], this instrument allows the accurate determination of both
the average mobility and the mobility distribution. LDV measurements
were performed using the so called mixed mode measurement proce-
dure (M3) to reduce electro-osmosis effects [44,45]. The electrophoretic
mobility u was measured and converted into {-potential using the
Smoluchowski equation [46]{ = /e, where 1) and e are the viscosity
and the permittivity of the solvent phase, respectively. This equation is
generally valid for large particles, with a ratio of the particle radius to
the Debye length larger than five [47]. Measurements were performed
at 25 °Cby suspending the 3T6 cells incubated with liposomes in a solu-
tion of sucrose 300 mM. Dilution ratios (N;/N¢: number of liposomes/
number of cells) were obtained ranging between 1 and 107.

2.6. Laser scanning confocal microscopy (LSCM): images acquisition and
sample preparation

LSCM experiments were performed on an Olympus FV1000 confocal
microscope. A multiline Argon laser (A = 515 nm) was used as the ex-
citation source, equipped with a excitation dichroic mirror DM458/515
and a 60x/1.40 NA oil-immersion objective. The microscope was oper-
ated setting the pinhole aperture at 70-80 pum, thus resulting in a
200 nm for the XY-resolution and about 400 nm for the axial resolution
(along Z axis). All the images were obtained with a resolution of 1024 px
x 1024 px. The laser excitation induced the emission of fluorescence by
rhodamine-labeled phospholipids embedded in the double layer of the
liposome membrane (see Section 2.1). Every cell was observed at room
temperature (20-25 °C) for a time interval in the order of 1-3 h. The 3D
confocal scanning was performed by a Z-stack sequential acquisition.
Optical sections were collected in transverse XZ and YZ planes.
Spatially-resolved fluorescence spectra (SR-F) were collected with a
wavelength resolution of 2 nm.

Specific glass bottom-dishes (WillCo-dish Glass Bottom, Willco
Wells, 40 mm in diameter and 0.17 mm in thickness) were used as sub-
strate. Cells were subsequently exposed to an excess of rhodamine-
labeled liposomes at the same liposome-cell ratio chosen for the other
experiments (N;/N¢ ~ 10°). Treatment time with liposomes was 1 h.
Cells were not subjected to fixation and trypsinization before being
observed. Moreover samples were thoroughly washed several times
with fresh DMEM [48,49].

3. Results and discussion
3.1. Electrorotation

The results of the electro-rotation measurements carried out on 3T6
cells exposed for 1 h to DMPC/Ge1 liposomes further validate previous
observations from our laboratory [15]. The interaction with the DMPC/
Gel causes a significant variation of the dielectric parameters of the
plasma membrane, as pointed out in Fig. 3.

In particular, a drastic reduction of both the specific capacitance C
and conductance G (in the order of 60%) is observed. This reduction is
associated to a variation of the average cell radius, which increases to
about 10% (Table 1). Changes of the dielectric parameters, that in this
case apparently did not affect the cell viability, as shown by the MTT

Table 1

Percent variation of the specific dielectric membrane parameters (C and G) and the aver-
age cell radius (R) for cell samples obtained with three different treatments: interaction
with DMPC/Ge1 for 1 h, interaction with molecules that behave as endocytosis inhibitors
for 1 h, interaction with DMPC/Ge1 in presence of endocytosis inhibitors for 1 h.

AC/C(%) AG/G(%) AR/R(%)
DMPC/Gel —60+4 — 6442 13+£3
Endocytosis inhibitors® 245 5+4 0.1+4.6
Endocytosis inhibitors® + DMPC/Gel —3848 —4447 6+2

@ Bafilomycin A; and chlorpromazine.

data as discussed in details below, are in general the result of different
concomitant causes, reflecting changes in the membrane organization
(em’) and ionic permeability (0,,), and in the membrane thickness. It
is worth to note that in this context, the “membrane thickness” must
be interpreted as an average or “effective” thickness of the “membrane
domain” [50,18], which takes into account the membrane roughness
and sinuosity [51]. Strictly speaking, a change of the bilayer thickness
could imply a partial mismatch of the membrane protein moiety with
the lipid matrix [52], and a consequent impairment of the protein func-
tion. However, the fact that the observed changes do not interfere
significantly with the cell functionality, suggests that they have to be as-
cribed mainly to a variation of the membrane effective thickness or, in
other words, to changes of the membrane roughness and sinuosity.
The marked effect that membrane microvillosity can have on the
membrane dielectric parameter measured in dielectric spectroscopy
experiment has been pointed out by various authors ([53,54] and the
literature cited therein) and also recently by Asami [55].

In fact, the simple description of a cell which is generally adopted in
the literature to model its dielectric properties [56,16,51] is that of a
sphere surrounded by a thin homogeneous layer, which mimics the
plasma membrane with its roughness. In this picture, the cell is assimi-
lated from the electrostatic point of view to a spherical capacitor.
Clearly, the intrinsic surface roughness of the membrane increases its
effective area, thus making the cell rather different from an ideal smooth
sphere. For this reason, a dimensionless form factor (¢, > 1) is usually
introduced to account for the difference between the geometrical and
the effective surface. The expression for the specific capacitance thus
becomes C = ¢peoem/d (with ¢ the vacuum permittivity). Clearly,
this schematization affects also the specific conductance, which
becomes G = ¢,,0,,,/d. For different cell lines such form factor ¢, was
experimentally evaluated to be between 1.5 and 2.0 [57,58]. In these
terms, the observed reduction of the membrane dielectric parameters
as a consequence of the exposure to the liposomes can be interpreted
as reflecting a decrease of ¢, or in other words an overall smoothing
of the cell surface. Such smoothing and flattening of the membrane
roughness are qualitatively consistent with the observed increase of
the cell radius.

In Table 1 and Fig. 3 are presented also the results of ER experiments
conducted in the presence of specific endocytosis inhibitors.

Interestingly, upon incubation with cetyltrimethylammonium bro-
mide (CTAB), at increasing concentrations, ¢, of this cationic surfactant
but below its critical micellar concentration, CMC, (CMCcpap = 1mM
at T = 25 °C) yeast cells exhibit at first an increased membrane
capacitance, Cp,. Then, having reached a maximum at ¢ =~ 0.3 the ca-
pacitance C,, decreases. Such changes of C,, are accompanied by a
marked (and monotonous) decrease of the cell radius (shrinkage)
[54]. Also in that case the observed variation of C,, was interpreted as
due to changes in the membrane folding. In fact, the initial increase of
Cp, was attributed to an augmented folding of the membrane, while
the subsequent decrease was interpreted in terms of a solubilization
of the “excess folds” of the membrane, resulting in practice in a flatten-
ing, favored by the relatively high concentration of the surfactant [54]. It
must be noted that in that study the surfactant molecules, being
dissolved in the suspending medium at low concentration, interacted
with the cell membrane as single molecules. On the contrary, in the
present study the interaction is between the cell and the liposomes
that, although built up with cationic lipids, nevertheless interact with
the cell as single nanoscopic structures. The chemical structure of Gel,
the cationic surfactant employed here, has some resemblance with
the CTAB. In fact, Ge1 can be imagined made of two CTAB molecules
whose polar heads are linked together by a short “spacer” chain three
carbon atoms long. However, its properties as a surfactant, and in
particular its packing parameter [52] and hence its ability of forming
structures [59], are rather different from that of the single tail CTAB.
Nevertheless, some comparison between the behavior of the structure
as a whole, the liposome, and the component molecules can be made.
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It is worth noting that this could be a typical example of the situation
that usually occurs in bio-nano-technologies: once a nanostructure is
built up, the mechanisms of its interaction with complex biological
structures can be completely different from those of the component
molecules with the same structures.

3.2.ARM

To investigate in more detail the changes of membrane morphology
we employed Tapping Mode AFM. Fig. 4 shows typical AFM images of
single 3T6 cells, untreated (upper row) and after incubation with
DMPC/Ge1 (lower row). The cells show the typical shape of 3T6 fibro-
blasts adhering to a hydrophilic substrate (see for example [60]), a
clear indication that the fibroblasts are and remain well anchored to
the substrate during the AFM scanning operations.

In Fig. 4A and E different regions can be easily identified: a promi-
nent nuclear area is clearly visible, surrounded by a flatter surface corre-
sponding to the cytoplasm. Such a marked heterogeneity has been
observed also for other cell lines [61,62]. As expected, due to ethanol
fixation the cells show a marked dehydration, that yields a significant
reduction of cell volume. However, the dehydration process does not
dramatically alter the cell morphology: the nuclei are clearly visible
and never collapsed and in several frames indications of the presence
of nucleoli can be also found. In addition, cytoplasmic areas keep their
usual smooth appearance, although traces of well-recognized artifacts
(e.g. volcano-like depressions) occur locally [40,42]. When present,
the areas affected by such artifacts were not considered in the quantita-
tive analysis of surface roughness.

An additional evidence of the fact that the fixation and the imaging
technique are able to preserve satisfactorily the morphology of the
cell surface comes from the observation of several membranous and
submembranous structural details. Such details, that have been de-
scribed also by other authors, can be more easily recognized in the im-
ages obtained in the “error signal mode” (Fig. 4B and F) that provides
images related to the first derivative in scan direction of the topography,
hence emphasizing edges and details of the surface [63]. In these images
the following details can be observed: rigid filamentous structures
probably belonging to the cytoskeletal network [64] (Fig. 4B, white
arrows) or identifiable as microtubules (Fig. 4B and F, blue arrow, and
the red circle in panel H); small round bodies of micrometric size, that

10 uml

can be interpreted to be single spots of myosin [65] or vesicles [66]
(Fig. 4B, black arrows); actin filaments running underneath the cell
membrane, especially localized at the periphery of the cell (Fig. 4C,
white arrows) [41,67,68,60] and usually forming stress fibers [37,66]
and a typical cell junction (Fig. 4C, white circle).

After incubation with liposomes, the qualitative appearance of the
cell surface morphology does not change. Actin filaments (Fig. 4F,
white and black arrows and Fig. 4G, black arrows) and stress fibers
(Fig. 4F, black circle) are still observed. Protruding membrane structures
that correspond to microprocesses such as filopodia (Fig. 4F, black
square and Fig. 4G, white arrows) and lamellipodia (Fig. 4F, black
arrow) can also be identified. In some cases, small protruding structures,
presumably ruffles (Fig. 4F, blue arrow), are shown upon the top of
lamellipodia.

However, a significant alteration in the cell height, in fact an average
increase of ~200 nm, is observed. In the examples shown, the height
increases from about 800 nm to more than 1 um (compare the profiles
shown in Fig. 4D and H).

In order to obtain a more quantitative comparison of the membrane
surface details between treated and untreated samples, we analyzed the
statistical properties of the surface roughness. The roughness of the
plasma membrane, being involved in several cellular mechanisms
such as adhesion and motility, is an important cytological parameter
and is considered a sensitive indicator of alterations of cell metabolism.
For example, the roughness measured in AFM images of whole cells or
of cell subregionshas been used to evidence the effect of drugs, mechan-
ical stress or of the aging, on different cell lines [69-71].

In most AFM studies the cell membrane surface roughness is
characterized in terms of the root-mean-square roughness parameter
Rrus, i.e. the standard deviation of the distribution of the z-values with-
in the scanned area [71,72]. However, this parameter is in general “scale
dependent”, i.e. it increases with the scanning area [73,70,72], and such
dependence makes it difficult to compare different images and/or dif-
ferent areas of the images. Moreover, a description of the morphology
of surfaces in terms of root-mean-square roughness on a given scale
length is often unsatisfactory since, for example, surfaces with rather
different morphology, and hence different properties of adhesion, may
show the same values of Rgpis[ 74,75]. Conversely, surfaces characterized
by different values of Rgys may show similar adhesive or tribological
behaviors.
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Fig. 4. Tapping Mode AFM images of 3T6 cells untreated (upper row) and after (lower row) liposome incubation. Height (A, E) and amplitude error (B, F) images (scan size 55 x 55 um?) of
single 3T6 cells, showing well distinct nuclear (N) and cytoplasmic (C) regions. Panels Cand G are details of the same images (A and E) but at higher magnification. Panels D and H show the
height profiles along the white lines in panels A and E, respectively. Arrows and circles in panels B, C, F and G mark different morphological details such as actin filaments and microtubules,

see text for a detailed explanation.
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The surface roughness can be more effectively characterized by
calculating instead the power spectral density (PSD) defined as [74]

1
(212

PSD(q) = | d*x<h(x)h(0)>e ¥ 3)

where x = (x,y), and z = h(x) is the surface height measured from the
average surface plane, i.e. the plane where < h> = 0.The < ... > indicates
ensemble averaging, i.e., averaging over a collection of different surfaces
(or different portions of the surface) with identical statistical properties.
In fact, the PSD is the Fourier transform of the height autocorrelation
function.

In AFM experiments, where the surface is scanned along parallel
lines, it is usual to evaluate the one-dimensional power spectral density
function, based only on profiles along the fast scanning axis [74]

PSD; (¢,) = [PSD(dy. 4y )day (4)

This function can be evaluated from the discrete AFM data values,
using the Fast Fourier Transform algorithm, as [76]

2

h N
> zjexp[—i K, k h)| (5)
k=0

N
Wi (Ky) =5xnr >
j=0

where N and M are the number of rows and columns of the data field,
respectively, and h is the distance between the experimental points
along the scanning line.

As an example, Fig. 5 shows the quantity W; as a function of the
spatial wavenumbers K, calculated for the two typical images of 3T6,
one treated with liposomes and the other untreated, shown in Fig. 4.

Notably, in the lowest range of spatial frequencies, the PSD of the
treated cell is almost one order of magnitude larger than that of the
untreated one. Conversely, in the high frequency range the PSD of the
untreated one is larger by a factor of 2. Such differences appear system-
atically when the images of treated and untreated cells are compared in
terms of PSD, and find a simple interpretation in terms of cell swelling
upon the incubation with the liposomes. In fact, while the swelling
increases the size of the cell as a whole (and hence all the features
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Fig. 5. In this example the power spectral density W is calculated as a function of the spa-
tial wavenumbers K, for the two typical images of 3T6, one untreated (full symbols) and
the other treated with liposomes (empty symbols), shown in Fig. 4 panels A and E. In
the lowest range of spatial frequencies, the PSD of the treated cell is larger than that of
the untreated one, while in the high frequency range it is exactly the opposite. Moreover,
in a wide frequency interval, that extends over several decades, both the PSD curves show
in the log-log scale a well defined linear behavior: in this interval the surfaces are self-
affine fractals characterized by defined fractal dimensions (see text).

whose size is on the whole-cell scale), the resulting stretching of the
membrane has the effect of smoothing out the small scale roughness
on the membrane surface. Such interpretation is perfectly consistent
with the observed increase of cell volume, and with the smoothening
of the cell surface hypothesized in the previous section to justify the
changes of the dielectric membrane parameters measured by ER.

The different “quality” of the membrane roughness for treated and
untreated cells may be characterized in a more quantitative manner
by noting that over several frequency decades both the PSD curves in
Fig. 5 show a well defined linear behavior in the log-log scale. This
means that in this interval the surfaces are self-affine fractals that can
be characterized by a well defined fractal dimension.

A self-affine fractal surface has the property that if the surface is
magnified, then the new surface “still looks the same”. In other words
the statistical properties of the surface are invariant under the scale
transformation.

For a self-affine surface the power spectrum has the power-law
behavior [74]

PSD(q)~q """ (6)

where the Hurst exponent H is related to the surface fractal dimension
Dy through the relationship [77]H = 3 — Dy. It is easy to see that for
the unidimensional power spectral density Eq. (4), and hence for the
discrete W (Ky), the correct exponent is W;(Ky) ~q~2H+ 1D+ 1 0na
log-log scale a power law becomes a straight line, with a slope equal
to the power law exponent. The fractal dimension of the surface can
be hence easily calculated from the slope 3 of a linear fit on log-log
scale in the frequency interval where the curves are approximately
linear, the fractal dimension being Dy = (7 — |B])/2.

By using the dedicated procedure of the Gwyddion software we cal-
culated the fractal dimension Drfor all the images acquired, both treated
with liposomes and untreated. Consistently with the hypothesis of a
swelling of the treated cells and a consequent stretching of their mem-
brane, we obtained for the fractal dimension of the untreated cells an
average value of 2.17 £ 0.07, and for the Dy of the treated ones the
smaller value, indicative of a smoother surface, of 2.03 4 0.05.
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Fig. 6. {-potential of 3T6 cells after incubation with liposomes, as a function of the N;/N¢
ratio. {-potential value of 3T6 cells without liposomes is shown as reference (highlighted
by the black box), with the relative error band (lined region). Error bar associated to each
point has been obtained as the standard deviation of the measurements performed at the
same dilution ratio, while the red line corresponds to the average of all the measurements
obtained for every N;/Nc.
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Fig. 7. (a) Z-stack confocal images of the specimen. Liposomes (or their aggregates) are labeled with rhodamine (red spots). The time interval between the incorporation of stained lipo-
somes in the cell medium and the observation under confocal microscopy was 1 h. (b) Single XY slice image showing a particular of panel (a) with two partially overlapping cells. The
contours of the cells (M) and of the cell nuclei (N), as they appear in Brightfield images of the same field superimposed to the fluorescence images, are outlined in white. A large amount
of liposomes are recognizable in the cytoplasmic area (C). (¢) 3D visualization of the two cells in panel (b). The images have been obtained by digital reconstruction of a Z-stackconfocal

scanning with a 450 nm resolution along the optical Z axis.

A final comment on the observed dependence of the root mean
square roughness on the scan size L is in order. It is easy to see [74] that

Riws = <h®> = [d’x PSD(q) (7)

Clearly, in experiments the integration is limited in practice by
the lateral size L of the scanned area (or of the sample surface). For a
self-affine fractal surface, where the PSD decreases with a power law,
the integral (Eq. 7) is mainly determined by the fluctuations of the

Fig. 8. The left (right) side of the image shows liposome distribution within XZ (YZ) slices
obtained sectioning the sample as indicated in panel (a) ((b)), that depicts the projection
superimposition of the XY-slices perpendicular to the Z-optical axis (1 h interaction).
White lines represent in a simplified manner the cell plasma membrane and the nuclear
membrane outlines. They have been traced using the same procedure as in Fig. 7 and
serve as an indication, in order to make the identification of the main cellular spaces easier.
The yellow circle marks a liposome cluster that could appear located within the nucleus
(panel (b)), however section number 6 clearly shows that the cluster is in the cytoplasm
and above the nucleus.

surface height with the maximum possible wavelength N;;.«x. Then,
since for a given scanning size L and for a self affine surface the condition
Nmax ~ L holds, the value of the integral will depend on the size L of the
scanned area. In other words, the dependence on L of the calculated
value of Rgys is simply a consequence of the fact that L ~ N,,¢ and not
L > Nnax and in this case averaging over the whole surface area is not
identical to ensemble averaging. To obtain an L-independent roughness
a scan size L > of the typical cell size should be chosen, so to include
several cells in the image and have L > \,,,4, but in this way the details
of the roughness at the smaller scale should probably be lost. For
this reason a characterization of the roughness surface in terms of PSD
function instead of Rgys seems to be preferable [74,75].

3.3. Electrophoretic light scattering measurements

To address whether the interaction cell/liposome affects the surface
charge of the membrane, we evaluated the {-potential of cells after in-
cubation with liposomes at different dilution ratios N;/Nc. We consid-
ered a DMPG-Ge1 liposome as a sphere of 110-120 nm in diameter,
as determined by DLS measurements [59], and the area occupied by a
single lipid molecule at the liposome surface ~70 A2, Neglecting, as a
first approximation, the differences between the two components and
the packing effects connected to the steric or electrostatic interaction
between the two lipids in the mixture, we estimated the aggregation
number and hence the number of liposomes in the suspension. By keep-
ing constant the number of cells in each sample (= 10° cells), starting
from a condition of large excess of liposomes, we explored a broad
range of N;/N¢, down to the limit condition of 1 liposome per cell.

In the absence of liposomes, the 3T6 cells suspended in sucrose
300 mM showed a negative ¢-potential (— 1843 mV) confirming that,
as expected, at physiological pH and ion strength their surface charge
is weakly negative [78].

Notably, also after 1 h of incubation with different concentrations of
DMPC-Ge1 liposomes the {-potential of the cells did not show any
significant variation.

In fact, Fig. 6 shows that the ¢-potential of the cells remains close to
the negative value exhibited by the untreated cells at all the N;/N¢ratios,
indicating that the charge density on the outer cell surface is not signif-
icantly affected by the interaction with the positively charged lipo-
somes. This result rules out the adsorption of the liposomes on the
outer cell membrane. It also seems to exclude a process of fusion follow-
ed by the accumulation of the positively charged lipids into the cell
membrane. It rather suggests that the liposomes simply traverse the
membrane to be internalized into the cytoplasm.

This is consistent with the observation that after the interaction with
the liposomes, the cells remain vital (see Section 3.5).

The results obtained from ER measurements conducted in the
presence of the endocytosis inhibitors [79] bafilomycin A, (a specific
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Fig. 9. (a) Confocal microscopy image of a cell interacting with stained liposomes. (b) Spatially resolved fluorescence spectra of the same area captured in image (a), recorded for different
regions of interest (ROI): a single cell (red rectangle, ROI 1); a region that exhibits a high density of liposomes (green circle, ROI 2); a single spot (cyan circle, ROI 3) that should represent a
single liposome or a little aggregate; nuclear inner region (yellow circle, ROI 4) and the background, namely the glass slide used as substrate (orange circle, ROI 5). By exciting the specimen
with a ey = 515 nm radiation, a noticeable emission peak occurs at \.,, = 588 nm, in correspondence to the high-density-rhodamine region. An almost null intensity is recorded for ROI 4
suggesting that liposomes do not diffuse into the nucleus after 1 h. ROI 5 is taken as a control.

inhibitor of the vacuolar proton pump) [80] and chlorpromazine (a drug
that disrupts clathrin-dependent endocytosis) [81] give further evi-
dence that the observed alterations of the dielectric parameters are con-
nected with the passage of the liposomes through the membrane and
not with their incorporation into the bilayer. In fact, in the presence of
the inhibitors the effect on the dielectric parameters is drastically
reduced (Table 1, bottom line, and Fig. 3). Note that, in the absence of
the liposomes, the presence of the inhibitors does not cause any signif-
icant change in the dielectric and geometric parameters of the cell
membrane (Table 1, middle line).

3.4. Laser scanning confocal microscopy

The liposome location within the cell was addressed by Z-stack
acquisitions, to have a digital 3D reconstruction of the specimen
(Fig. 7) and to get XZ and YZ sections (see Fig. 8) [49]. The LSCM images
show several liposomes, detected mainly in the cytoplasmic area (Fig. 7
and 8).

By inspecting all the images and the spatial resolved fluorescence
(SR-F) spectra (Fig. 9), the presence of well defined red spots emitting
in the expected wavelength range (A.;; = 588 nm) revealed that the
liposomes remain stable and intact at least after 1 h of treatment. As
a matter of fact if they had been damaged during or after the

Cell survival [%]

control

inhibitors  inhibitors +
liposomes

liposomes

Fig. 10. MTT assay performed on: (from left to right) 3T6 control cells; the cells after the
interaction with the liposomes (1 h); the cells in the presence of the sole endocytosis in-
hibitors; the cells after the interaction with the liposomes in the presence of the inhibitors.

internalization, a homogeneous fluorescence would have been ob-
served spreading over the cytoplasm.

Note that the isotropy of fluorescence emission somehow masks the
actual dimensions of the light source (emitter). Therefore, the spot size
in the images is not the actual size of the liposomes, which, in addition,
is close to the microscope resolution power (Ryy 200 nm and
R,=400 nm, as reported in Section 2.6).

The confocal optical sections shown in Fig. 8 clearly point out that
the liposomes do not remain adsorbed on the cell membrane, but that
they are internalized into the cytoplasm. In Fig. 8, section number 1
(panel a) and number 4 (panel b) were taken close to the cell edge,
where the fluorophore density is quite low. In section No. 2 a compara-
tively larger density of the fluorophore appears. Section Nos. 3, 5 and 6
cut across the cell nucleus. Liposomes are localized around its outer
limit, but they are never detected within the nucleoplasm. A further
evidence supporting the absence of liposomes within the cell nucleus
is provided by the yellow circle around section No. 6: in the XY projec-
tion (panel b) red spots do appear in the nuclear area, but section No. 6
clearly shows that they are actually located within the cytoplasm, being
simply above to the nucleus (and hence superimposed to it in the XY
projection).

3.5. MTT assay

Fig. 10 shows the results of the MTT assay performed on 3T6 cells
interacting with the cationic liposomes DMPC/Ge1. Apparently, the
cell vitality is not affected by the interaction with the liposomes, as al-
ready reported in [15]. The endocytosis inhibitors show an important
toxicity, causing a 40% decrease in cell viability. The exposure to
DMPC/Ge1 does not significantly alter the number of alive cells. This
result clearly validates the idea that DMPC/Ge1 does not cause a signif-
icant bio-damage to 3T6 cells.

4. Final considerations and conclusions

The combined results provided by AFM and ER measurements
demonstrate that the cell roughness decreases as a consequence of the
liposome/cell interaction. Such smoothening of the surface, and the
concomitant increase of the average radius of the cells suggest that
upon interaction the cells swell significantly. It is known, as a matter
of fact, that mammalian cells can easily accommodate moderate volume
increases (< 2-fold) by stretching their surface and drawing lipid bi-
layer material from preexisting reserves [82]. For example, Grygorczyk
and co-workers have shown that during a twofold membrane reduction
in extracellular tonicity, all increase in surface area could essentially be
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attributed to unfolding of the plasma membrane, whereas more dra-
matic cell swelling was associated with endomembrane insertion[83].

By hypothesizing, for the sake of simplicity, that the cell swelling
and the consequent smoothening of the membrane surface are due
solely to the volume increase (AVc) caused by the liposome entry into
the cytoplasm, considering that the average radius of our liposomes
is =60 nm (from dynamic light scattering measurements [84]), the
average radius of untreated control cells was Rc = 8.5 & 0.3 um and
that the observed increase of R after 1 h of treatment is AR-/Rc =
0.13 (see Table 1), one can calculate the order of magnitude of the num-
ber of liposomes within the cell, n, simply as

Ve (Vo) _ AR (ReY?
"=V, <vL>‘3 Re \R; ®

This results in a very high number of entrapped liposomes per cell, of
the order of 10°, which is comparable to the total number of particles
per cell employed in the treatment: in practice, all the available lipo-
somes would be captured by the cells.

While this is a very rough estimation, this result seems to point out a
very high uptake efficiency, which makes these liposomes very attrac-
tive vectors for different bio-nano-technological strategies. The results
obtained by ER and AFM evidence a significant effect on the plasma
membrane but do not give information on the actual interaction
mechanisms. To address this point we carried out measurements of ¢-
potential on liposome-treated cells at different ratios DMPC/Ge1-cell,
varying in this way the probability of interaction. The {-potential re-
mains unvaried both in the control and in the liposome-treated cells.
Since ¢-potential is directly proportional to the surface charge density
(in the same condition of pH, ion strength and geometry of cells), its sta-
bility clearly demonstrates that the charge exposed on the cell outer
surface does not vary in a significant manner. Such a result rules out
the hypothesis of a static adsorption on the cell surface mediated by
electrostatic forces, or that of a fusion of the liposomes with the mem-
brane. ER experiments, conducted in the presence of specific inhibitors
of endocytotic processes (bafilomycin and chlorpromazine) reveal a di-
rect involvement of (at least one) endocytotic pathway in the interac-
tion mechanism. In fact, the significant reduction of the effect on the
dielectric parameters C and G as well as on the radius R, observed in
these experiments points out the significant decrease in the liposomes
uptake due to the endocytosis inhibitors. Finally, LSCM experiments
clearly show that the liposomes traverse the plasma membranes and
remain located within the cytoplasm. Furthermore, the phenomenon
occurs without any significant biological damage.
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