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A new method for quantifying lipid-lipid interactions within biomimetic mem-
branes undergoing electrocompression is demonstrated by coupling droplet
mechanics and membrane biophysics. The membrane properties are varied
by altering the lipid packing through the introduction of cholesterol. Pendant
drop tensiometry is used to measure the lipid monolayer tension at an oil-
water interface. Next, two lipid-coated aqueous droplets are manipulated into
contact to form a bilayer membrane at their adhered interface. The droplet
geometries are captured from two angles to provide accurate measurements
of both the membrane area and the contact angle between the adhered droplets.
Combining the monolayer tension and contact angle measurements enables
estimations of the membrane tension with respect to lipid composition. Then,
the membrane is electromechanically compressed using a transmembrane
voltage. Electrostatic pressure, membrane tension and the work necessary for
bilayer thinning are tracked, and a model is proposed to capture the mechanics
of membrane compression. The results highlight that a previously unaccounted
for energetic term is produced during compression, potentially reflecting
changes in the lateral membrane structure. This residual energy is eliminated
in cases with cholesterol mole fractions of 0.2 and higher, suggesting that
cholesterol diminishes these adjustments.

1. Introduction

Cellular organisms are surrounded by semi-permeable membranes that differen-
tiate the cytoplasm and the extracellular fluid [1], consisting primarily of a double
layer of amphiphilic phospholipids. Additional biomolecules are interwoven
between the lipids, including proteins and sterols. The membrane composition
varies by cellular functionality, suggesting that the lipid composition is adapted
based on the requirements of the cell [2,3]. Furthermore, biological membranes
contain multiple lipid types with varying properties [4] which in turn influence
the properties of the membrane as a whole [5,6]. One such property is the
shape of the lipids produced by imbalances between the hydrophilic and hydro-
phobic groups [7,8]. Different lipids packed together within the membrane reach a
mutually agreeable configuration where many lipids are frustrated or out of equi-
librium due to their inability to achieve their desired shape [9], producing
energetic penalties [10].

These lipid-lipid interactions have been proposed as mechanisms for mem-
brane trafficking [11] and for aiding phenomena such as membrane fusion and
fission processes [12,13]. Consequently, quantifying lipid-lipid interactions in
membranes is crucial to better understanding cellular biophysics. Model
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Figure 1. The DIB technique is used to create lipid membranes. (a) DIB schematic showing the two droplets submerged in oil from two angles. Lipid monolayers are
assembled at the water—oil interfaces. The lipid bilayer is formed at the interface of the two adhered droplets. (b) Sum of the surface tensions at the annulus
predicts the apparent bilayer tension based on the monolayer surface tension and the contact angle. (c) The electrical model of the membrane consists of a capacitor

and a resistor in parallel. (Online version in colour.)

membranes approximating cellular membranes have been cre-
ated through various techniques with the purpose of studying
these biological phenomena in a controlled environment, but
these are often not intended for quantifying the internal lipid-
lipid interactions. This shortcoming is partially addressed here
by combining tensiometry and electrophysiology with the
droplet interface bilayer (DIB) technique [14-16].

In the DIB technique, lipids are used as surfactants in a
water-in-oil mixture, coating aqueous droplets in lipid mono-
layers within an oil reservoir. Lipids are dispersed in either
the aqueous phase or the oil phase, and align and unfold at
the water—oil interface to form the lipid monolayer. Monolayer
stabilization takes several minutes dependent on the droplet
volume and selected oil [17]. The lipid bilayer is formed
when the lipid-coated droplets are brought into contact, expel-
ling the residual solvent between them (figure 1a), coupling
membrane mechanics and adhesive droplet mechanics. The
dimensions of the bilayer are controlled by the equilibrium of
tensions acting at the triple point, minimizing the total inter-
facial energy of the adhered droplet pair (figure 1b, equation
(1.1)) and linking the tensions to the measured contact angle.
These tensions are dependent on the favourability of interface
formation as well as the area per surfactant molecule [18]. An
advantage of DIBs is the ability to estimate the lipid bilayer
membrane tension or energy per area visually from the geo-
metry of the connected droplets when both droplets have an
equal monolayer composition and volume [19,20] through:

Yy = 27, €os b, (1.1)

where y,, is the bilayer tension (mN m™Y, ¥m is the monolayer
surface tension (mN m™") and 6 is half the angle between the
two droplets. This is a modified form of Neumann'’s construct
for the intersection between three liquids [21,22] specifically
formulated for DIBs formed from uniform droplets.

The thermodynamic favourability of the bilayer formation
is quantified by the energy of adhesion [16], which compares
the bilayer tension against twice the monolayer tension
(equation (1.2)). The greater the energy of adhesion, the more
favourable the formation of the bilayer. The adhesion energy
reflects how much energy the system conserves per unit area
by forming a membrane, described by the Young-Dupre
equation [23,24]:

e=2v,— v = 2,01 —cosb), (1.2)

where ¢ is the energy of adhesion (mNm™). A positive
adhesion energy allows for the favourable replacement of the
monolayer areas of the two droplets with a single bilayer
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Figure 2. A sketch of the disjoining pressure versus the bilayer thickness.
Attractive and repulsive forces act on the bilayer as a function of its thickness
[25]. At a relatively high thickness, attractive forces pull the two leaflets close
until repulsive terms stabilize the thin film at an equilibrium thickness.
(Online version in colour.)

interface. Here, the adhesion energy is defined as the opposite
of the free energy of interaction (AF), where &£ = —AF [23].

The adhesion energy can also be defined as the integral of
the disjoining pressure (77, figure 2) over a separation distance
(1) from infinity to the equilibrium thickness (feq) [23,26-28].

[

fieq
o J 10 dh, (1.3)

The disjoining pressure (77) is the sum of multiple attractive and
repulsive forces varying as a function of the distance / between
the leaflets. At relatively high thicknesses, the attractive forces
are dominant and drive the leaflets closer together. Once the
thin film reaches an approximate thickness of approximately
5 nm [25], repulsive forces between the opposing leaflets begin
to counteract the attraction until an equilibrium thickness is
attained where the summed interactions in the thin film matches
the Laplace pressure inside the droplets. Any additional forces
that compress the bilayer below this equilibrium thickness will
be further resisted through increases in the repulsive terms.
Combining equation (1.3) with equation (1.2) produces

He
yo =23~ | 109, (14)

which describes how the bilayer tension develops as the mem-
brane thins from a relatively infinite separation (h = o0) to the
equilibrium thickness determined by the balance of forces
between the droplet surfaces, as shown in figure 2 [28]. With
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Figure 3. (a) lllustrative comparison of phospholipid and cholesterol molecules. Cholesterol molecules possess a small hydrophilic region compared to their large
hydrophobic region. (b) At the water—oil interface phospholipids assemble and form the monolayer with minimal complications or distortion. (c) Cholesterol incor-
porated into the monolayer causes deformation of the surrounding lipids and produces energetic penalties which manifests as changes in the surface tension or

energy per area. (Online version in colour.)

droplet-droplet adhesion in DIBs, the contact angle and droplet
dimensions are sufficiently large to render contributions from
film thickness and monolayer line tensions negligible [26].

Based on these phenomena, measuring changes in bilayer
tension (y,) caused by alterations in membrane composition
provides insights on internal lipid-lipid interactions. In this
work, the equilibrium monolayer tension (y,,) was measured
using the pendant drop approach [29], and the angle of con-
tact between the droplets at equilibrium was used to estimate
the corresponding bilayer tension (equation (1.1)). Changes
in the geometry of the droplets and electrical characteristics
of the membrane are translated into changes in the membrane
structure, recognizing that unfavourable interactions between
the lipids are manifested as increases in the measured
membrane energy per area or interfacial tension.

The impact of cholesterol on DPhPC (1,2-diphytanoyl-
sn-glycero-3-phosphocholine) membranes undergoing electro-
compression is investigated here. When cholesterol-laden lipid
vesicles are introduced to a polar—apolar interface, cholesterol
is dispersed between the phospholipids at the interface but
struggles to limit unfavourable water-hydrophobic inter-
actions. Mixtures of phospholipids and cholesterols adjust in
a manner that minimizes these unfavourable interactions
(figure 3c). Cholesterol molecules insert between the phospho-
lipids, leading to a more condensed monolayer by limiting the
motions of the phospholipids” hydrophobic acyl chains, influ-
encing the membrane structure [30]. This is expected to
produce energetic penalties associated with the frustration of
the desired lateral spread of the lipids which will cause changes
in the interfacial tension or energy per area of the interface.
Changes in the interfacial energetics and response to com-
pression will be tracked as a function of the membrane
composition.

DPhPC is a synthetic phospholipid that is often used for
DIBs [17,31]. DPhPC does not exhibit a phase transition from
—120°C to 120°C [32], rendering the lipids temperature-invariant
and its low spontaneous curvature provides a stable planar
membrane [13]. In contrast to DPhPC, cholesterol does not
self-assemble into vesicles or sheets when dispersed in an aqu-
eous solution, preferring crystallization [4]. This is because
cholesterol possesses a very low hydrophilic/hydrophobic
ratio as depicted in figure 34, producing a cone-shaped structure.

DPhPC is not ideal for recreating and studying the influence
of cholesterol on mammalian cell membranes since it is derived
from archaeal organisms which rarely encounter cholesterol.

However it is selected in this work due to its high mechanical
and chemical stability [33], the abundance of available data
on baseline tensions and specific capacitances for DPhPC DIB
membranes for calibration of the developed approach [19,20],
and the ability to readily form DIB membranes with minimal
complications relative to unsaturated lipids such as 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC) and 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC) [34]. The findings
are presented here as demonstration of the developed technique
rather than investigating the role of cholesterol in mammalian
cell membranes.

This research is enabled by simultaneously measuring the
membrane area (A,,) and contact angle (6) between the droplets.
While precise measurements of membrane area have been
achieved using a droplet hydrogel bilayer (DHB) [19] and pre-
cise measurements of the contact angle have been achieved
using traditional DIBs [20], calibration factors or assumptions
on the geometry were employed in both approaches to account
for gravitational influences when estimating the other value.
Here, a dual-view approach is used to provide simultaneous
characterization of membrane area and contact angle without
requiring additional assumptions allowing for greater clarity.
This clarity allows for a thorough investigation of the mem-
brane properties, uncovering additional phenomena present
during membrane electrocompression.

2. Material and methods

2.1. Solution preparations

Lipid-in solutions were used in all the described experiments,
where lipids are dispersed in the aqueous phases [17]. Buffer
solutions (500 mM potassium chloride (KCI, >99.1%—Sigma-
Aldrich), 10mM of 3-(N-Morpholino) propane sulfonic acid
(MOPS, >99.5%—Sigma-Aldrich), Sigma Aldrich) were prepared
and then mixed with DPhPC (Avanti Polar Lipids) and cholesterol
(ovine wool, greater than 98%—Avanti Polar Lipids) as described in
electronic supplementary material, S1. Solutions were prepared
with 0, 10, 20 and 30% mole fraction cholesterol in DPhPC. The
maximum cholesterol mole fraction used in this work was 30%,
ensuring cholesterol solubility with phospholipids and avoiding
cholesterol precipitation [35,36]. Hexadecane (99%—Sigma-
Aldrich) was used for the oil phase, as it has shown to enable
the formation of relatively solvent-free model membranes in
comparison to shorter-chain alkanes, such as decane [19,37].

75906107 9L awpauf 20§ Y o Jisi/jeuinol/b10°buiysijgndanosiefos H



pendant drop tensiometry example
15 T T T
®) ©

monolayer surface tension (mN m™)

0 100 200 300 400 500 600 700 800 900
time (s)

Figure 4. The pendant drop technique was used to measure the monolayer
surface tension. (a) Initially, surface tension is dominant, leading to a sphere-
shaped droplet. (b) As lipids begin coating the interface, the surface tension
is reduced and gravitational effects become more significant. (c) After a few
minutes, equilibrium is reached where surface tension and gravitational forces
are in balance. (Online version in colour.)

2.2. Monolayer surface tension measurements

Monolayer surface tensions were measured using the pendant drop
technique [29]. An aqueous droplet is suspended from a needle
inside a glass cuvette containing hexadecane. Once the droplet is
introduced to the oil reservoir, lipid molecules migrate towards
the water—oil interface forming the monolayer and decreasing the
surface tension. The droplet gradually sags from a spherical
shape to a pendant shape and the monolayer tension can then be
estimated (figure 4). The process is recorded using a zoom lens
camera (6.5x zoom lenses with a 0.7-4.5x magnification range,
Thorlabs). Droplet images are used to calculate the interfacial ten-
sion using the open-source tensiometry software OpenDrop [29].
The capability to vary the needle dimensions and magnification
allows for the assessment of low surface tension cases which other-
wise would be problematic. After the lipid monolayer is established
the tension reaches a steady-state value and minimal drift is
observed as shown in figure 4. Additional experimental details
may be found in electronic supplementary material, S2.

2.3. Droplet interface bilayer creation and
characterization

Figure 5 describes the set-up used for the experiments, intended
for the accurate characterization of DIBs with simultaneous
measurements of membrane area (A,,) and contact angle (6).
Aqueous droplets are injected onto two silver/silver-chloride
(Ag/AgCl) electrodes, which are submerged in an acrylic glass
cube (1 cm x 1 cm base, 1 mm thick walls) filled with hexadecane.
The tips of the Ag/AgCl electrodes are coated with agarose gel
(low EEQO, Sigma-Aldrich Co.) to aid in droplet adhesion. The elec-
trodes are connected back to an Axopatch 200B patch-clamp
amplifier and a Digidata 1440 data acquisition system (Molecular
Devices). A prescribed voltage is maintained between the electro-
des, and the current necessary to maintain this voltage is recorded.
Voltage-clamp mode (whole cell f=1) was used at a 5kHz
sampling frequency with a low pass filter of 1 kHz (using the
embedded low-pass Bessel filter —80 dB/decade). Prior to each
experiment, the pipette offset was compensated by coalescing the
droplets and adjusting the offset to V' =0 in current-clamp mode.
Residual electrode capacitance was eliminated using the patch
clamp amplifier's built-in whole-cell capacitance compensation
prior to membrane formation.

The lipid membrane may be approximated as a capacitor and
a resistor in parallel [38] (figure 1c). Consequently, the recorded
current may be split into a capacitive and a resistive current
(equation (2.1))

.V dv

ZZE+CmE' (2.1)
where C,, and R,, are the membrane’s capacitance and resistance,
respectively. i and V are the measured current and prescribed
voltage, respectively. A 40 Hz, 10 mV sinusoidal voltage signal
was typically used to avoid complications at higher frequencies
due to the resistance of the electrode—electrolyte interface and
provide a frequency-independent capacitance [28,38] while gen-
erating sufficient current for precise measurements. At these
frequencies, the voltage drop falls primarily across the membrane
itself and the measured current will be primarily capacitive due
to the high resistance of the DPhPC membranes [38]. Any
residual conductive currents across the membrane may be elimi-
nated by fitting the measured current and prescribed voltage
to equation (2.1) through nonlinear regression, isolating the
capacitive current.

A key advantage of this approach is the ability to simul-
taneously measure the area of the adhered bilayer and contact
angle. Gravitational forces and the adhesion of the droplet on the
electrode surface distort the droplet, creating elliptical rather
than circular membranes. The droplet shape depends on a variety
of factors such as the density of the oil, type of lipids used, diam-
eter of the electrodes, volume of the droplets and qualities of the
hydrogel on the electrode. Consequently, it is difficult to estimate
the correction factors necessary to account for the membrane ellip-
ticity. The additional side camera addresses this limitation by
capturing the droplet contours. When combined with the inverted
microscope, both principal axes of the elliptical membrane area are
available. The ratio of the major radius to the minor radius
depends on the size of the droplets, electrode properties and oil
density as noted in electronic supplementary material, S5.

2.4, Data analysis

The lipid membrane may be approximated as a parallel plate
capacitor. Thus, the bilayer’s thickness estimated in this study
reflects the dielectric thickness or the distance between the two
aqueous charged surfaces. In the case of a DIB, the dielectric
thickness is the region occupied by lipid acyl chains and any
residual oil solvent. The membrane capacitance is given by

Cm = CsAm
A, = mab 2.2)
&pe
and Cs = %,

where C,, is the total membrane capacitance, A,, is the membrane
area, a and b are the principal radii of the membrane (figure 6b),
C; is the membrane specific capacitance or capacitance per area,
£ is the vacuum permittivity (F/m) and &, is the relative permit-
tivity of the hydrocarbon chains, assumed to be equal to 2.2 [20].
The total capacitance C,, reflects the specific capacitance C; mul-
tiplied by the membrane area A,,. The total capacitance is
obtained by sending a sinusoidal voltage (amplitude: 10 mV;
frequency: 40 Hz) across the membrane and recording the cur-
rent output as shown in figure 6a. These two recordings are
then imported into MATLAB code that separates the capacitive
and conductive currents using curve fitting and equation (2.1).
Owing to the gravitational influences on the droplet shape, both
bottom view and side view images are needed to measure the
membrane area as shown in figure 6b. Images from the inverted
microscope were imported into MATLAB and the imfindcircles()
command was used to locate the centre of each droplet as well
as their radii. The distance between the centre of the droplets
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Figure 6. The sinusoidal voltage applied across the bilayer (amplitude: 10 mV; frequency: 40 Hz) along with the output current (pA) enable the calculation of the
total capacitance. (b) Both bottom and side views of the DIB are necessary to obtain the area, which is calculated as the area of an ellipse with the major and minor
radii as the side and bottom radii, respectively. The contact angle is captured by a customized Marag code. (c) Membrane’s specific capacitance is the slope of
capacitance versus area, which was controlled manually by micromanipulators. (Online version in colour.)

and their dimensions are used to identify the two overlapping
points defining the membrane minor axis and the calculated out-
lines are exported to the original image to check for consistency.
If the droplets are not sufficiently circular, then some interference
due to electrode positioning is assumed and the experiment
is repeated.

The contact angle between droplets is then calculated from the
measured dimensions as shown in figure 6b1. The intersection of
the two circles denotes the point of tangency for defining the
contact angle. The contact angle was then used to visually estimate
the bilayer tension as a function of the monolayer tension using
equation (1.1). The contact angle at the liquid-liquid-liquid
intersection obeys Neumann'’s construct and, assuming that the
monolayer and bilayer tensions are constant with respect to
location within their respective interface, it may be assumed that
the contact angle is uniform around the perimeter of the

membrane. Determining a tangential point on the droplet contour
using the side view images leads to complications, consequently,
only the view of the droplets from the bottom wherein the droplets
assume a circular profile is used to estimate 6 [21,22].

Images from the second camera were also imported into
MarLag and the locations of the two intersections are identified at
the highest and lowest point of the membrane as shown in
figure 602, and the distance between them was calculated. This
measurement was combined with the measurement for membrane
dimensions from the previous step. The membrane’s surface area
was calculated as the area of an ellipse A,, = mb, where the minor
(@) and major (b) radii are the bottom and side radii, respectively.

Membrane capacitance C,, and area A,, are needed to calculate
the specific capacitance C; of the membrane (uF cm2). For the
specific capacitance measurements, the droplets were gradually
pulled apart using micromanipulators to vary the membrane
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Table 1. Results showing the influence of cholesterol on the monolayer surface as well as on the droplet interface bilayer.

cholesterol mole fraction

G (pFam?) 0.62 (0.01) N=5 063 (+0.01) N=6 063 (+0.02) N=5 0.63 (£0.01) N=5
a T e e mepan siges
Sy Ny LM 00 =10 117 (+£0.07) N=5 130 @HN=T 143 (005 N=11
oo mewmien womanen  seemien  wagnien
¥, (MNm™) 207 (012) 213 (+0.16) 233 (£0.10) 261 (x0.14)
N o P

area. The measured capacitance at each step was plotted versus the
corresponding area and the data points were fitted using a first-
order linear regression setting the intercept to zero where the
resulting slope denotes the membrane’s specific capacitance [20]
(figure 6). The membrane’s dielectric thickness (in angstroms)
was calculated next using equation (2.2). The dimensions of the
inverted view were obtained manually for these measurements
rather than in MaTLAB, since the separation of the droplets led
to non-circular projections. Ellipticity values may be found in
electronic supplementary material, S5.

3. Results and discussion

Table 1 reports the averages and standard deviations of all
variables for lipid monolayers and bilayers assembled with
varying cholesterol concentrations. The values for the specific
capacitance (C;), monolayer tension (y,,) and contact angle (6)
were directly measured and the standard deviations and
sample sizes are reported in the table. Dielectric thickness (i),
bilayer tension (y;) and adhesion energy (¢) were then
calculated from these average values, and uncertainty was
determined using error propagation equations. The method-
ology is then assessed by comparing the measured values
against known values in the literature. Measurements for the
specific capacitance and thickness of DPhPC without choles-
terol in hexadecane match those of the membrane area using
the DHB technique [19], and the monolayer and bilayer
tensions of DPhPC without cholesterol in hexadecane are
within the standard deviation of previously reported values
in the literature [20,39].

3.1. Influence of cholesterol on the bilayer and
monolayer tensions

The monolayer tension of the water-hexadecane interface
increases with the incorporation of cholesterol as measured
using pendant drop tensiometry (table 1). Monolayer surface
tension ranges from 1.14 mNm™"' (x0.04 mN m™") with no
cholesterol included to 1.43 mNm™" (x0.05 mN m™") for 30%
cholesterol mole fraction (detailed results in electronic sup-
plementary material, S2). Cholesterol disrupts the monolayer
structure due to its higher negative curvature relative to
DPhPC, increasing the surface tension. This increase generates
a similar increase in the bilayer’s tension as measured by the
DIB contact angle and monolayer tension from equation (1.1).
Cholesterol-free lipid bilayers exhibit a surface tension
of 207mNm™! (x0.12mN m™'), whereas the addition of
30% cholesterol increases the tension to 2.61 mNm™
(+0.14 mN'm™), reflecting the unfavourable lipid-lipid

interactions between cholesterol and DPhPC. This increase
matches reported trends in the literature [40]. The contact
angle does not show significant variation with respect to choles-
terol concentrations, and little can be said about the changes in
the energy of adhesion as the calculated error intervals are
considerable.

3.2. Influence of cholesterol on the bilayer's dielectric
thickness

Table 1 also presents the specific capacitance, and sub-
sequently thickness, of DIBs for the different lipid
concentrations. Cholesterol-free DIBs show a specific capaci-
tance of 0.62 pF em™2 (x0.01 pF em™2). The addition of 10,
20 or 30% cholesterol increases the specific capacitance to
an average value of 0.63 pFcm™ (+0.012 uF cm ™). Sub-
sequently, the membrane’s thickness shows a slight change
from 31.5 A (0.3 A) with no cholesterol incorporation to
30.9 A (0.6 A) as an average for all cholesterol concentrations
(detailed experimental results in electronic supplementary
material, S4). Cholesterol may slightly reduce the mem-
brane’s dielectric thickness, but a conclusion cannot be
definitively stated as the change is minor and the error
intervals overlap.

3.3. Droplet interface bilayer response to applied

voltage
The membrane behaves as an elastic capacitor, thinning in
response to electrostatic stresses [41,42]. The applied voltage
generates a compressive stress across the membrane as a
function of the applied voltage V.

o€
Oelec — %V; (31)

This also produces a reduction in the apparent bilayer tension
through electrical energy [4,43].

Er&0
2h

Ay,y = ——==V2 (3.2)

This reduction in apparent surface tension of the adhered
interface produces electrowetting [21], where the incorporation
of additional membrane area becomes more energetically
favourable [19,20]. As a result, the membrane simultaneously
thins and expands when a voltage is applied across the mem-
brane. It is important to note that the majority of the
expansion is primarily due to the incorporation of additional
lipids within the membrane rather than lipid lateral distortion
associated with membrane elasticity, as the membrane area
increases substantially. The changes in the bilayer’s specific
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Figure 7. (a) The application of a DC voltage increases bilayer area and contact angle while electrocompression leads to bilayer thinning, i.e. increase in specific
capacitance. The increase in (b) total capacitance, (c) membrane area and (d) specific capacitance is quadratic with the voltage. Figures and data are taken from a

DPhPC DIB in hexadecane. (Online version in colour.)

capacitance C,; and total capacitance C,, are approximately
quadratic with respect to the applied voltage. The symmetry
of the bilayer centres the parabola at V =0 mV, meaning that
the membrane’s lowest specific capacitance—i.e. highest
thickness—is obtained at 0 mV. Thus, the changes can be fit
into a parabolic equation of the form [19,20,44,45]

Csv = Cso(1+ BV?) }

(3.3)
Cv = Cup(1+aV?),

and

where f is the electro-thinning coefficient. These behaviours
may be seen in figure 7.

Measuring the changes in the membrane thickness under
electrocompression provides information on the disjoining
pressure and membrane mechanics (figure 2). It has been
observed that the thickness properties and behaviour depend
considerably on the oil medium [19,20,37,46]. As an example,
figure 8 shows the changes in specific capacitance of three sep-
arate DIBs—submerged in three different oils—with respect to
an increasing DC voltage.

Figure 8 shows that decane oil—CjoHy—displays the
smallest initial specific capacitance (0.26 pF cm™) and the
highest f coefficient (25.58/V?). This change in thickness is
a function of the expulsion of residual oil within the mem-
brane rather than lipid compression. As the carbon chain of
the oil used increases in length, the amount of residual oil
is reduced. In fact, hexadecane 0il—C;4H3;—demonstrates
the highest initial specific capacitance (0.63 pF cm™2) and the
smallest electro-thinning coefficient of 1.75/V2. Tetradecane—
C14Hzo—values fall in between those of decane and hexadecane,

further confirming this dependency. This trend is dependent
on the length of the alkane chain [19,37,46]. Hexadecane
possesses a similar chain length as the selected lipid
(DPhPC) in this study, and should not produce membranes
with excess residual solvent. This hypothesis was recently
tested by Tarun et al. [37], examining the properties of lipid
bilayer membranes with hexadecane, heptadecane and
squalene. They note that while heptadecane produces the
thinnest membranes, hexadecane is an acceptable alternative
as long as sufficient time is provided for membrane equili-
bration. Heptadecane requires elevated temperatures as its
melting point is just above room temperature (T, =23°C).
Consequently, hexadecane is selected for all remaining
studies on membrane compression to minimize the influence
of the solvent. However, it is important to note that the mem-
brane still exhibits excessive compression when compared to
‘dry’ or truly solvent-free membranes [19] which indicates
some solvent still resides within the membrane even when
hexadecane is used.

3.4. Influence of cholesterol on membrane properties

Next, the effect of cholesterol on the structure and mechanics of
a DPhPC membrane is investigated using electrical fields pro-
ducing electrowetting and electrocompression. Electrowetting
is the apparent reduction in surface tension upon the appli-
cation of an electric field causing an expansion of the
membrane interface [47] as shown in figure 9c(ii), and equation
(3.2). Electrocompression occurs as well, where the bilayer
thickness is compressed by electrostatic forces (equation (3.1))

75906107 9L awpauf 20§ Y o Jisi/jeuinol/b10°buiysijgndanosiefos H



specific capacitance (C,) of DIBs in varying solvents

o
o0

T T T T

<
3
T

o
(o)}
T

o o e
(O8] N (@,
T T T

specific capacitance, C (UF cm2)

=
\S]
T

T T
hexadecane

| B=175V 2 N=4

tetradecane
B=536 V2 N=6

decane
1 B8=2558 V23 N=3

0.1 ) ;
-200 -150  -100 =50 0

50

DC voltage (mV)

100 150 200

Figure 8. Changes in the membrane’s specific capacitance (uF cm™2) with respect to the applied voltage (V) for different oils. 3 is the electro-thinning coefficient as
the data for each experiment were fit into a parabolic curve (equation (3.3)). (Online version in colour.)
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Figure 9. (a) The bilayer area expands as the DC voltage increases. (b) The voltage is increased until the membrane failure (droplet coalescence). (c) Total capadi-
tance, membrane area, and the specific capacitance exhibit a linear increase with respect to V2 (d) The dielectric stress versus bilayer thickness represents resistance
to thinning. The data shown here are averaged from four separate experiments for each membrane composition. Twenty per cent cholesterol is not included due to
excessive leak currents observed for this particular membrane composition. (Online version in colour.)

as shown in figure 9c(iii). These two phenomena—formation of
new membrane area and reduction in membrane thickness—
combine to significantly increase the total capacitance as
shown in figure 9¢(i) and described in equation (2.2).

DC voltage increments of 10 mV are applied until mem-
brane failure (%330 mV) as shown in figure 9b, holding the

voltage for 60 s at each increment. The membrane’s specific
capacitance (equation (2.2)) is obtained from the recorded
membrane capacitance and area at each voltage, enabling
the calculation of the dielectric stress applied on the leaflets
Oelec (equation (3.1)) and the corresponding bilayer dielectric
thickness #, figure 9a,b. As the voltage increases, pores form

75906107 9L awpauf 20§ Y o Jisi/jeuinol/b10°buiysijgndanosiefos H



as measured by increasing the membrane conductance,
beginning around 200 mV (figure 9b). This is repeated for
each cholesterol-lipid mixture.

Plots of the dielectric stress (kPa) versus membrane thick-
ness (dngstroms) are shown in figure 94. The critical stress at
failure does not significantly vary between cholesterol-free
and cholesterol-embedded bilayers. The average maximum
stress in the three cases is found to be roughly equivalent at
approximately 100 + 15 kPa. However it should be noted that
the maximum voltage reached prior to membrane rupture
does increase with cholesterol due to the changes in membrane
thickness (equation (3.1), figure 9d), agreeing with previous
research on the influence of cholesterol on electroporation [48].

For 0% cholesterol, a reduction in the membrane dielectric
thickness of almost 2 A is achieved before failure, while this
compression reduces to 0.6 A with the incorporation of 30%
cholesterol. Twenty per cent cholesterol produces membranes
with significant ion leakage or conductivity which compromises
the recordings at higher voltages. As discussed in the introduc-
tion, cholesterol’s primary influence on lipid bilayers is through
condensing and ordering the membrane, even as the overall ten-
sion is increased. Cholesterol restricts the movement of
phospholipids, leading to a more rigid, well-packed, bilayer
structure. Thus, cholesterol-embedded bilayers show a signifi-
cant decrease in electrocompression. This decrease is likely
due to a combination of reduced residual solvent within the
membrane and enhanced rigidity offered by the cholesterol.

3.5. Influence of cholesterol on membrane tension

during electrocompression
The application of an electrical field across the DIB compresses
the leaflets [19,20,45]. This reduction in thickness leads to sub-
sequent increases in the disjoining pressure (figure 2), which is
directly linked to the bilayer tension (equation (1.4)). Therefore,
the change in bilayer tension when a voltage is applied
assuming invariant monolayer tension may be described as:

hy ho
Yoo — Yoy = U 0 dh] _ U ) dh} . (34)
o v e 0
where the subscript 0 is without the voltage and the subscript
V is with the applied voltage. At equilibrium, the disjoining
pressure will match the pressure applied at the membrane sur-
face from within the droplets. This may be approximated as a
combination of the pressure from the electric field (equation
(3.1)) and the Laplace pressure [49]:

8081 12 | 2Ym

10 = Sp2 R

(3.5)

The electric field across the monolayer is negligible and the
monolayer tension at equilibrium may be considered invariant
with respect to the applied voltage. Therefore, the apparent
change in bilayer tension may be estimated visually using
the contact angle between the droplets (equation (1.1)). This
apparent change in bilayer tension includes reductions from
the electrical energy (equation (3.2)) and increases from the
strain energy (equation (3.4) combined with equation (3.5)).
From experimental observations, the apparent reduction in
membrane tension is typically less than the estimated
reduction provided by combination of the electric field and
strain energy, suggesting that an additional energetic penalty
associated with the compression is present. A residual term

energy (x1073 mN m)
wn
S

0 - .T I - =

no cholesterol 10% 20% 30%
cholesterol cholesterol cholesterol

m electrical energy at equilibrium
= change in the apparent bilayer tension

strain energy

Figure 10. Electrical energy, change in apparent bilayer tension and strain
energy for different cholesterol-DPhPC mole fractions. Each value is the aver-
age of five experiments. These values are all taken at £160 mV DC voltage
applied. (Online version in colour.)

Eesidual is proposed to reflect changes in the leaflet lateral struc-
ture not captured by the integration of the disjoining pressure
or electric field. All of these terms aside from E qg;qua are avail-
able from the previously described experimental approach,
resulting in equation (3.6):

leeo, Jh‘/ €08 0 . 2Vp
2 — =_ _
Ym(cosﬁ/(: cos Oy) 2Ty % i 2h2V + R dh
APP

A elec AYy mech

- Eresidualr (36)

where the visually estimated reduction in membrane tension
(Ayp,app) is on the left-hand side and proposed mechanisms
responsible for this apparent change are on the right-hand
side, including the electrical energy (4y;, elec) and change in ten-
sion from equations ((3.4) and (3.5)) (4¥p,mecn)- If the final two
terms on the right-hand side are omitted, this produces the clas-
sic Young-Lippmann equation adjusted for DIBs [19,20].
Equation (3.6) effectively compares the visually reported
membrane tension against approximations for each term
responsible for the change, with the final term E esiqya providing
a ‘catch-all’ for any unconsidered variables in the model.

Here, the radius of the droplets is assumed to remain con-
stant as the membrane forms new area since these reductions
in the Laplace pressure will have minimal influence. The
strain energy is integrated numerically from the recorded
membrane thickness with the increasing voltage similarly
to figure 9d.

A DC voltage ranging from 0 to 160 mV with 40 mV steps
held at 60 s intervals is applied. At each voltage, the mem-
brane area, capacitance and contact angle are obtained.
These values are combined with the monolayer tensions
recorded in table 1 and the residual energy in equation
(3.6) is estimated from these recordings. Values for the first
three terms in equation (3.6) at 160 mV are presented in
figure 10 with an increasing cholesterol concentration. Mem-
branes without cholesterol exhibit a notable deviation from
the visually indicated change in tension and the measured
reduction in membrane tension due to electrical energy, pro-
ducing an energetic penalty that is not captured by the
Lippmann-Young equations.
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Figure 11. The residual energy in equation (3.4) is plotted for different cholesterol concentrations as a function of the pressure induced by the electric field. Zero per
cent and 10% cholesterol exhibit an additional energetics term that is not accounted for in the original equation. Twenty per cent and 30% cholesterol minimize the

residual energy contribution. (Online version in colour.)

As the cholesterol within the membrane increases this
residual energy becomes negligible. Figure 11 shows this
residual term for each case plotted as a function of the dielectric
stress. Membranes formed with less than or equal to 10% mole
fraction cholesterol exhibit an increase in the residual energy
during electrocompression. Membranes formed with greater
than or equal to 20% mole fraction cholesterol do not exhibit
a similar increase. These changes in the residual energy reflect
an increase in the base bilayer tension under compression.

Since the proposed model for membrane compression
(equation (3.6)) does not include lateral changes in the
membrane properties, it is hypothesized that the electrocom-
pression leads to distortion of the lipids within the membrane.
The presence of cholesterol limits these lateral rearrangements
as shown in figure 94. Complete membrane incompressibility
cannot be assumed in DIBs due to the presence of residual oil
[19,37,46], but some coupling of the lateral and transverse defor-
mation is to be expected in the ‘solvent-free’ cases such as
hexadecane. When the leaflets are compressed transversely,
the rigid structure of the cholesterol-DPhPC membrane resists
deformation in both the transverse and lateral directions,
leading to a relatively constant area per lipid during electrocom-
pression. These mechanics are detected using the DIB approach
and demonstrate the capability to measure changes in the inter-
facial energetics of the membrane under loading. The authors
suggest that this is the primary mechanism responsible for the
results; however there are likely multiple contributing
factors present including changes in mechanical properties
with cholesterol [50], out-of-plane undulations that are invisi-
ble with brightfield microscopy [51], and the reduction of
residual solvent.

3.6. Sensitivity analysis

The sensitivity of Ejesiqual With respect to errors in measure-
ments of the primary variables must be examined. These
primary variables include the membrane area (A,,), contact
angle (6), and monolayer tension (y,). The traditional
Berge-Lippmann-Young predictions were compared to the
experimental data and these parameters were varied until a

adjustment factor—-membrane area and surface tension—
and contact angle offset necessary for zero residual energy
with varying cholesterol concentration
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Figure 12. Assuming zero residual energy, an adjustment ratio for the mem-
brane area and the monolayer tension was obtained for each cholesterol
concentration and plotted on the left y-axis. A contact angle adjustment
value (2* K, in degrees) is shown on the right y-axis. (Online version
in colour.)

fit was achieved. This removes the second two terms from
the right-hand side of equation (3.6), directly comparing the
electrical energy and visual change in bilayer tension. An
adjustment ratio, K,q;, is defined for each of these variables,
where in the case of membrane area and monolayer tension,
Ka4j= XpLy/ Xexp- XLy is the theoretical value calculated
assuming zero residual energy and X, is the experimentally
measured value assumed to be incorrect. As for the contact
angle K.q; is defined as 6pry = Opyp + Kagj Figure 12 shows
the K,q4j values with varying cholesterol mole fractions.
Based on the results shown in figure 12, the authors note
that a 1.25 adjustment factor to the membrane area, a 1.26
adjustment to the monolayer tension, and 17° to the contact
angle are necessary to eliminate E,esqyua in the cases of less
than or equal to 10% cholesterol. The recorded membrane
specific capacitance C; (required accurate area and capacitance
measurements) monolayer tension y,, (requires accurate pen-
dant drop measurements), and bilayer tension y, (requires
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accurate measurements of the angle of contact) are all within
the accepted ranges in comparison to the literature for
DPhPC in hexadecane [19,20]. Furthermore, the same exper-
imental protocols and methodologies were followed for each
membrane composition. The authors conclude that E esigual
likely represents a physical phenomenon associated with mem-
brane electrocompression producing changes in the membrane
structure. While unforeseen experimental errors or compli-
cations may be partially responsible for some portion of this
value, it is unlikely to comprise the whole.

4. Conclusion

A new approach for investigating membrane energetics under
electrocompression is proposed. The DIB technique was used
as a platform for creating model membranes or lipid bilayers.
The unique nature of the DIB approach allows for measuring
changes in the interfacial properties by combining droplet
and membrane mechanics. Two cameras were implemented
to simultaneously track the membrane area (A,,) and contact
angle (), enhancing the precision of the measurements. Mem-
brane behaviour with and without cholesterol were compared
to study the influence of lipid frustration on membrane proper-
ties. Pendant drop monolayer tension measurements were
used to provide estimations for bilayer tension through
the angle between the droplets, and changes in the contact

angle were recorded with an increasing voltage across the
membrane. Changes in the apparent bilayer tension were com-
pared to a model including contributions from the electrical
energy and strain energy with electrocompression. Bilayers
without cholesterol generated an unaccounted for residual
energy when undergoing electrocompression, suggesting the
potential for lateral rearrangements of lipids as further evi-
denced by measurements of membrane thickness versus
pressure. Cholesterol enhances the rigidity of the membrane
by interdigitating within the lipids and restricts the lipid move-
ment during loading, and the membrane lateral structure
remains relatively unperturbed during electrocompression.
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