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The effect of ac electric fields on the elasticity of supported lipid bilayers is investigated at the
microscopic level using grazing incidence synchrotron x-ray scattering. A strong decrease in the membrane

tension up to 1 mN/m and a dramatic increase of its effective rigidity up to 300 kT are observed for local
electric potentials seen by the membrane <1 V. The experimental results are analyzed using detailed
electrokinetic modeling and nonlinear Poisson-Boltzmann theory. Based on a modeling of the electro-

magnetic stress, which provides an accurate description of the bilayer separation versus pressure curves, we
show that the decrease in tension results from the amplification of charge fluctuations on the membrane
surface whereas the increase in bending rigidity results from the direct interaction between charges in the

electric double layer. These effects eventually lead to a destabilization of the bilayer and vesicle formation.
Similar effects are expected at the tens of nanometers length scale in cell membranes with lower tension,
and could explain a number of electrically driven processes.
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Electric fields can be used to destabilize lipid bilayers as
in the electroformation process, the most popular method to
form large unilamellar vesicles [1], or to manipulate the
shape of vesicles [2—4]. Beyond biosensor applications and
the investigation of the fundamental mechanical, dynami-
cal, and binding properties of membranes using impedance
spectroscopy or dielectric relaxation [5], the strong influ-
ence of electric fields on lipid membrane behavior is also
used in numerous applications in cell biology, biotechnol-
ogy, and pharmacology [6,7] such as cell hybridization [8],
electroporation [9], electrofusion [10], and electropermea-
bilization [11]. All these effects imply a strong deformation
of the membranes in the field, the understanding of which
in terms of elastic properties is therefore of prime impor-
tance [12]. Theoretically, the effect of electric fields on
membrane tension has been investigated in Ref. [13], which
was extended to bending rigidity in Refs [14-18].

When placed in an electric field E, charges of opposite
sign will accumulate at both sides of a membrane, which can
be seen as a capacitor with surface charge densities X
[see Fig. 1(a)], allowing one to calculate the normal compo-
nent of the electromagnetic stress (X2 — X2)/e,, [19]. For a
flat membrane, a direct consequence is electrostriction:
at equilibrium, the elastic response of the membrane
(Young modulus ~107-10% Pa [5,20]) balances the electro-
static pressure [21]. Beyond this simple effect, membrane
fluctuations modify the boundary conditions for the electric
field, leading to a subtle coupling between electrostatics and
membrane elasticity. Because of the membrane finite thick-
ness d,,, a bending deformation induces surface element
variations of opposite sign on both interfaces leading to a
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net local charge of the bilayer [see Fig. 1(a), bottom]. For a
given surface mode z, exp(iq - r), the surface charge density
fluctuations are given by 6%, = Fe,,E,.d,.q*z,exp(iq-r),
where ¢,, is the membrane permittivity, E,, is the field
seen by the membrane, and qzzq is the local curvature.
Calculating the work of the electromagnetic stress leads to
W ~ —€,,d, E2,q*|z,*. As ¢*|z,|* is the increase in area of
the fluctuating membrane, this means that there is a negative
correction to the free energy, equivalent to a negative
(destabilizing) contribution I',, to the membrane surface
tension y [13,19]. Similar effects occur in the electric
double layer leading to a total correction I'yy =T, + I'p,
where I'p; is the usually smaller correction coming from
the electrical double layer [15-19]. Taking into account
nonlinear effects in the electric double layer we have
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where V. is the local electric potential seen by the bilayer
and the double electric layer, lower than the applied potential
[Fig. 1(b)]. 0 < ¢ < 1 is a dimensionless parameter depend-
ing on the Debye length «3,! and voltage, saturating to 1 for
either high salt concentration or high voltage because of
nonlinear effects in the double electric layer [15,16,19].
Further development in powers of g gives contributions in ¢*
[4,15-17], corresponding to a positive correction K. =
K,, + Kp;, to the membrane bending rigidity x: bending
brings the charges closer and increases the electrostatic
repulsion [see Fig. 1(a), bottom part]. Consistently, the
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FIG. 1. Schematic representation of the effect of the electric

field (a). Top: freely fluctuating bilayer. Middle: the interaction
between the induced charges and the external electric field leads
to an electric force that is amplifying the undulation, acting as a
destabilizing negative surface tension. Bottom: bending brings
the charges closer increasing the electrostatic interactions, mainly
in the electric double layer (black arrows) and leads to an increase
in the bending rigidity. Calculated electric potential as a function
of the distance for 10 Hz (black solid curve) and 50 Hz (red dotted
line) (b). The inset of (b) shows the local voltage at the membrane
boundaries as a function of frequency and for different Debye
lengths KBI = 800 nm (red curve), 300 nm (green curve), and
150 nm (black curve) using d,, = 5 nm. z = 0 corresponds to the
middle plane of the floating bilayer.

largest correction is now due to the thick double layer and is
proportional to k5':
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where ¢€,, is the permittivity of water.

The model system we have used consisted of two supp-
orted bilayers of DSPC (L — « 1,2-distearoyl-sn-glycero-3-
phosphocholine, Avanti Polar Lipids, Lancaster, Alabama)
deposited on ultraflat silicon substrates [Fig. 2(a)] [22]. All
the experiments were performed in the fluid phase at 58 °C.
The first bilayer serves as a spacer to reduce the interaction
between the floating second bilayer and the substrate and
keeps it free to fluctuate [23,24]. A potential was applied
between a Cu layer deposited at the back of the thick Si
substrate and an Indium-Tin-Oxide (ITO) coated glass plate
mounted parallel to the substrate, 0.5 cm from the
membrane.

We used a 27 keV x-ray beam (wavelength
A=0.0459 nm) at the CRG-IF beamline of the
European Synchrotron Radiation Facility (ESRF) in an
off-specular geometry described in Fig. 2(a) [25]. The
grazing angle of incidence is kept fixed (6;, = 0.7 mrad),
below the critical angle for total external reflection 8, =
0.85 mrad as this allows easy background subtraction, and
0, 1is scanned in the plane of incidence [24,26]. In all
experiments, the incident beam was 500 x 20 ym and the
reflected intensity was defined using a 20 mm x 200 ym
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FIG. 2. Schematic view of the experiment and electrokinetic
model of the supported bilayers (a). The incident beam at grazing
incidence (direction k;,) is scattered in direction k., giving
access to in-plane fluctuations. The off-specular reflectivity
curves and the associated best fits (b).

slit at 210 mm from the sample and a 20 mm x 200 pm slit
at 815 mm from the sample and recorded using a Nal (T1)
scintillator.

Off-specular scattering is sensitive to both the static
deformation and thermal fluctuations of bilayers. In the
limit of small amplitudes, and the simple case of a single
bilayer in an interaction potential U, the scattered intensity
is I  (z,2_,), with the fluctuation spectrum (z,z_,) =
kzT/h(q) and

h(q) = U" +yq* + kq*. (3)

The Hamiltonian of the gsystem is given by
H =73 ,H(q) = >, h(q)|z,|>. The fitting of the scatter-
ing curves, accounting for both thermal fluctuations and the
static roughness induced by the substrate [27] (following
the procedure described in detail in Refs. [23,26]), gives
access to the bilayer electron density profile, y, k, and U”.
Different scattering curves are presented in Fig. 2(b)
and in the Supplemental Material [25], showing that high
voltage differences, up to 10 V, can be applied to the cell
without destroying the membrane, but strongly affecting
its fluctuations. Figure 3 summarizes the main findings of
this Letter. We clearly observe an electrostriction effect
on the structural properties. The thickness d,, of the water
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layer in between the two lipid bilayers decreases with the
electric field [Fig. 3(a)]. Depending on the voltage and
frequency, we also observe large negative corrections to the
tension Iy = y(y—g) —7 [up to 1 mN/m, Figs. 3(c) and
3(d)] and positive corrections to the bending stiffness
K¢ = Kk — K(y=0) [up to a few hundreds of kT, Figs. 3(e)
and 3(f)]. The measured values y(y—g) = 0.5-1 mN/m and
K(v—0) = 15kpT—20kgT are in good agreement with known
values for DSPC bilayers [26].

Analyzing our results first requires us to determine the
local voltage drop V. seen by the bilayer. To this end, we
model the system electrokinetics by solving the Poisson-
Nernst-Planck equations, generalizing the model of Ziebert
et al. [16] to the double supported bilayer [Fig. 2(a)] [19].
The only unknown parameter is the Debye screening length
xp!, which might slightly depend on the dissolved carbon
dioxide and fixes the conductivity of the solution [30].
Whereas KBI =960 nm in pure water, it is reduced to
150 nm for normal atmospheric conditions. As the scatter-
ing curves were recorded 5 to 10 h after sample preparation,
which can influence the Debye length, x5! = 150, 300 and
800 nm were used in the analysis. With these values and a
single diffusion coefficient D = 7.5 x 107 m?/s for all
ions [31], the effective membrane resistance, lower than its
intrinsic resistance, ranges from 20 to 300 Q- cm?. The
system behaves as a low-pass filter with a cutoff frequency
determined by the bulk solution conductance Rz' and
the electric double layer capacitance per unit area Cpy,
[inset of Fig. 1(b)], the highest resistance and capacitance in
the system, respectively. Depending on the Debye length,
Rg =05-10 MQ-cm? and Cp = 0.04-0.18 uF/cm?,
leading to cutoff frequencies of 0.2 Hz for x5! = 150 nm
to 3 Hz for k! = 800 nm. Accordingly, the voltage drop at
the membrane increases from less than 0.01V, at 50 Hz to
~0.04V, at 10 Hz, where V is the ac field applied to the
membrane [Fig. 2(a)].

First discussing electrostriction, the most compressible
part in the system is the water layer in between the two lipid
bilayers and the electromagnetic stress is balanced by the
interbilayer potential. By plotting the electrostatic pressure
IT [19] as a function of the interbilayer water thickness d,,
[Fig. 3(a)], all points fall on a master curve obtained for
both the natural entropic repulsion between bilayers [24]
and the osmotic stress, either applied on floating bilayers
[24] or multilayer stacks [28], demonstrating that the local
electromagnetic stress is well described by our model. We
also report in Fig. 3(b) the number of water molecules per
lipids n,, [32] as a function of the pressure I1. Similar
curves obtained when the pressure is osmotically applied
on a floating bilayer [24] and on multilayer stacks [29] are
also presented, clearly demonstrating that the floating
bilayers behave the same way irrespective of how the
mechanical stress is applied and keep their integrity under
the applied electric field.
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FIG. 3. Effect of an ac field on a supported bilayer. Filled
symbols are data from this work. The black squares, green circles,
and red triangles correspond to different experiments. The solid
lines correspond to the full electrostatic contribution (Poisson-
Boltzmann theory) to I';; and K, which can be decomposed into
a membrane contribution (dotted line) and an electric double
layer contribution (dashed line). The linear Debye-Hiickel theory
is shown as dashed-dotted lines. K,‘)l = 800 nm (red curves),
k5" = 300 nm (green curves), and k' = 150 nm (black curves).
Mechanical pressure as a function of distance (a). The blue stars
are from Ref. [24] where the pressure was applied by osmotic
stress on similar double bilayers. The empty symbols are from
Ref. [28] (osmotic stress on multilayer stacks). The solid line is
calculated after Ref. [24] using dispersive, electrostatic, and
entropic contributions to the interbilayer potential. Number of
water molecules per lipid n, as a function of electrostatic
pressure I1 (b). The blue circles were obtained by NMR
spectroscopy for osmotically stressed 1,2-dimyristoyl-sn-
glycero-3-phosphocholine multilayer stacks [29]. Electrostatic
contribution to the membrane tension I'y; as a function of
frequency for a fixed voltage Vy =5V (c) and as a function
of the local voltage V), at the membrane (d). Electrostatic
contribution to the membrane rigidity K. as a function of
frequency for a fixed voltage Vo, =5 V (e) and K kp/kgT as
a function of the local potential difference V. (f).

The frequency dependence of the correction to the
membrane tension [ is plotted in Fig. 3(c) for Vo =5V,
where a ~@~? decay is observed. The origin of this purely
electrokinetic effect lies in the impossibility to charge the
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membrane above the cutoff frequency of the low bandpass
filter formed by the electric double layer capacitor and
bulk water resistor due to the finite mobility of ions in the
water. By plotting I as a function of the local electric field
Viec» We observe a good agreement between data and
theoretical predictions with I'; exhibiting a roughly « VlzOC
dependence [Fig. 3(d)].

The increase in bending rigidity K. is plotted as a
function of frequency for Vy =5 V in Fig. 3(e) and as a
function of V), in Fig. 3(f). Both curves exhibit a more
complex behavior than the I’ curves, which can be
attributed to nonlinear effects due to the large voltage drop
at the membrane with eV /kgT = 1 [Fig. 1(b)]. In contrast
with the linear theory, which exhibits the expected w2
behavior, the low-frequency plateau seen for both the
experimental data and the nonlinear theory in Fig. 3(e)
comes from saturation effects in the electric double layer.
By plotting the data as a function of V., which allows one
to decouple the microscopic and electrokinetic effects, all
K xp values indeed fall on a master curve with a saturation
from 0.5 V [see Fig. 3(f)]. This is in remarkable agreement
with the theory, which predicts a saturation value of K
proportional to the Debye length [16], and fully consistent
with the expectation that a thicker layer is more difficult to
bend. As kp also fixes independently cutoff frequencies via
the water conductivity, the analysis is clearly consistent.
However, we must point out that despite its remarkable
description of our data, the theory of Ref. [15] is for a single
bilayer in a symmetric environment, unlike the experimen-
tal conditions used here. The electroformation technique
uses a similar electric field to destabilize membranes and
fabricate giant unilamellar vesicles. The stability limit of
the bilayers can be calculated using 4(q) = 0, and is drawn
in Fig. 4(a) for two different values of the potential second
derivative (U” = 3 x 10'! and 3 x 10'> J- m™). It clearly
shows that our x-ray experiments are performed in the
stability domain but close to instability conditions. With
the aim of observing destabilization, we have applied an
electric field on a single supported bilayer on an
Indium-Tin-Oxide coated glass slide under similar con-
ditions. We observed by fluorescence microscopy the
formation of giant unilamellar vesicles above and close
to the main transition temperature 7,, [Fig. 4(b)]. Small
vesicles of diameter ~5 pm are the dominant population at
short times (# ~ 1-10 min) and grow with time to reach a
diameter of 10—30 ym. Interestingly, the initial size we find
here is consistent with the instability in the bilayer
fluctuation spectra evidenced by x-ray scattering.

The effect of ac fields on supported floating bilayers has
been investigated by x-ray off-specular scattering. In a
consistent set of experimental data strongly supported by an
established theoretical model, we have evidenced both a
dramatic decrease in the membrane tension, possibly down
to negative values, and a strong increase in the bilayer
bending rigidity. We demonstrate that the effect on tension
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FIG.4. T asafunction of K (a). The destabilization limits for
U" =10'>3 and 10''3 J-m™ are given as light and dark pink
domains, respectively. Vesicle formation under an electric field
(5 V, 5 Hz) from a single supported bilayer of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (b). Observation by fluorescence
microscopy at 5 min (left) and 85 min (right) after the application
of the field.

results from an amplification of charge fluctuations at the
membrane. The effect on rigidity comes from couplings
inside the electric double layer, and can only be understood
by using the full nonlinear Poisson-Boltzmann theory. The
effect of voltage and ac field frequency has been charac-
terized. The competition between the stabilizing effect on
bending rigidity (mainly acting at length scales < 0.5 ym)
and the destabilizing effect on tension (at length scales
> 0.5 um) leads to ~1 um vesicle formation as observed.
This detailed understanding can now be used for further
analysis of the effect of electric fields on biological
membranes. For cell membranes that have a smaller rigidity
(~1kgT—-10kpT) than our model membrane, destabilization
is expected to occur at length scales = 50 nm and could
explain the effect of low electric fields in processes like
electroendocytosis.
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