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Modulating Vesicle Adhesion by Electric Fields
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ABSTRACT We introduce an experimental setup for modulating adhesion of giant unilamellar vesicles to a planar substrate.
Adhesion is induced by the application of an external potential to a transparent indium tin oxide-coated electrode (the substrate),
which enables single-vesicle studies. We demonstrate tunable and reversible adhesion of negatively charged vesicles. The
adhesion energy at different potentials is calculated from the vesicle shape assessed with confocal microscopy. Two ap-
proaches for these estimates are employed: one based on the whole contour of the vesicle and a second based on the contact
curvature of the membrane in the vicinity of the substrate. Both approaches agree well with each other and show that the
adhering vesicles are in the weak adhesion regime for the range of explored external potentials. Using fluorescence quenching
assays, we detect that, in the adhering membrane segment, only the outer bilayer leaflet of the vesicle is depleted of negatively
charged fluorescent lipids, while the inner leaflet remains unaffected. We show that depletion of negatively charged lipids is
consistent Poisson-Boltzmann theory, taking into account charge regulation from lipid mobility. Finally, we also show that lipid
diffusion is not significantly affected in the adhering membrane segment. We believe that the approaches introduced here for
modulating and assessing vesicle adhesion have many potential applications in the field of single-vesicle studies and research

on membrane adhesion.

INTRODUCTION

Giant unilamellar vesicles (GUVs) have emerged as a versa-
tile model membrane system (1-4). Applications reach from
models of biological membranes to microreactors. In this
work, we employ them to study adhesion. In biological
systems, adhesion is usually ensured by specific adhesion
molecules. However, unspecific forces are always at play.
Here, we exploit these interactions and study the adhesion
of GUVs to a solid support where adhesion is driven by
an external electrical potential.

Adhesion of GUVs has been previously explored both
in theoretical and experimental studies (5—11). During adhe-
sion, the vesicle undergoes a shape transformation and
repulsive membrane undulations against the rigid surface
are suppressed. This energetic cost is balanced by the
(attractive) interaction between the surface and the vesicle.
Generally, an attractive force can be provided either by spe-
cific ligand-receptor bonds or by generic nonspecific inter-
actions arising from van der Waals or electrostatic forces.
Some examples of the latter are provided in the following.
Bernard et al. (12) have used polylysine-coated surfaces to
induce adhesion of electrically neutral GUVs. In another
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work, reflection interference contrast microscopy was used
to study adhesion of GUVs to a positively charged surface
coated with 3-amino-propyl-triethoxy-silane (7). In a more
recent study, the nonspecific interaction between a pinned
lipid membrane patch from a GUV and a substrate coated
with the relatively inert protein bovine serum albumin was
studied and the resulting interaction potential strength was
extracted from the analysis of membrane shape and fluctua-
tions (13). Other studies explored the adhesion of positively
charged GUVs to a planar-supported lipid bilayer where
the interaction was influenced by changes in bulk pH and
hence by modulating the surface charge of the membranes
(14,15). In all of these studies, adhesion either was governed
by a fixed attractive potential, was irreversible, or had no
possibility to directly modulate adhesion of the same
vesicle. Formation and desorption of supported lipid bila-
yers (SLBs) and liposome layers on polarizable electrodes
was described in Kumar et al. (16) and GUVs interacting
with electrodes were used previously to measure membrane
fluctuations (17).

Here, we introduce an experimental approach to induce
reversible adhesion of GUVs by means of an externally
applied electric potential. The advantage of the approach
is that the adhesion strength can be varied easily and
gradually for the same vesicle. This method enables sin-
gle-vesicle studies as the GUV can be observed before
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and after adhesion. The process resembles what is known as
electrowetting of (aqueous) droplets on a solid support
(18,19). We compare two different methods to calculate
the adhesion energy from the vesicle morphology observed
by confocal microscopy, investigate the partitioning of a
fluorescent lipid analog between the unbound vesicle cap
and the bound membrane segment, and measure the lipid
diffusivity.

MATERIALS AND METHODS

Vesicle preparation and imaging

Vesicles were prepared by electroformation (20). Chloroform stock solu-
tions of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dio-
leoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DOPG) were
mixed at molar ratio 80:20 with a final lipid concentration of 4 mM.
The lipids were obtained from Avanti Polar Lipids (Alabaster, AL). At
neutral pH, DOPG contributes a negative surface charge to the formed
vesicles. If not indicated differently, the fluorescent analog DiIC18, i.e.,
2-[3-(1,3-dihydro-3,3-dimethyl-1-octadecyl-2H-indol-2-ylidene)- 1 -propenyl]-
3,3-dimethyl-1-octadecyl; perchlorate (Molecular Probes, Eugene, OR)
was added to the lipid mixture at a concentration of 0.1 mol %. For the
dye distribution measurements, 1 mol % of the fluorescent dye 1-oleoyl-
2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3—
[phospho-rac-(1-glycerol)] (NBD-PG) ammonium salt (Avanti Polar
Lipids) was added. In some experiments, 1-oleoyl-2-[12-[(7-nitro-2-
1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine
(NBD-PC), was added instead. In total, 10 uL of the stock solution were
spread on two conductive glasses coated with indium tin oxide (ITO). To
eliminate trace amounts of chloroform, the glasses were kept between 2
and 2.5 h under vacuum at room temperature. They were then assembled
to form a chamber of 2 mL volume that was filled with sucrose solution
(17 mg/mL) buffered with 2 mM HEPES pH 7.4, containing 1 mM
EDTA and with a final osmolality of 63 mOsmol/L. All chemicals
were obtained from Sigma-Aldrich (St. Louis, MO). Electroformation
was carried out at 10 Hz sinusoidal voltage of 630 mV root-mean squared
for 2 h and at 300 mV and 5 Hz for an additional 30 min. The vesicles
were harvested from the chamber and left to equilibrate overnight at
room temperature. Part of the vesicle suspension was mixed with an iso-
osmolar buffered glucose solution at volume ratio of 1:2 (to a final vol-
ume of 90 uL). To provide excess area for adhesion, the vesicles were
deflated before imaging by water evaporation from this vesicle suspen-
sion at room temperature for 40 min. The steady increase in osmolarity
(to a value of ~88 mOsmol/L as measured by the decrease in mass during
evaporation) deflated the vesicles in a smooth manner. The density differ-
ence between the outside and inside solutions led to sedimentation of the
vesicles to the bottom of the chamber. When required, the solution con-
ductivity was measured with SevenEasy (Mettler-Toledo, Greifensee,
Switzerland).

Imaging was performed on a confocal SP5 setup (Leica, Mannheim, Ger-
many). DiIC18 was excited with a 581-nm laser line (diode-pumped solid-
state laser) and NBD-PG was excited using a 488-nm line (Argon laser).
The fluorescence signal was collected between 565 and 670 nm and 494
and 642 nm, respectively. In some experiments, the reflection from the sur-
face of ITO cover glass facing the solution was visualized by scanning with
the 488-nm laser line in reflection mode and detecting the reflected light in
the range 485—490 nm. Side views or vertical cross sections in the xz plane
were obtained by moving the specimen along the z axis of the microscope
by a galvanometer stage (Leica). The image reconstruction was done from
consecutive scanning of a xy line passing through the axes of symmetry of
the vesicle. This enables us to obtain a complete side view with minimal
photobleaching. Because the difference between the refractive indices of
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the objective immersion medium (water) and the sugar solution in the
vesicle suspension is far below 1%, spherical aberrations are negligible
(see, e.g., Bezlyepkina et al. (21)) and were not considered for correcting
the vesicle images in the z scans.

Fluctuation analysis

We measured the bending rigidity of the DOPC/DOPG vesicles by fluctu-
ation analysis of the thermally induced motion of the membrane. Details
of the method are published in Gracia et al. (22). Experiments were per-
formed on an Axiovert 135 microscope (Zeiss) using a 40x objective in
phase contrast mode. Imaging was done with a fast digital camera HG-
100K (Redlake, San Diego, CA) using a mercury lamp HBO W/2 as a light
source. We acquired 3600 snapshots of each vesicle with an exposure time
of 200 us. Only vesicles with clearly visible fluctuations and no visible de-
fects were considered for the analysis. No difference in the bending rigidity
was found for vesicles in sucrose buffer or diluted in glucose buffer within
the experimental uncertainty.

Zeta potential measurements

‘We have measured the zeta potential of large unilamellar vesicles at 0.4 mM
DOPC/DOPG 80:20 in the same glucose buffer as used in the GUV exper-
iments. The vesicles were prepared by extrusion through a polycarbonate
membrane with a 200-nm pore size using a pneumatic extruder (Avestin,
Ottawa, Canada). After 20 extrusion cycles, monodisperse vesicles with
an average diameter of 147 nm were obtained as assessed with dynamic
light scattering. Dynamic light scattering and electrophoretic mobility
were measured using a Zetasizer Nano ZS (Malvern Instruments, Worces-
tershire, UK). Zeta potentials were deduced from the electrokinetic
mobility data using the Smoluchowski approximation. Finally we extracted
the surface potential by assuming the {-potential shear plane to be 0.2 nm
away from the real membrane surface (23).

Setup of the adhesion chamber

The adhesion chamber consisted of two ITO-coated cover glasses with
a thickness of 0.17 mm (ITO film thickness < 100 nm; Prazisions Glas &
Optik, Iserlohn, Germany), which were separated by a rubber spacer of
1 mm thickness. The vesicle suspension was not in contact with the spacer
and was surrounded by air as shown in Fig. S in the Supporting Material.
The chamber was sealed to prevent evaporation during the experiment.
Because the ITO film is transparent, vesicles could be observed with a con-
ventional inverted (confocal) microscope setup. The ITO glasses were con-
nected with conductive copper tapes to an external signal generator (Model
33220A; Agilent Technologies Deutschland, Boblingen, Germany) and
direct current (DC) voltage was applied with the bottom glass connected
to the positive terminal. In series with the voltage source, the electric current
was measured using a digital multimeter (Model 2000; Keithley Instruments,
Cleveland, OH). The whole chamber was closed and held together by two
custom-made metal plates and fitted on the stage of the microscope (Fig. S1).

Quenching assay and fluorescence intensity
measurements

NBD-PG located in the outer leaflet of the vesicles membrane was
quenched by reduction with dithionite (24). We first prepared 1 M stock so-
lution of sodium dithionite (Sigma-Aldrich) in the sucrose buffer used for
vesicle preparation. Then, 1 uL of this quenching buffer was pipetted
into 100 uL of vesicle suspension in sucrose buffer. The solution was gently
stirred to ensure homogenous distribution of the quenching agent. The ves-
icles were then incubated for 15 min and consecutively diluted in isoosmo-
lar glucose buffer as done with vesicles not treated with quencher. On the
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timescales of the observations, no or insignificant leakage of quenching
agent into the vesicle interior occurred. The quenching of the external
leaflet of the vesicle membrane was confirmed by the decrease of fluores-
cence to approximately one-half the original value (fluorescence from
both leaflets).

Fluorescent intensities of quenched and unquenched vesicles were deter-
mined by the peak of a Gaussian fit to the intensity line profile across the
membrane perpendicular to the cover glass. The peak value of the Gaussian
was then used for further analysis. Examples for fitting an unquenched and
a quenched vesicle are shown in Fig. S2. In addition to single vesicle
studies, we also obtained statistically relevant results by analyzing at least
eight different vesicles from two different batches. Vesicles that exhibited
visible defects, pinning to the surface, or did not react to the external
voltage because of local surface defects, were not considered for further
analysis. For all measurements, the settings of the confocal setup were
kept fixed.

Fluorescence recovery after photobleaching
measurements

NBD-PG was bleached using the 488-nm line of the confocal microscope.
A circular spot with diameter 5 um in the xy plane both in the adhering
membrane segment and at the north pole of a vesicle was bleached for
420 ms. Afterwards, imaging was done at nonbleaching laser intensity
for 7 s. The intensity-time trace was then fitted to the commonly used
one-component recovery model (25). At least five individual bleaching
curves per vesicle were obtained.

Theory for strong adhesion regime

The adhesion energy was obtained from the global shape of the vesicle. In
the absence of a spontaneous curvature of the membrane, the equilibrium
shape of a vesicle adhering to a planar substrate is determined by the
bending rigidity of the membrane, k, and the adhesion energy per unit
area, W, as well as by the total membrane area A and enclosed volume V
of the vesicle. This minimum energy shape can, in general, only be
calculated numerically (5). If the adhesion is strong, the vesicle tries
to maximize its contact area and attains a shape that is very close to a
spherical cap (5). The latter shape is characterized by the effective contact
angle 6 (see Fig. 1 A), which is solely determined by the reduced volume
V /A3/? according to
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FIGURE 1 Sketches of the same vesicle with total area A and enclosed
volume V (A) in the strong adhesion limit and (B) for smoothly curved
membrane close to the contact line. In (A), the shape is that of a spherical
cap and the values of the effective contact angle 6, and the radius of the
adhering membrane segment R, are fixed by A and V through Eq. 1. In
(B), the shape deviates from a spherical cap and the radius of the adhering
membrane segment R <Ry is given by Eq. 4.
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In the strong adhesion limit, the circular contact area of the spherical cap
has the radius

(@)

In the limit of small contact angles, one obtains a pancake with contact
area TR2 = A/2 and vanishing volume V.

When the contact region close to the contact line is viewed with suffi-
ciently high resolution, the contour of the vesicle membrane does not exhibit
a sharp contact angle, which would imply an infinite bending energy, but
rather a smoothly curved membrane segment with contact curvature radius

K
Reo = 4 /ﬁ' 3

Thus, deviations of the vesicle shape from the spherical cap shape can be
expanded in powers of R,/ \/A, where \/A describes the linear size of the
vesicle membrane. Such an expansion was first performed for an adhering
pancake with 6y = 0 (26) and later generalized to arbitrary values of 6y
(27). In the general case, one finds that the actual radius R of the contact
area is given by (27)

2k cos(6y/2) K
R=Ry— /= . +0 . @
0 W 1+ sin(6,/2) WA @
If we solve this equation for W/k, we obtain

w_ 2 ( cos(6y/2) )2
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to leading order in R — Ry.

First method of image analysis: adhesion energy
from overall vesicle shape

For each vesicle, we acquire a series of confocal images for increasing
values of the applied voltage (Fig. 2). Each confocal image contains a ver-
tical cross section of the vesicle. The vesicle contour is then identified
manually, as shown in Fig. S3. Assuming that the shapes are axisymmetric
(which is confirmed from three-dimensional projection images of the
adhering vesicle), we can obtain the total membrane area A and enclosed
volume V of the vesicle by integration along the contour for each value
of the applied voltage. Both the area and the volume of the vesicles are
found to remain constant within experimental error as the voltage is
increased. Note that the assessment of the adhesion energy does not require
that the volume nor the area remain constant. In addition, the radius R of the
adhering membrane segment can be directly measured and is found to in-
crease with increasing applied voltage. By inserting the measured values
of A and Vinto Eq. 1 and solving it numerically, we obtain the values of
the effective contact angle 6y and the radius Ry of the adhering membrane
segment corresponding to the spherical cap limit. These calculated values,
together with the measured value of the radius R of the adhering membrane
segment, can then be inserted in Eq. 5 to obtain the reduced adhesion energy
per unit area, W/k. This procedure was repeated for each vesicle at each
value of the applied voltage. The corresponding error A(W/k) is deter-
mined by linear propagation of the experimental uncertainties AA, AV,
and AR in Eq. 5. Finally, a value for the adhesion energy per unit area, aver-
aged over all vesicles, is computed for each applied voltage by calculating
the weighted arithmetic mean of W/k for different vesicles at a certain
voltage, with the weight given by the inverse variance 1/[A(W /x)]*.



Modulating Vesicle Adhesion by DC Fields

FIGURE 2 Confocal images of the vertical
cross sections of a GUV made of DOPC/DOPG
80:20. The scale bar represents 20 um. The mem-
brane fluorescence is shown in green and the
reflection from the ITO surface is shown in red.
(A) Nonadhering vesicle in the absence of applied
voltage. Note the smoothly curved membrane
(left arrow) as compared to the case of adhesion
in (B). (Right arrow) Undulation of the bound
membrane segment, indicating a relatively large
separation of this segment from the ITO substrate.

(B) Same vesicle adhering to the substrate upon application of 1 V DC field. (Left arrow) Appearance of an effective contact angle; (right arrow) absence
of any visible undulation in the vicinity of the surface, which also demonstrates the increased adhesion.

Measuring membrane tension from contour
analysis

The membrane tension of the vesicle can be estimated in a similar manner
as the adhesion strength, by considering the deviations of the vesicle shape
from a spherical cap, which corresponds to the limit of strong adhesion. The
combined bending and adhesion free energies of a vesicle with given area A
and enclosed volume V can be approximated by (27)

1 —sin <—>
2
0

where we use the same notation as in the previous section. In mechanical
equilibrium, the tension X of the vesicle membrane will then be given by
(28) = = —0F/0A |, taking into account that both R and 6, depend on
the vesicle area. One thus finds for the tension

. (b
W \/m v/3+cos 6, {2 sin (3) + cos 00]
A

:1—|—cos 00_ 1 + cos 6,
+ O(x/A).
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The first term on the right-hand side of this equation represents the well-
known Young relation for liquid droplets; the second term provides a
correction arising from the bending rigidity of the membrane. Combining
Eqgs. 5 and 7 to eliminate the adhesion strength, we can estimate the tension
of the membrane by simply measuring its enclosed volume V, total area A,
and radius R of the adhering membrane segment via the relation

pX 1
== ®)
K

o) =]

where Ry and 6 are determined by the measured volume and area via Eq. 1.
Note that the membrane tension as given by Eq. 8 is always positive.
This implies that the vesicle membrane is stretched with the area increase
A — A satisfying = = K4((A — Ag)/Ao), where K, is the membrane area
compressibility modulus and Ay is the optimal (relaxed) area of the vesicle.

Second method of image analysis: adhesion
energy from contact curvature

We extracted the contact curvature radius R, (see Eq. 3) from 10 adhering
vesicles at different adhesion strengths, by fitting the contour in the contact

zone with a circle. To find the optimal circle radius we used a refined fitting
method, in which we follow the goodness of fit while increasing the part
of the membrane segment considered for fitting and select the fit with the
best-adjusted coefficient of determination. A typical example is shown in
Fig. S4. This optimal radius is assigned to the contact curvature R, and
Eq. 3 is used to estimate the adhesion energy independently of the method
based on the whole-vesicle contour described above.

Numerical solution and parameter estimation of
the charge regulated Poisson-Boltzmann
equation

We solve the Poisson-Boltzmann equation for the dimensionless electro-
static potential Y = e@/kgT with kg as the Boltzmann constant, and T as
the temperature:

V2 = A %sinh vy, )

where A = (eoe,kgT/2coe?) 172 is the Debye length for a solution of monova-
lent salt of bulk concentration ¢y and dielectric constant €,. We did not directly
control the ionic strength in the used buffers, which is set by the buffer con-
centration, adjustment of pH, and impurities in the used reagents. However,
from conductivity measurements, we estimated the equivalent ionic strength
of 2 mM NaCl solution, which implies Debye length A = 7 nm. The special
boundary condition —aVy-n= (e"¥¥) /(1 = ¢)/p + e V) self-
consistently accounts for the charge regulation due to lipid exchange with a
lipid reservoir. Here, ¥, denotes the resting potential of an isolated membrane
and was set to—63 mV, as obtained from the -potential measurements; nis the
normal vector to the lipid plane, « = agoe kgT/ ¢* with @ = 70 A as the sur-
face area of a typical lipid; and ¢ = 0.2 is the fraction of charged lipids in our
experiments. This boundary condition was derived earlier in Harries et al. (29)
and May et al. (30). The ITO surface was considered as an ideal (current block-
ing) electrode, where the charges Q. = Cit(U — Uy) are fixed by the applied
potential and the capacitance of the ITO-electrolyte interface and is set to
Cit =8 x 10° F/em? and Uy = 540 mV (31). The solutions of the Pois-
son-Boltzmann equation were computed using COMSOL Ver. 3.5a for 10 sep-
aration distances between 0.1 and 44 on a one-dimensional mesh consisting
of 60 elements. The contour plots were generated by spline interpolation be-
tween the discrete simulation results.

RESULTS AND DISCUSSION

Adhesion of a deflated GUV is shown in Fig. 2. In the
absence of the DC field, the vesicle is free to move (in
the case of convection in the chamber) and exhibits visible
thermal fluctuations, which are suppressed when the vesicle
starts to adhere at a threshold voltage of ~0.8 V. The vesicle
undergoes a shape transition from an unbound to a bound
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state and the thermal undulations in the lower part of the
vesicle in close contact with the ITO surface are suppressed.
With further increase of the external voltage, adhesion is
smoothly regulated by the applied voltage and the vesicles
spread further over the surface, increasing the area of the
adhering membrane segment. The effective contact angle
decreases with increasing contact area arising from the con-
straints of fixed membrane area and vesicle volume. Note
that GUVs cannot adapt their surface area freely, in contrast
to liquid droplets sitting on a surface. Electroformed vesi-
cles are characterized by different initial tensions and de-
gree of deflation in the same batch and we could observe
that tenser vesicles do not wet the surface as much as
well-deflated vesicles. After the voltage is switched off,
the membrane segment in the contact area is again free to
fluctuate and the effective contact angle approaches 180°.
The shape change induced by adhesion can be completely
reversible (Fig. S5). In some cases, however, the original
overall vesicle shape is not fully recovered, indicating a
change in the vesicle area/volume during adhesion. To
probe for changes in the volume, we used phase contrast
microscopy to check for leakage of sucrose encapsulated
in the vesicles due to formation of pores. No decrease in
contrast over the whole range of used voltages was
observed (data not shown). Hence, no or only an insignifi-
cant amount of leakage occurred due to the adhesion. The
vesicle volume as deduced from shape analysis was also
found constant. We thus speculate that the change in the
area/volume arose from a change in the apparent vesicle
area. It is plausible that during adhesion, membrane
reservoirs such as tubes or membrane invaginations are
pulled out to the vesicle surface. Electroformed GUVs
are known to frequently exhibit such hidden membrane
reservoirs (2,32).

Calculated adhesion energies at varied external
potential

Following the first method of image analysis as described in
the Materials and Methods, we determined the adhesion en-
ergy from the overall vesicle shape as detected by confocal
microscopy images recorded for different external poten-
tials (Fig. 3 A). To the best of our knowledge, this is the first
time the adhesion energies were directly calculated from
vesicle images obtained by confocal microscopy. In agree-
ment with the optical observations, at a threshold voltage
of ~0.8 V, a sharp monotonic increase in adhesion energy
was measured.

Because the method yields only the reduced adhesion
energy W/k, we have independently measured the bending
rigidity k of nonadhering vesicles by fluctuation analysis
(see Materials and Methods). In total, 20 vesicles were
analyzed. For the bending rigidity measured at 23°C, we
obtained k = 20 * 2 kgT. The deduced value for the
bending rigidity is significantly lower than that measured
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FIGURE 3 Adhesion energy and membrane tension in DOPC/DOPG
80:20 vesicles adhering to an ITO substrate as a function of applied external
potential. (A) Adhesion energies of overall 24 vesicles at different external
potentials. The data are obtained from the analysis of the overall vesicle
shape; see Materials and Methods for details. (Left axis) Reduced adhesion
energy per unit area, W/k; (right axis) absolute value of the adhesion energy
per unit area, assuming that the bending rigidity is not influenced by the
applied voltage. (B) Reduced vesicle tension of a single vesicle at different
external potentials, i.e., adhesion energies.

for DOPC/DOPG 90:10 membranes at pH 5 (33), indi-
cating a rather strong dependence of the bending rigidity
on the protonation state of the lipids and hence the surface
charge of the membrane as well as the used buffers (34).
Using the measured value of the bending rigidity and
assuming that it is not influenced by the adhesion process,
we were able to calculate the absolute value of the adhesion
energy in our experiments (see right axis in Fig. 3 A). The
explored adhesion energies are relatively low and belong to
the regime of weak adhesion. Note that as we will show
later, the lipids may redistribute between the bound and
unbound part of the vesicle, which might lead to changes
in the bending rigidity of the membrane. Thus, in the
following, we will present the results in terms of reduced
adhesion energy W/k.



From the overall vesicle shape, we were also able to
extract the induced tension as described in the Materials
and Methods. As expected, with increasing external voltage,
the tension imposed on the adhering vesicle increases
(Fig. 3 B). Even though the tension increases by approxi-
mately two orders of magnitude, the absolute values of the
induced tension are relatively low and orders of magnitude
below the lysis tension (~10 mN/m). This result is corrobo-
rated by the membrane undulations in the unbound part of
the adhering vesicles that were visible even at the highest
applied external voltages. We conclude that the main ener-
getic cost, which is balanced by the attractive potential,
originates in the bending of the lipid bilayer.

We compared the data for the adhesion energy obtained
from the whole-contour analysis with results obtained via
a second method, namely using the contact curvature of
the membrane in the contact zone with the surface (see
Materials and Methods for details). The adhesion energies
were calculated following both methods for 10 vesicles at
different external potentials. Generally, the results from
the two approaches agree well (see Fig. 4). Both methods
have high uncertainties at higher adhesion energies for
the following reasons: the measured parameters (e.g.,
area of the adhering membrane segment) used by the
whole-contour method saturate toward high adhesion
energies, while the contact-curvature method suffers from
approaching the diffraction limit when detecting the curva-
ture radius.

For the adhesion energies explored here, the membrane in
the contact zone adopted curvatures of up to ~1/(7 um) (see
right axis in Fig. 4). This curvature is not very high, but the
use of other types of electrodes (allowing access to higher
potentials) might allow reaching even higher curvatures,
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FIGURE 4 Comparison of data for the adhesion energy determined via
the whole-contour method (x axis) and from the contact-curvature method
(left y axis; the right y axis shows the membrane curvature in the contact
zone, Re,). (Dashed line) Slope 1, representing ideal agreement between
the two methods. The Pearson correlation coefficient is R = 0.937.
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making this approach useful for exploring curvature-driven
processes in membranes.

Redistribution of lipids in the adhering membrane
segment

After having demonstrated that vesicle adhesion can be
smoothly and reversibly regulated by the external potential,
we investigated whether the lipid composition of the un-
bound and bound membrane segments is altered by the
adhesion. For this purpose, we employed the fatty-acid
labeled NBD-PG, which possesses the same headgroup as
that of the negatively charged DOPG (see Fig. S6), and
should thus reveal the behavior of this lipid as we vary the
external potential. Because electrostatics might be the
driving force for adhesion, the negatively charged species
in the membrane may be redistributed when the external
potential is applied.

During the experiments, no phase separation as character-
ized by micrometer-sized domains was observed under fluo-
rescence, suggesting that the bound and unbound membrane
segments remained in the same fluid phase state. The
membrane fluidity was confirmed by the measured diffusion
coefficient of NBD-PG determined by fluorescence recov-
ery after photobleaching measurements. At 1.1 V external
voltage, we found no difference between the diffusion coef-
ficient measured in the adhering membrane segment and the
vesicle cap, suggesting that diffusion of the bound mem-
brane is not hindered by the adhesion process. The diffusion
coefficient of NBD-PG was found to be 2.4 + 0.2 um?/s.

We compared the apparently free diffusion in the bound
part of the membrane in our system to diffusion in SLBs
(35) prepared on ITO surfaces (i.e., the same substrate
material as in our setup). The diffusion in such SLBs is
slower by a factor of 1/2 compared to that in freestanding
bilayers (35). We conclude that the lack of slowdown in
the lipid diffusion in our system is due to weak adhesion
and, thus, to a relatively thick water layer between mem-
brane and substrate in our setup.

Even though the fluidity and diffusivity in the adhering
membrane segment is not altered, measurements of the fluo-
rescence intensity of the NBD-PG probe in the adhering
membrane segment suggest that the lipid composition in
this segment changes during the adhesion process. Fig. 5
shows typical results for the fluorescence intensity in the
adhering membrane segment of a GUV normalized by the
value in the absence of applied potential. With the onset
of adhesion, the normalized fluorescent intensity drops
down. This intensity change is caused by the migration of
the dye from the adhering segment to the unbound vesicle
cap. We exclude the possibility of a change in fluorescent
brightness of NBD-PG in the adhering membrane segment
because the overall fluorescence intensity of the vesicle is
preserved during the voltage sweep. In addition, NBD fluo-
rescence was found to be constant in the pH range between

Biophysical Journal 111, 1454-1464, October 4, 2016 1459



Steinkihler et al.

= \BDPG =
b/ K %

* ¥,
# |\ -

# \\& _Final intensity
k R T T ¥

£_ _Initial intensity
e e *

1.00 -

T
=0
(2]
e 5
Lo
c o

©
8 c
Cm

S
8_0
» £
0 0
o €
2 o
— c
T
O O
N <
T ®
€ o
| -
[SES
=

0.95 ~

0.90 ~

o
o}
o

0.0 0f3 016 019 1.2
External voltage, V

FIGURE 5 Normalized fluorescence intensity from NBD-PG in the
adhering membrane segment of an unquenched vesicle exposed to different
external potentials corresponding to different adhesion strengths (see
Fig. 3). The sketches in the top line illustrate the depletion of NBD-PG
in the adhering membrane segment (red asterisks) from the outer leaflet
of the bound segment upon adhesion to the substrate (see text for details).

pH 5 and pH 9 (36). To exclude effects of nonradiative en-
ergy transfer from the dye to the ITO electrode (quenching),
we performed control experiments using the fluorescent
analog NBD-PC (see structure in Fig. S6) and found no sig-
nificant quenching effect, as shown in Fig. S7. Bleaching
of the dye was also not observed for the employed laser
intensities and exposure times (data not shown). Because
NBD-PG is depleted from the adhering membrane segment,
we expect that the intensity in the cap of the vesicle would
increase resulting from dye enrichment (see sketches in
Fig. 5). However, the analysis and measurements in sin-
gle-vesicle experiments (see Quenching Assay and Fluores-
cence Intensity Measurements and Fig. S2) were too
imprecise because of the presence of membrane shape fluc-
tuations with amplitudes in the micrometer range. In addi-
tion, because of the larger area of the unbound membrane
compared to that of the adhering membrane segment, the ex-
pected increase in fluorescence should be smaller than the
intensity change of ~10% measured for the adhering mem-
brane segment. In other words, the expected change in
brightness of several percent is below the accuracy of the
measurements in the cap region.

To further examine the changes in bilayer composition
in the adhering membrane segment and to probe whether
the dye depletion occurs in both leaflets, we performed
a quenching assay, in which the fluorescence of the outer
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leaflets of the vesicles before exposing them to adhesion
is quenched irreversibly by sodium dithionite. We then
measured the fluorescence intensity from the inner leaflet
of the vesicle as a function of applied potential, similarly
to the measurements in Fig. 5 on unquenched vesicles. To
obtain statistically significant data, we quantified the fluo-
rescence intensity ratio of adhering to free membrane
segment of an ensemble of vesicles exposed to different
external potentials and hence adhesion strengths. The raw
data are shown in Fig. 6 in terms of the ratio of the fluores-
cent intensity of the bound to the unbound membrane
segment. While for unquenched vesicles (with fluorescence
from both leaflets), adhesion energies and fluorescence ratio
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FIGURE 6 Ratio of fluorescence intensity measured in the adhering
and free membrane segments for two different ensembles of vesicles: un-
quenched (A) and with quenched external leaflet (B). The vesicles were
imaged at different external potentials and the corresponding adhesion
energies were then calculated by the whole-contour method. In the
unquenched vesicles, the dye is depleted from the adhering membrane
segment with increasing adhesion. For the vesicles with quenched external
leaflet (B), no such trend is observed, suggesting that the applied external
potential and the adhesion process induce dye redistribution only in the
external leaflet of the bilayer membrane. To see this figure in color,
go online.



of adhering to unbound membrane segment were found to
be highly correlated (Spearman’s rank correlation coeffi-
cient p < 0.0001, n = 8), fluorescent intensity and adhesion
energy for quenched vesicles (fluorescent signal form the in-
ner leaflet only) was not correlated significantly (p = 0.37,
n = 12). This outcome suggests that only the outer leaflet
senses the changes in the surface potential of the ITO
glasses. Asymmetric bilayers close to planar surfaces have
been previously described, particularly in the context of
SLB formation by liposome rupture (37-41). An important
difference is the proposed mechanism of asymmetry gener-
ation by 1) lipid flip-flop between the two membrane leaflets
and/or 2) pore formation. In our system, lipid flip-flop is un-
likely to occur on the timescales of the observations, while
pore formation is implausible in the low-tension regime
explored here. Finally, no bilayer defects are observed in
our system. Another important difference is the transient
nature of liposome adhesion, rupture, and SLB formation
compared to the stably adhering vesicles in our system.
The only SLB system that is similar to our GUV system
is described in Stanglmaier et al. (40), in which bilayer
asymmetry is established by diffusion between the different
membrane segments.

For the unquenched vesicle in Fig. 5, the change in fluo-
rescence intensity in the adhering membrane segment
amounts to a decrease of ~12% at the highest applied
voltage. Assuming that the dye is depleted only in the outer
membrane leaflet, leaving the inner one unaltered (as also
suggested by our quenching experiments), this would imply
that ~25% of the lipid dye has migrated from the adhering
membrane segment to the vesicle cap.

Electrostatic interactions and lipid redistribution
in the vesicle

The depletion of the negatively charged NBD-PG from
the adhering membrane segment is somewhat puzzling.
Initially, we expected enrichment of the negatively charged
molecules in the adhering membrane segment due to the
positive charge on the ITO electrode, but our data do not
confirm this expectation. In this section, we show that the
observed depletion of negatively charged lipids with
increasing external positive potentials can be rationalized,
by allowing the membrane-surface distance to vary with
the external potential. To explain this effect, we first need
to understand which forces act on the lipids in the two mem-
brane segments (free and adhering).

We find no evidence for a significant electrostatic field in-
side the solution chamber, which could result in pulling the
vesicles toward the electrode surface (via electrodeforma-
tion or electrophoresis). This conclusion is based on two ob-
servations. First, we measured the electric current between
the ITO glasses and the DC voltage source. In the explored
voltage range, the current always stayed <5 nA. Taking the
contact area between the vesicle suspension and the ITO
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glass to be ~79 mm? and the measured conductivity of the
buffer to be ~250 uS/cm, we find ~6.25 V/m for the electric
field. This field strength is two orders-of-magnitude lower
than the electric field typically needed for vesicle electrode-
formation (42,43). Second, we filled the chamber with
vesicles in pure sucrose solution (no glucose/sucrose asym-
metry present across the membrane) where gravitational
forces on the vesicles are absent and the vesicles are freely
floating in the bulk of the chamber. Upon application of the
external potential, the vesicles did not experience any drag
toward the bottom electrode and no morphological changes
were observed over hours. We therefore conclude that there
is only insignificant charge transfer into the solution and that
the external potential indeed mainly alters the electrode sur-
face potential. The surface charge is then screened within
the Debye length (~7 nm) in the vicinity of the electrodes.
This is also corroborated by the measured pH value, which
was found to be approximately constant over the used
voltage range (see Fig. S8), indicating an insignificant
amount of products from electrochemical reactions at the
electrode.

We then considered short-range forces at the ITO-coated
substrate. Around neutral pH, the ITO surface exhibits
a negative surface charge (31). When we conducted the ex-
periments in high salt concentrations (100 mM NaCl), for
which the electrostatic interactions become screened and
short-ranged, the vesicles were found not to adhere at any
applied voltage. Hence, van der Waals forces alone seem
not to be sufficient to establish vesicle adhesion and electro-
static forces are driving the observed adhesion.

Coulomb interactions are screened by the free ions in
solution and we examine this effect using the Poisson-Boltz-
mann theory for ion condensation around charged bodies
in solutions. We begin with some general considerations
and present more detailed calculations further below.
In the Debye-Hiickel limit of low surface potentials and
ignoring edge effects, the electrostatic pressure I between
two charged surfaces with surface charge densities oy and
0, and positioned at a distance D is proportional to (44)

0105 cosh(D/A) + a3 + o3
2 sinh*(D /)

I1(D) (10)

For large separations and oppositely charged plates, the
pressure is attractive and reflecting the intuition that the
attraction is proportional to charge density on either surface.
In the limit of small separations, the pressure scales as
(D) ~ (91 + 02)*/(2 sinh®(D/2)) and is always repul-
sive, including for opposite signs of the surface charge den-
sities, except for the special case of oy = —a,. This effect
can be understood by the overlap of the ion clouds as the
two plates approach. Because of the requirement of electro-
neutrality, there is always a finite number of charges be-
tween the two plates. This builds up osmotic pressure and
hence repulsion on small plate separations. The above
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expression was derived for the boundary condition of fixed
charges. In our system, the charges in the adhering mem-
brane segment are not fixed but mobile. Lipid exchange
can occur via lateral diffusion between the adhering and
the free membrane segment (constrained by the entropic
and electrostatic cost of the lipid exchange). Thus, for adhe-
sion to be observed, the surface charge of the adhering
membrane segment should readjust with changing voltage
to reach an optimal density of charged lipids that is close
to the charge density on the ITO surface. This will be asso-
ciated with a decrease in the amount of charged ions in the
membrane-surface gap.

In the absence of the applied external voltage, the surface
potential of the electrode is negative. The application of the
external potential shifts it toward the point of zero charge
(electrically neutral). The onset of electrostatic attraction is
expected to start at low positive potentials (and low surface
charge density at the ITO electrode). The unperturbed lipid
bilayer has a rather high surface charge of ~—0.04 C/m*
(assuming one elementary charge per DOPG lipid
and taking 70 A2 for the lipid area). Hence, when adhesion
is induced, the adhering membrane segment should be
depleted of negative charges to match the surface charges
on the ITO electrode, as observed in our experiment.

Using existing models, we attempted to assess the magni-
tude of charge regulation resulting from the lipid mobility.
The effect of surface charge regulation resulting from lateral
lipid mobility was considered in Harries et al. (29) and May
et al. (30) for the case of DNA and protein absorption on
lipid bilayers. We numerically solved the charge-regulated
Poisson-Boltzmann equation for a planar-adhering mem-
brane segment allowing the bilayer/surface distance to
vary (see Materials and Methods). We set the voltage at
which adhesion is induced, i.e., the potential of zero charge,
to 0.8 V, as observed in our experiments (Fig. 3). Depending
on the surface charge on the electrode (by the applied poten-
tial) and varying the bilayer/surface distance, we calculate
the membrane surface charge, which can be related to the
normalized fluorescence intensity as measured in the exper-
iments (Fig. 7). Adhesion to the positively charged electrode
can be observed for a wide range of potentials and mem-
brane-surface distances. As expected from the reasoning
above, the negatively charged lipids can be expelled from
the adhering membrane segment (corresponding to the
area below the solid black curve) if the membrane-to-sur-
face distance is allowed to vary. We have indicated the
measured fluorescent intensities at different voltages (data
from Fig. 5). Note that we accounted for depletion of
the outer bilayer only, as measured independently by the
quenching experiments. The calculation suggests that the
bilayer-surface separation varies between 2 and 8 nm, which
is of the typical order of magnitude for membrane-surface
distances found in SLBs (45). The deduced change of
the membrane to surface distance is within the resolution
of surface-sensitive optical interference techniques such as
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Observed experimental fluorescent intensity data for the applied voltage
(see Fig. 5).

reflection interference contrast microscopy, making these
predictions experimentally accessible. Additionally, these
results imply the possibility to modulate the proximity of
a lipid bilayer to an electrode by application of an external
voltage with a high precision of ~15 nm/V.

We also tested the variation in the results accounting for
errors in the used parameters. Uncertainties in the assumed
Debye length correspond directly to changes in the extracted
membrane-electrode distance (note that in the numerical
calculations, the membrane-to-surface distance is scaled
by the Debye length). Thus, we expect the extracted mem-
brane-surface distance to be a rough estimate only. How-
ever, the conclusion about the depletion of the negatively
charged dye remains valid.

The numerical calculations presented here suggest that
the observed depletion of negative changes with increasing
voltage requires a decrease in the membrane-substrate sep-
aration distance. This can be understood in the following
way. At smaller membrane-surface distances, the osmotic
pressure of the overlapping ion clouds should increase,
but the system lowers its energy by slightly discharging
the membrane (thus lowering the ion density in the gap
and the associated osmotic pressure). It is worth noting
that other membrane interactions such as undulation-,
hydration-, and van der Waals-forces are not considered
here and hence we do not calculate an energetic minimum.
Nevertheless, it seems plausible that an increase in the
external voltage (stronger adhesion) can reduce the mem-
brane-surface distance within the calculated values.

In this way, we demonstrated that our experimental obser-
vations could be understood in terms of the electrostatic



interactions, when the screening ion clouds are described
by Poisson-Boltzmann theory and the distance between
the membrane and the electrode surface is allowed to
vary. Finally, we considered the limit of high adhesion en-
ergies, where the membrane-surface distance must converge
to a finite minimal distance. Here the calculations indicate
that negative charges can accumulate with increasing posi-
tive voltage and enrichment of the charged dye should be
observed (upper-right segment in Fig. 7), as expected for
unscreened Coulomb interactions. In our experimental
setup, this limit was not accessible.

CONCLUSIONS

We have developed a method to induce adhesion of GUVs to
a planar substrate surface based on the application of an
external potential. The adhesion strength can be smoothly
regulated by turning the knob of the DC source. To calculate
the adhesion energies, we used a method that relies on the
overall vesicle shape as obtained via confocal microscopy.
This is advantageous because adhesion energies of GUVs
are usually assessed using sophisticated techniques such
as reflection interference contrast microscopy and for high
adhesion energies. In this study, the adhesion energies are
in the weak adhesion regime because of the limited voltage
range explored. This limitation is due to the onset of an elec-
trical current by the initiation of electrochemical reaction on
the substrate surface at higher potentials. Within the range
of voltages applied here, we do not exceed the range of po-
tentials for which the ITO is ideally polarizable (31). The
limiting voltage is a property of the used electrode material
(ITO) and, presumably, can be increased by passivation of
the surface by, e.g., a polymer layer as used in electrowet-
ting applications. Our approach for inducing controlled
and tunable adhesion of vesicles to a substrate is easy
to implement and, depending on the electrode polarity, it
should also be applicable to positively charged membranes.

We found depletion of the negatively charged membrane
species NBD-PG in the unbound segment of the vesicle. We
showed that this redistribution of charged lipids is consistent
with a Poisson-Boltzmann-based theoretical model, which
explicitly accounts for lipid mobility. Quenching experi-
ments have shown that only the outer leaflet composition
of the bound membrane segment is changed by the interac-
tion with the support. This suggests that (compositional)
interleaflet coupling is weak in fluid DOPC/DOPG mem-
branes. We also note that the asymmetric lipid distribution
should generate nonzero spontaneous curvature in the mem-
brane, whereas the theoretical analysis was done for zero
spontaneous curvature. In general, the lipid redistribution
may lead to different values of the spontaneous curvature
in the bound and unbound membrane segments. Our
results imply that even relatively weak nonspecific forces
can induce asymmetry and thus spontaneous curvature in
biomimetic and biological membranes, therefore remodel-
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ing membrane compartments (46). Finally, we have shown
that diffusion in the bound membrane segment is hardly
hindered compared to that in the unbound membrane. This
result might be also relevant for experimental approaches
employing supported membrane bilayers (as, e.g., in studies
based on total internal reflection fluorescence). Compared to
commonly used SLBs, in our system, there is only a mini-
mal membrane-surface interaction and the bilayer is practi-
cally uncoupled. We also note that the vesicles become
effectively immobilized on the ITO surface and do not
move due to convection, which would otherwise affect
quantitative fluorescence measurements. This immobiliza-
tion may in practice be employed in studies of membrane
properties. We also found that the electric field could be
used to precisely tune the electrode-membrane distance,
opening possible applications in actuating soft matter and
investigating the functions of proteins incorporated in the
membrane as a function of their distance to the substrate.
Combined with lateral control over the distribution in the
membrane and tethered vesicles (see, e.g., Yoshina-Ishii
and Boxer (47)), our approach offers possibilities for a vari-
ety of membrane manipulation approaches based on the use
of electric fields. Future experiments on GUVs composed of
ternary lipid mixtures will provide insight into possible
adhesion-induced domain formation as predicted by recent
theoretical work (48).
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