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A B S T R A C T

Understanding sugar-membrane interactions is of fundamental and technological relevance considering the role
of sugars in drought-protection mechanisms of plants as well as the cryo- and bio-preserving effect of carbo-
hydrates in many industrial and medical applications. In this work, we investigated the effect of sucrose on the
electrical properties of membranes. In particular, we measured the specific capacitance of palmitoyl-oleoyl
phosphatidylcholine membranes in aqueous solutions of sodium chloride. Different concentrations of sucrose
were examined. The capacitance was assessed from the frequency-dependent deformation of giant unilamellar
lipid vesicles in alternating electric field. Our measurements on giant vesicles in sugar-free aqueous solutions
yield lower specific capacitance compared to values obtained for suspended and supported bilayers. This might
be a result of the higher membrane tension in the latter systems, which is coupled to smaller thickness of the
bilayer. We also report an increase of the bilayer capacitance upon increasing the sugar content in water. This
finding is consistent with the sugar-induced thinning of membranes reported in the literature. However, the
thinning is not sufficient to explain the observed capacitance increase with rising sugar concentration. We in-
terpret the trend as resulting from an increase in the membrane dielectric permittivity.
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1. Introduction

Synaptic activity and transmission of electrical impulses strongly
depend on and are defined by the electrical properties of biological
membranes the detailed characterization of which underlies the un-
derstanding of the governing mechanisms involved in such cellular
processes. Research in this direction is also necessitated by numerous
biomedical applications based on electroporation of membranes such as
in gene and drug delivery, cancer treatment (as in electro-
chemotherapy) and cell-cell hybridization [1]. The response of cells to
electric fields is to a larger extent governed by the cell membrane which
encloses the cell and isolates it from the outside. The lipid bilayer,
which is the main structural entity of biomembranes, is impermeable to
ions. Thus, it behaves as a capacitor that strongly influences the electric
field distribution in the cell. The investigation of the lipid bilayer ca-
pacitance and its dependence on external factors is necessary for the
evaluation of the charging time of membranes and the membrane-field
interactions [2]. The charging time, on the other hand, defines the
transmembrane potential built-up across the membrane as charges start
accumulating on both sides of the bilayer [3]. The transmembrane
potential difference effectively induces electrical tension which can
lead to deformation and poration of the cell. Thus, understanding the
overall response of cells and membranes requires knowledge of fun-
damental electrical properties such as the membrane capacitance.

Various methods have been established for the measurement of the
membrane capacitance. These include dielectric spectroscopy, the
patch-clamp technique, as well as electromechanical methods ex-
ploiting single cell electrophoresis and electroporation, see e.g. [4].
Recently, a novel approach has been proposed by Salipante et al. [5]
based on the frequency-dependent deformation of giant unilamellar
vesicles (GUVs). GUVs represent closed lipid bilayer structures with
diameters of dozens of micrometers, therefore facilitating direct mi-
croscopy-based measurements of the membrane properties [6,7]. In
view of their amenability to control the membrane composition and
bathing media environment, GUVs are considered as a suitable biomi-
metic system for studying the physical properties of biomembranes
[8,9]. When exposed to AC electric fields, giant vesicles can deform and
porate, see e.g. [10–12]. Depending on the alternating field frequency
and the conductivities of the solutions on both sides of the membrane,
the vesicle can adopt a prolate shape, elongated in the field direction, or
an oblate shape, respectively [13]. The frequency at which the prolate-
to-oblate transition occurs was found to depend only on the con-
ductivity conditions, the vesicle radius and the membrane capacitance
[14]. Because the former two parameters can be experimentally set or
measured, the transition frequency can be directly used to determine
the membrane capacitance [5].

A further advantage of GUVs over other model membrane systems is
that they represent a free-standing, clean of organic impurities mem-
branes, which offer control over the bilayer tension and curvature. On
the contrary, lipid bilayers as in supported lipid bilayers (SLB), black
lipid membranes (BLM) or nano-sized liposomes and multilamellar
vesicles (MLVs) suffer from the disadvantage of side effects incurring
from the support (in SLB and MLVs), the presence of solvent molecules
(used in the preparation of BLMs), poor stability (BLM), high curvature
(as in small unilamellar vesicle suspensions) and tension (all of the
above systems). The latter parameter is important as it may modulate
the membrane thickness and thus affect the measured capacitance va-
lues. As far as GUVs can offer an appropriate model of a tension-free
membrane system, the comparison of results obtained from electro-
chemical experiments with GUVs and with supported or suspended
planar lipid bilayers is expected to elucidate the mechanical tension
effects on the electrical properties of membranes.

Sugar molecules are recognized as important players in the adaptive
mechanisms of plants to environmental stresses such as their protection
against drought [15,16]. On the other hand, sugars are widely em-
ployed in cryo- and biopreservation of tissues and alimentary products

[17]. Their cryoprotective and biopreservative efficiency is expected to
be strongly dependent upon the molecular mechanisms of interaction
with lipid membranes and the alteration of their physicochemical
properties by the presence of sugars. Current reports on the effect of
sugar molecules on the bending rigidity of membranes are somewhat
controversial (e.g. see the discussion in [18]). Trends found for bilayer
lipid stacks [19] differ from those measured on free-standing lipid
membranes [20–22]. Taking into account that the effect of carbohy-
drates on the electrical properties of membranes had not been explored
yet, we investigate here the influence of sugar concentration on the
membrane capacitance as assessed from the method of vesicle electro-
deformation. This method has already been applied predominantly to
polymer vesicles (one lipid composition was also tested) [5]. The re-
ported results acquired from the analysis of GUV electrodeformation
are discussed in the light of membrane-tension effects and the influence
of sugar molecules on the studied electrical properties of lipid bilayers.

2. Materials and methods

2.1. Materials and vesicle preparation

The electroformation method [23] was applied for the preparation
of giant unilamellar vesicles from 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC, Avanti Polar Lipids Inc. AL, USA). Two indium
tin oxide (ITO)-coated glass plates, separated by a polydimethylsiloxane
(PDMS, Dow Corning, Germany) spacer [24] served as electrodes. А
small amount (∼50 μg) of POPC with concentration of 1 g/L in
chloroform-methanol solvent (9:1 volume parts) was spread on the ITO-
coated side of each of the electrodes. After the complete evaporation of
organic solvents under vacuum, the electroformation chamber was as-
sembled so that the internal volume (∼4ml) was completely filled with
double-distilled water containing 0.01mol/L of sodium chloride (NaCl,
Sigma-Aldrich, Germany) and the desired concentration of sucrose from
0.025 to 0.2mol/L (C12H22O11, Sigma-Aldrich, Germany). A high yield
of unilamellar vesicles was obtained after the application of AC voltage
(∼1.5 V peak-to-peak, 50 Hz) to the chamber for a couple of hours,
according to previously established electroformation protocols [24]. In
order to achieve the desired conductivity ratio of the aqueous phase
inside and outside the vesicles, the NaCl concentration of the sus-
pending aqueous phase was increased to 0.012mol/L maintaining the
same sugar concentration as the aqueous solution used for the pre-
paration of GUVs. All aqueous solutions were prepared with double-
distilled water from a quarz distiller. Their conductivities were mea-
sured with Cyberscan PC510 (Eutech, Singapore).

2.2. Vesicle observation and capacitance measurements

Two parallel glass slides, separated by a 0.5 mm-thick (CoverWell®)
spacer (Sigma-Aldrich Inc., USA) formed the chamber for vesicle elec-
trodeformation needed to measure the membrane capacitance. A pair of
two rectangular parallel to each other ITO-electrodes deposited on the
inner surface of the lower glass slide at a distance of 1mm apart en-
sured the application of the alternating sine voltage not exceeding 7 V
rms from a generator (33120A, HP/Agilent, CA, USA). The studied
frequency range was from 0.5 to 1000 kHz. The AC fields in our ex-
periment were below the critical values for membrane electroporation
[25]. The vesicle electrodeformation was observed and recorded using
the phase-contrast regime of an inverted microscope Axiovert 100
(Zeiss, Germany) equipped with a dry objective (×63, numerical
aperture 0.75) and a CCD camera (C3077, Hamamatsu Photonics,
Japan) connected to the video input of a frame grabber board (DT3155,
Data Translation, USA), mounted in a computer for the digitization of
the recorded video signal in 768×576 eight-bit pixel format
(0.172 μm/pixel).

Data analysis was carried out as discussed below following the
original approach of Salipante et al. [5]. Recent theoretical and
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experimental studies [12–14] reported shape transformations of GUVs
upon the application of AC field at varied frequency depending on the
ratio Λ between the conductivity λin of the aqueous solution, enclosed
by the vesicle membrane, and the conductivity λout of the suspending
medium [5,11]:

= λ λΛ /in out (1)

As far as all experiments were performed under the condition of
higher electrical conductivity of the suspending medium, we consider a
vesicle in an aqueous solution more conductive than the inner fluid
enclosed by the vesicle membrane. In this case <Λ 1 and the vesicle
shape changes from prolate to oblate with increasing the field fre-
quency. During this morphological transition, the intermediate (cri-
tical) frequency, fcr, at which the vesicle with radius r assumes its quasi-
spherical shape, is given by [14,26]:

= − + −f λ
πrC2

[(1 Λ)(Λ 3)]cr
in

m

1/2
(2)

where Cm stands for the specific capacitance of the membrane.
The experimental procedure consisted in recording the frequency-

dependent deformation of vesicles. Note that the vesicle excess area
(and tension) cannot be controlled during GUV electroformation. Thus,
during electrodeformation the vesicles from the same batch adopt
shapes of different aspect ratios. From the image sequence taken at
every imposed frequency of the AC field, the degree of deformation was
measured in order to determine the critical frequency for each of the
recorded vesicles. The data acquired for the critical frequencies versus
the inverse vesicle radius was afterwards fitted with the theoretical
expression (1) taking into account the known values of λin and Λ for the
aqueous solutions in each series of experiments. As a result, the value of
the specific capacitance of the membrane was calculated from the fit.

3. Results and discussion

3.1. Dependence of the membrane capacitance on sugar concentration

We report the values of the electric capacitance of palmitoyl-oleoyl
phosphatidylcholine bilayers in aqueous solutions of 12mmol/L NaCl
containing different concentrations of sucrose ranging from 0 up to
0.2 mol/L. For every sugar concentration, data were acquired from an
ensemble of dozens of vesicles from different preparation batches in
order to avoid possible artifacts from sample preparations. The equili-
brium radius of each studied vesicle was independently determined
before the application of the electric field using in-house software for
image treatment. The analysis is based on contour detection of the
vesicle at a given number of angular directions (64 or 128) and the
subsequent calculation of the mean radius in every direction averaged
over all accepted contours from the image sequence [27].

The frequency-dependent deformation of the studied vesicles was
recorded as sequences of phase-contrast micrographs at given fre-
quencies of the applied alternating field (Fig. 1). At low field fre-
quencies, the vesicle adopts a prolate shape with the long axis parallel
to the field direction. This is because the membrane is an insulator and
the tangential electric field squeezes the vesicle at the equator and pulls
at the poles. At higher field frequencies and when the internal con-
ductivity is lower than the external one, the vesicle adopts an oblate
shape. This is due to the surface net charges accumulated across the
membrane which compress the vesicle in the axis parallel to the field.

In all experiments reported here, the conductivity of the internal
medium was lower than its value for the suspending medium, i.e.
Λ < 1, as a result of which the vesicles undergo a prolate-to-oblate
transition with increasing the frequency of the AC field. The transition
occurs at the frequency value fcr as demonstrated in Figs. 1 and 2. From
the analysis of the image sequences we obtained the axes a and b and
subsequently the degree of deformation a/b for each vesicle recorded in
the whole range of the AC field frequencies studied. For each vesicle,

the aspect ratio a/b was plotted as a function of frequency as shown in
Fig. 2. From interpolation of the measured deformation rate a/b versus
frequency the critical frequency was determined as the cross point with
aspect ratio of one for every vesicle from the ensemble (Fig. 2).

3.2. Bare lipid membrane capacitance

The obtained specific capacitances together with the error calcu-
lated from the fit of our experimental data for every sugar concentra-
tion are summarized in Table 1. The value Cm represents the resultant
capacitance of a series of three capacitors, including the bare lipid bi-
layer, CB, and the capacitances of the space charge regions in the
aqueous solution at the two sides of the bilayer, denoted as, CD,in and
CD,ex:

= + + −C C C C(1/ 1/ 1/ )m B D in D ex, ,
1 (3)

The specific capacitance CB of the membrane, which on the length
scale of a cell-size vesicle of radius ∼10 μm is considered as a two-
dimensional surface with dielectric permittivity εB = εrB ε0 (εrB stands
for the relative dielectric constant of the bilayers and ε0≈
8.85×10−12 F/m is the vacuum permittivity) and thickness d∼ 5 nm
( ≪d r) [12] is given by:

=C ε d/B B (4)

The contribution of CD,in and CD,ex is more significant at lower salt
concentrations as well as for high enough values of the bilayer

Fig. 1. Phase-contrast images of a POPC vesicle (radius r=18 μm) in 0.2 mol/L
of sucrose at different frequencies of the AC field with strength 6 kV/m. The
conductivity ratio is Λ=0.87 with internal solution conductivity of 1.48mS/
cm and external solution conductivity of 1.70mS/cm (the experiment was
performed at decreasing the field frequency).

Fig. 2. Deformation of a POPC vesicle with radius of 18 μm in aqueous solution
containing 0.2 mol/L of sucrose, as a function of the electric field frequency.
The conductivity ratio is Λ=0.87 with sodium chloride concentrations of
0.01mol/L and 0.012mol/L inside and outside the vesicle, respectively. The
critical field frequency fcr is obtained from the cross point with the aspect ratio
a/b=1 at which the transition of prolate to oblate shape occurs. For this ve-
sicle, we obtain fcr=190 kHz.
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capacitance as discussed in [5]. In a simplified analysis of our experi-
mental data the capacitance of the electric double layers is taken as the
capacitance of a planar capacitor with the dielectric constant of the
aqueous solution ≈εr 80 [28] and thickness equal to the Debye length,
λD. The latter is related to the molar concentration c of a 1:1 electrolyte
by the expression λD=0.303 c/ nm [29]. For the concentrations of
NaCl applied here, the values of λD for the internal solution and the
suspending medium were estimated at =λ 3D

in nm and =λ 2.8D
ex nm,

respectively. Using these values we obtained the capacitance for the
double layers of free charges in the aqueous solution on both sides of
the bilayer CD,in=29 μF/cm2 and CD,ex=27 μF/cm2.

Therefore, for the salt concentrations of the aqueous solutions used
in the present study the contribution of the capacitances due to the
space charge regions in the aqueous solution at the two sides of the
bilayer is negligible (∼5%), see Table 1.

3.3. Experimental accuracy analysis

For all values of sucrose concentration studied, the conductivities
λin of the aqueous solution, enclosed by the vesicle membrane, and λout

of the suspending medium (as well as the conductivity ratio Λ) were the
same for all recorded and analyzed vesicles in one batch. The fit of the
acquired experimental data for fcr dependence on the inverse radii of
vesicles was performed for fixed λin and Λ. Thus, the membrane ca-
pacitance served as a single fitting parameter. For each sugar con-
centration, we have examined between 9 and 33 vesicles. Examples for
the data in the absence of sugar and in 0.2mol/L sucrose are given in
Fig. 3 with the respective linear fits following Eq. (1). The raw data for
the other studied sucrose concentrations with fits are presented in the
Supplementary material. The data appears scattered due to the influ-
ence of the bulk conductivities on the accuracy of the experimental data
as discussed in [5] taking into account the sensitivity of the critical
(transition) frequency to the errors in determining the conductivities.
Sources of such errors could be uncontrolled evaporation or possible

vesicle rupture during preparation and handling of vesicle suspensions.
The solutions were isotonic to ensure constant volume and the internal
conductivity did not change upon preparation of vesicle suspensions.
Measures were taken during all manipulations to prevent solvent eva-
poration. Salipante et al. [5] estimated the errors in the internal con-
ductivity to be of the order of 20–30% compared to the original solution
in which vesicles were grown due to possible vesicle rupture during
preparation and handling of the vesicle suspensions. We performed
error propagation analysis which showed that the error of a single
measurement could reach 30–50% due to the above-mentioned un-
certainty in λin (see Eq. (2)). Consequently, for the smallest data set of 9
vesicles analyzed here (see Table 1), the maximum error in the calcu-
lated capacitance value is evaluated at ∼17%.

Note also that the approach in Ref. [5] was applied predominantly
to polymer membranes, which are characterized by higher thickness
(and thus smaller capacitance). This resulted in artificially smaller ap-
parent scatter of the capacitance measurement of the lipid membrane.

3.4. Relating the measured capacitance with changes in the membrane
thickness

Comparing the capacitance values obtained in sugar-free aqueous
solutions = ±C 0.50 0.02 μF/cmm

2 to the values acquired from ex-
periments with planar lipid membranes [30–35] (see also the data
overview in Ref. [36]) we can conclude that our result obtained from
measurements on GUVs yields lower specific capacitance compared to
the range 0.55–1 μF/cm2 reported for planar bilayers of different
composition and charge. One major difference between fluctuating
vesicles and planar lipid bilayers is that the former represent a low-
tension membrane model [27,37] in contrast to the latter, for which the
lateral tension is orders of magnitudes higher [38,39]. This tension
difference leads, among others, to reduced membrane thickness. The
membrane thinning effect on the membrane capacitance has been re-
cently studied by patch-clamp experiments on GUVs in 0.2mol/L su-
crose and glucose solutions [36]. They have shown that the membrane
capacitance can vary with tension by up to 3%. However, the mea-
surements were performed in the relatively high-tension regime of mN/
m [36]. Here, we employed fluctuating free-floating vesicles with very
low membrane tensions, ÷− −10 106 4 mN/m as assessed from fluctuation
spectroscopy [37,40] (see Supplementary material). The capacitance
measurements in our work involve vesicle electrodeformation and thus
the membrane tensions are slightly elevated and on the order of −10 3

mN/m [12,14,40], which is orders of magnitude lower than the mN/m
tensions applied in [36]. Indeed, our results for the capacitance of POPC
vesicles are not very far from those measured for membranes of similar
thickness (e.g. stearoyloleoylphosphatidylcholine:cholesterol 7:3) [36].
Even though the tension ranges in the present study and in [36] differ,
the results reported by Garten et al. [36] support the conclusion that the
tension associated membrane thinning only partially explain the dif-
ferences when comparing capacitance data acquired from planar bi-
layers and from GUVs. Further below, we also explore the possibility of
changes in the bilayer dielectric constant as a factor affecting the
membrane capacitance.

The specific capacitance is found to increase with increasing the
sugar concentration in the aqueous surroundings as shown in Fig. 4. For
the maximum sugar concentration of 0.2 mol/L studied here, the
measured POPC capacitance ±(0.77 0.05) μF/cm2 is in very good
agreement with the capacitance values obtained in Ref. [36] for SOPC
and DOPC bilayers for the same concentrations of sucrose and glucose.

The specific capacitance value obtained for 0.2 mol/L of sucrose is
approximately 50% higher than the value measured in sugar-free
aqueous solutions. We speculated that the reason for this behavior is
associated with thinning of the membrane in the presence of sugars.
Indeed, small-angle neutron scattering (SANS) measurements on
phosphatidylcholine bilayers [41] revealed membrane thinning at
sugar concentrations below 0.2mol/L. As follows from the definition of

Table 1
Specific capacitance of POPC membranes in aqueous solutions with increasing
sucrose concentrations obtained from the experiment (see text); GF – goodness
of fit. The errors in Cm and CB are standard deviations.

Sucrose,
mmol/L

λin,
mS/cm

Λ Cm, μF/cm2 (number of
vesicles)

CB, μF/cm2 GF

0 1.27 0.86 0.50 ± 0.02 (18) 0.51 ± 0.02 0.57
25 1.60 0.84 0.51 ± 0.03 (12) 0.53 ± 0.03 0.68
50 1.21 0.84 0.55 ± 0.04 (33) 0.58 ± 0.04 0.22
100 1.56 0.85 0.69 ± 0.05 (9) 0.72 ± 0.05 0.85
200 1.48 0.87 0.77 ± 0.05 (15) 0.81 ± 0.05 0.83

Fig. 3. The critical frequencies of prolate-oblate transition for POPC vesicles
studied in the absence and presence of sugar. The lines represent data fits with
Eq. (1) using the independently measured values of the conductivities λin, λout

(i.e. Λ), and the vesicle radius r.
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the membrane capacitance, Eq. (3), such membrane thinning is ex-
pected to result in increasing values of Cm as demonstrated by our re-
sults. We thus set to explore whether the measured increase in the
specific capacitance quantitatively follows the trend in membrane
thinning. Assuming that the dielectric permittivity εB remains constant
(see Supplementary material), we find that the obtained trend in the
membrane capacitance values in water and in sucrose aqueous solu-
tions is stronger than the trend expected solely from membrane thin-
ning (∼10%). The non-linear dependence of the electric capacitance on
the membrane thickness is shown in Fig. 5. For this plot, we used data
for the thickness of dioleoylphosphatidylcholine (DOPC) bilayers at
different sugar concentrations obtained from SANS measurements [41].
This is a good approximation as DOPC and POPC bilayers are known to
have similar hydrophobic length (at 30 °C, the hydrophobic thickness of
DOPC was reported to be between 27.1 Å and 27.2 Å [42–44] and that
of POPC was found to be 27.1 Å [45]) and the head groups of these two
lipids are identical. The SANS data for the membrane thickness reported
by Andersen et al. [41] was measured in the presence of trehalose, but
the effects of sucrose were found to be similar as reported in the same
reference, presumably because of the similar size and structure of the
two sugar molecules.

3.5. Assessing the membrane dielectric constant

The obtained data for the membrane capacitance as a function of
the membrane thickness (Fig. 5) differs from the expected 1/d depen-
dence (see Eq. (4)). This suggests that the dielectric permittivity of the
membrane is also affected by the membrane-sugar interactions. From
the obtained capacitance data and the reported membrane thickness,
we evaluated the dependence of the relative dielectric permittivity
(from Eq. (3)) as a function of sucrose concentration. We find an in-
crease of =ε ε ε/rB B 0 with increasing sucrose concentration in the aqu-
eous surroundings, Fig. 6. The observed increase is somewhat un-
expected as sugars, being hydrophilic molecules, would be intuitively
expected to intercalate mainly in the hydrophilic part of the membrane.
However, the trend in Fig. 6 suggests that they alter the hydrophobic
region as well. We speculate that this results from deeper intercalation
of the sucrose molecules into the bilayer. Indeed, molecular dynamics
simulations suggest that sugars such as trehalose penetrate deeper in
lipid bilayers compared to glucose [47]. Lipid diffusion has also been
reported to decrease in the presence of mono- and di-saccharides, which
was attributed to hydrogen bonding of sugar molecules to phosphate
groups of several lipid molecules [47–49].

It is worth noting that the above estimates for the relative dielectric
permittivity are done taking the full thickness of the bilayer. If we take
only the thickness of the hydrophobic part of the bilayer, the change is
even more pronounced. The thickness of the head group region of

phosphatidylcholines is approximately 9 Å [43]. By subtracting the
total head group thicknesses of 1.8 nm from the bilayer thickness
measured in [41] the relative dielectric permittivity is lowered by more
than 40% for increasing sugar concentration and varies between ∼ 1.3
and 1.8. In this case, one should keep in mind that the contribution of
the headgroup regions must be appropriately taken into account when
describing the membrane by an equivalent circuit of capacitors in
series.

As mentioned above, SANS studies on membrane-sugar systems
[41] have predicted concentration dependent thinning of the bilayer.
However, the effect saturates above a certain sugar concentration in the
aqueous phase. The dual nature of sucrose-membrane interactions was
shown to lead to the strong binding of small carbohydrate molecules at
low concentrations, while at higher concentrations sugar
molecules gradually become expelled from the membrane surface.
Therefore, we performed data fitting with the empirical equation:

= + − +
−( )( )ε ε ε ε( )/ 1 exprB rB

max
rB
min

rB
max c c

σ
( )s 0 . It gives an estimation of

the range in which εrB varies with the sucrose concentration cs taking
into account the complex effect of sugar molecules on the bilayer and
its saturation as reported in [41]. Here c0 =0.080 ± 0.003mol/L gives
the sugar concentration above which the first derivative of ε c( )rB s
starts to decrease (towards saturation of the effect).
σ =0.0209 ± 0.002mol/L represents the slope of the steeper increase
of ε c( )rB s and could be interpreted as a characteristic sucrose con-
centration giving an estimation of the strength of the effect. In aqueous
solutions without sugar, we estimate the value of = ±ε 2.35 0.02rB

min ,
which is in agreement with the value of ∼2.2 for the relative dielectric

Fig. 4. Membrane specific capacitance obtained from electrodeformation of
POPC vesicles as a function of the sucrose concentration in water and 0.84
≤ <Λ 0.87.

Fig. 5. Specific capacitance obtained from electrodeformation of POPC vesicles
(measured in this study) as a function of the total bilayer thickness (data from
Ref. [41]) at different sugar concentrations, see text for details. The solid curve
(a sigmoidal fit) is a guide to the eye.

Fig. 6. Relative dielectric constant of POPC bilayers obtained from the specific
capacitance measured here and the bilayer thickness taken from [41,46] as a
function of the sucrose concentration.
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constant of lipid bilayers found in the literature [25,50–52]. With in-
creasing the sugar concentration, the relative dielectric constant of the
membrane increases to the value of = ±ε 3.53 0.03rB

max .

3.6. Correlation between the electrical and mechanical properties of
membranes

The present study provides experimental evidences about the in-
fluence of small carbohydrates such as sucrose on the electrical prop-
erties of lipid bilayers. We questioned whether the observed de-
pendencies correlate with other material properties of the membrane.
For example, the membrane elasticity as characterized by the bending
rigidity is known to be relatively sensitive to various compounds pre-
sent in the membrane and in the solutions [7]. However, the effect of
sugars on the membrane bending rigidity has been controversial. While
data obtained on giant vesicles suggest a dropdown in the bending ri-
gidity with increasing sugar concentrations (demonstrated for sucrose
by mechanical micromanipulation of GUVs [20] and (to a somewhat
lesser extent) by shape fluctuation analysis of GUVs [22]), diffuse X-ray
measurements on bilayer stacks have shown no (or even the reverse)
effect [18,19,53]. Critical discussion of effects associated with the dif-
ferent types of measurements and data analysis is included in [53].
Recently, using diffuse X-ray scattering from multilamellar phosphati-
dylcholine samples Nagle et al. [19] found no systematic change in the
bending modulus at relatively high concentrations of mono- and dis-
accharides in the aqueous phase. The authors discussed in detail the
limited control of the effective sugar concentrations between the
neighboring bilayers in the stacks as well as the issues related to the
compliance of the average sugar concentrations in their experiment to
the bulk concentrations in GUVs samples [19]. Small-angle neutron
scattering, dialysis and densitometry measurements revealed that su-
gars may be either bound or expelled from the bilayer depending on the
concentration of sugar [41]. Undoubtedly, the controversial role of
sugars on the lipid bilayers mechanics reported so far emphasizes the
necessity of further investigations of how small carbohydrates influence
the membrane physical properties. We believe that apart from the im-
portance of the tilt deformations as discussed in [18], another factor
affecting the difference in the results should be probably taken into
account, namely that the ratio of lipid-to-sugar concentrations in the
two systems (bilayer stacks and giant vesicles) differs by orders of
magnitude. Indeed, for bilayer stacks, no direct evidence for the exact
sugar concentration between the individual bilayers can be obtained.
We thus restrict our further discussion to data collected on giant ve-
sicles.

In previous studies [20,22] evidences were provided about the in-
fluence of sugars on the membrane mechanics. Micromanipulation of
GUVs [20] has shown that the bending rigidity of lipid bilayers steeply

decreases with increasing the sugar concentration in the aqueous sur-
roundings, see data in Fig. 7. Thermal shape fluctuation spectroscopy of
GUVs supported qualitatively the reduction of the membrane bending
constant with saturation of the effect at sucrose concentration higher
than 0.1mol/L [22]. The trend was confirmed by micropipette ma-
nipulation experiments on GUVs at two different sugar concentrations
[21]. Fig. 7 represents a comparison of the effect produced by sugar
molecules on the membrane capacitance with the alteration of the
membrane bending rigidity reported in [20]. We plotted the bending
rigidity kc as a function of the sucrose concentration in the aqueous
phase. It can be concluded that both the membrane bending elasticity
and its electrical capacitance are altered by the presence of sucrose. The
degree of this influence is different for the two membrane properties.
The membrane capacitance increases with more than 50%, while the
reported decrease in the bending rigidity is approximately 20% as ob-
tained from thermal shape fluctuation analysis of GUVs [22]. Micro-
manipulation studies of GUVs [20] yielded much stronger alteration of
the measured kc value with increasing sucrose concentration. As dis-
cussed earlier [22] this difference can be due to the contribution of the
hidden area of the vesicle membrane [54] to the apparent bending
modulus, measured with mechanical micromanipulation without “pre-
stressing” of vesicles [55] and expected to be lower than the real one. A
plausible explanation of the result that the bending modulus obtained
from micropipette aspiration without pre-stressing of GUVs, was ob-
served to decrease steeper could be the increase of the hidden area of
the vesicle membrane at higher sucrose concentrations. The results
reported from fluctuation analysis were obtained whilst taking mea-
sures to overcome all known method-related side contributions to the
reported values of the membrane bending rigidity, namely, the white
noise contribution to the recorded fluctuations of the vesicle mem-
brane; non-stationarity of vesicles due to uncontrolled deflation during
measurements or non-uniformity of the mean vesicle radius over all
angular directions [22,27].

4. Conclusion

The specific electrical capacitance of phosphatidylcholine mem-
branes in sugar-containing aqueous medium was acquired from the
analysis of the frequency-dependent deformation of cell-size lipid ve-
sicles in alternating field. The conductivity of the internal solution
(enclosed by the vesicle membrane) was lower than the conductivity of
the suspending aqueous phase. Taking into account the membrane-
thinning effect of sugars reported in the literature, the value obtained in
the presence of sugar is expectedly higher than the specific capacitance
reported for vesicles in sucrose-free aqueous medium. Experimental
evidences are provided about the influence of small carbohydrates such
as sucrose on the electrical properties of lipid bilayers. The difference
between the membrane capacitance for GUVs and the value measured
for planar bilayers is discussed in the context of the significantly dif-
ferent characteristic ranges of membrane tensions in the two types of
experimental systems. The obtained membrane capacitance as a func-
tion of the membrane thickness suggests that the dielectric permittivity
of the membrane is also affected by the membrane-sugar interactions.
From the capacitance data and the reported membrane thickness, the
values of the relative dielectric permittivity are evaluated to vary from
∼2.3 (without sugar) to ∼3.5 (for sucrose concentrations above
∼0.2mol/L).
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Fig. 7. Bending elasticity (left axis) and specific capacitance (right axis) of
phosphatidylcholine membranes in sucrose-containing aqueous solutions; MP
denotes micropipette manipulation of GUVs [20]; FL stands for thermal shape
fluctuation analysis of GUVs [22]. The bending rigidity was rescaled by the
value measured in the absence of sugar.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.colsurfa.2018.05.011.
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SUPPLEMENTARY MATERIAL 

Sucrose solutions alter the electric capacitance and dielectric permittivity of lipid bilayers,  

V. Vitkova, D. Mitkova, K. Antonova, G. Popkirov and R. Dimova 

Measurement of the membrane tension 

We performed thermal shape fluctuation analysis to obtain the membrane tension of giant 

unilamellar vesicles. As described below, the experimental set-up differs from the set-up for 

electrodeformation experiments. Consequently, fluctuation analysis was not performed for every 

vesicle but only for several from the same batch to control their quasisphericity and deflation [1] 

(vesicles with similar visible fluctuations and sizes were explored for the capacitance 

measurements). The fluctuation analysis is based on contour detection of the vesicle at a given 

number of angular directions (64 or 128) and the subsequent calculation of the normalized 

instantaneous angular autocorrelation function 𝜉(𝛾, 𝑡) of the vesicle radius [1-3]. Considering the 

radius-vector of a point at the surface of the vesicle in the direction determined by its spherical 

coordinates (𝜃, 𝜑) we can write its small deviation at the moment t in spherical coordinates as 

follows: 

(𝜃, 𝜑, 𝑡) = 𝑅0[1 + 𝑢(𝜃, 𝜑, 𝑡)], (S1) 

with 𝑅0 denoting the radius of a sphere with the same volume as the volume of the vesicle and 

𝑢(𝜃, 𝜑, 𝑡) being the normalized function, describing the shape fluctuations. The fluctuations can 

be decomposed in a series of spherical functions [4]: 

𝑢(𝜃, 𝜑, 𝑡) = ∑ ∑ 𝑈𝑖
𝑗
(𝑡)𝑌𝑖

𝑗
(𝜃, 𝜑)𝑛

𝑗=−𝑛
𝑛𝑚𝑎𝑥
𝑛=2 .  (S2) 

The mean square value of the fluctuations depends on the number n only, and is given by 

Milner and Safran [5] considering all modes as independent and applying the equipartition 

theorem: 

〈|𝑈𝑛
𝑚(𝑡)|2〉 =

𝑘𝐵𝑇

𝑘𝑐
𝑄−1(�̅�, 𝑛),  (S3) 

where, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature,  𝜎 = 𝜎𝑅2/𝑘𝑐 is the 

dimensionless membrane tension, and 𝑄(𝜎, 𝑛) = (𝑛 − 1)(𝑛 + 2)[𝜎 + 𝑛(𝑛 + 1)]. 

From Equation (S3), it follows that the product 

〈|𝑈𝑛
𝑚(𝑡)|2〉 𝑄(�̅�, 𝑛) =

𝑘𝐵𝑇

𝑘𝑐
   (S4) 

does not depend on  𝑛  and 𝜎 and this fact was used for the determination of the (very small and 

otherwise immeasurable) membrane tension σ, by treating it as an adjustable parameter in the 

Legendre analysis of the autocorrelation function of the vesicle contour [2, 4].  

Sample observation and registration was performed in phase contrast with an inverted 

Axiovert 100 (Zeiss, Germany) microscope equipped with an oil-immersed objective (100x, NA 

1.25). A CCD camera (C3582, Hamamatsu Photonics, Japan) was mounted on the microscope 
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and connected to the video input of a frame grabber board (DT3155, Data Translation, USA) 

installed in a computer for the digitization of the registered video signal in 768x576 8-bit pixel 

format with 0.106 μm pixel size. In order to capture the fastest modes of fluctuation of the 

vesicular membrane, stroboscopic illumination of the sample was applied using Xenon Flash 

Lamp (L6604, Hamamatsu, Japan). Images of the equatorial cross-section of the fluctuating 

vesicle with the focal plane of the objective were acquired in real time (25 frames per second), 

digitized and recorded on the PC in order to obtain a long image sequence ( > 104 frames). For 

the static analysis of membrane fluctuations, i.e. for the deduction of the membrane tension and 

the bending modulus of the bilayer at free exchange of molecules between the two monolayers, 

every 25-th frame from the recorded movie was taken. Thus, a new image sequence for the given 

vesicle was obtained with lapse of one second between two adjacent frames. The image analysis 

was done as described in [3]. For every vesicle the requirement that the mean radius of the 

vesicle is constant at all angular directions in the frames of the experimental precision was 

imposed in order to be considered as stationary and kept for further analysis. After the 

determination of the N radius-vectors of the contour, the Fourier amplitudes and the 

experimental autocorrelation function for each contour from the image sequence were calculated. 

After its decomposition into a series of Legendre polynomials, the experimental amplitudes for 

each harmonics were obtained. An important requirement for the goodness of the studied vesicle 

was the conservation of its volume during the experiment controlled via the evolution of the 

second harmonics of radius fluctuations [1]. As described in detail in [3] the fitting procedure 

yielded the bending modulus and the tension of the vesicle membrane with their standard errors. 

The membrane tensions of free-floating and fluctuating giant vesicles are obtained to range 

between 4. 10−6 mN/m and 2. 10−4 mN/m. All studied vesicles used for electrodeformation 

experiments exhibited visible fluctuations (as necessary for fluctuation analysis) in the absence 

of the electric field. This allows us to conclude that their tensions were in the interval mentioned 

above. 

Raw data for the critical frequencies as a function of the inverse radii of vesicles 

The ensemble of vesicles studied at every sucrose concentration was characterized by the 

same conductivity 𝜆𝑖𝑛 of the aqueous solution, enclosed by the vesicle membrane, and the same 

conductivity 𝜆𝑜𝑢𝑡 of the suspending medium. Consequently, the ratio Λ = 𝜆𝑖𝑛/𝜆𝑜𝑢𝑡 was constant 

for the whole ensemble of vesicles. Therefore, the fit of the data acquired for the intermediate 

(critical) frequencies, fcr, described by [6, 7]  

𝑓𝑐𝑟 =
𝜆𝑖𝑛

2𝜋𝑟𝐶𝑚
[(1 − Λ)(Λ + 3)]−1/2,  (S5) 

was performed with a single free parameter, namely 𝐶𝑚, standing for the specific capacitance of 

the membrane by introducing in (S5) the independently measured values of 𝜆𝑖𝑛 and Λ. The fitting 

procedure yielded the value of the membrane capacitance with its standard error. The goodness 

of fit given in Table 1 in the main text is expressed by the value of the adjusted residual R2. 

Figures S1 – S3 show the raw data with their fit for 25, 50 and 100 mmol/L of sucrose. The data 

for 0 and 200 mmol/L of sucrose are shown in Figure 3 in the main text. 
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Figure S1. The critical frequencies of prolate-oblate transition for POPC vesicles in 25 mmol/L 

sucrose solution (10 mmol/L NaCl inside the vesicles and 12 mmol/L NaCl in the suspending 

medium). The line represents data fit with equation (S5) using the independently measured 

values of the conductivities λin, λout (i.e. Λ), and the vesicle radius r. 
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Figure S2. The critical frequencies of prolate-oblate transition for POPC vesicles in 50 mmol/L 

sucrose solution (10 mmol/L NaCl inside the vesicles and 12 mmol/L NaCl in the suspending 

medium). The line represents data fit with equation (S5) using the independently measured 

values of the conductivities λin, λout (i.e. Λ), and the vesicle radius r. 
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Figure S3. The critical frequencies of prolate-oblate transition for POPC vesicles in 100 mmol/L 

sucrose solution (10 mmol/L NaCl inside the vesicles and 12 mmol/L NaCl in the suspending 

medium). The line represents data fit with equation (S5) using the independently measured 

values of the conductivities λin, λout (i.e. Λ), and the vesicle radius r. 

Apparent bilayer thickness 

Using the bilayer capacitance values obtained from GUV electrodeformation measurements 

as a function of the sucrose concentration in the aqueous solution, in Figure S4, we plotted the 

apparent membrane thickness calculated under the assumption that the dielectric constant of the 

bilayer is constant and independent on the sugar content: 

𝑑𝑎𝑝𝑝 = 𝜀𝐵/𝐶𝐵, (S6) 

where εB = εrB ε0  with the vacuum permittivity being ε0  8.85×10-12 F/m. We took for the relative 

dielectric constant of the bilayer εrB ~ 2.2 [8-11]. The apparent thickness of the bilayer is 

obtained to decrease with increasing sucrose concentration in the aqueous solution. This result is 

not consistent with data for the thickness of phosphatidylcholine bilayers in the presence of 

sucrose published in the literature [12], which indicates that the assumption for constant 

dielectric constant of the bilayer is not realistic. 
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Figure S4. Estimation of the apparent thickness of POPC bilayers from the measured capacitance 

under the assumption of constant dielectric permittivity of the bilayer. For comparison, data for 

phosphatidylcholine bilayers in the presence of sucrose and trehalose [12] are also plotted. 
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