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Abstract

We apply optical manipulation to prepare lipid bilayers between pairs of water droplets immersed
in an oil matrix. These droplet pairs have a well-defined geometry allowing use of droplet shape
analysis to perform quantitative studies of the dynamics during the bilayer formation and to
determine time-dependent values for the droplet volumes, bilayer radius, bilayer contact angle,
and droplet centerline approach velocity. During bilayer formation, the contact angle rises steadily
to an equilibrium value determined by the bilayer adhesion energy. When there is a salt
concentration imbalance between the droplets, there is a measurable change in droplet volume. We
present an analytical expression for this volume change and use this expression to calculate the
bilayer permeability to water.

Introduction

The ability to form lipid bilayers at the interfaces between oil and water phases has received
significant attention over the past several years. Lipid molecules introduced in the oil or
water phase self-assemble to form lipid monolayers at the interface between the two phases.
When two lipid monolayers are brought into contact, they expel the intervening oil film to
form lipid bilayers. This was experimentally observed in emulsion systems consisting of
aqueous droplets formed in a lipid-oil solution.! Funakoshi et al. were the first to
demonstrate the viability of this technique as a means to study transmembrane protein
function using a microfluidic chip.2 Following this report Holden et al. demonstrated that
lipid bilayers could be formed at the interface of aqueous droplets placed in an oil medium
containing lipid molecules. The drops were mechanically placed on a poly(methyl
methacrylate) surface with a square array of micro-machined dimples.2 In this approach the
aqueous drops were brought into contact using a micromanipulator and the resulting lipid
bilayers were referred to as “Droplet Interface Bilayers.” Other approaches using droplet
based emulsions to form lipid bilayers include flow based systems,* electrowetting driven
droplet contact,® contacting sessile aqueous droplets adhering to a measurement electrode®
and dielectrophoresis based droplet contact.” Droplet based lipid bilayer systems have also
been used to build devices such as protein diodes® and batteries.?

Recently, our group demonstrated that lipid bilayers could be formed between two aqueous
droplets containing lipid vesicles in a mineral oil matrix using laser heating based
convection to drive drop motion.10 The use of mineral oil as the oil matrix is dictated largely
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by the need for a large contact angle for the aqueous droplets on the polystyrene Petri dish
that houses the emulsion. This is a necessary condition in order to allow the convection
currents to mobilize the droplets.10 In all the above-mentioned approaches, the oil film
between the approaching lipid monolayers thins due to the drainage of the intervening oil
and eventually leads to the formation of a lipid bilayer. While there will always be a residual
amount of the oil phase trapped in the lipid bilayer, it is assumed to be negligible as per the
values obtained from capacitance measurements of the bilayer membrane.2 311 The
dynamics of the formation of such droplet bilayers has never been investigated. Optical
droplet based manipulation techniques,1%: 12-14 offer a unique opportunity to study the thin
film dynamics that precede the formation of such droplet bilayers. In this report we provide
quantitative details of the dynamics of the formation of the lipid bilayer interface as the oil
drains between two contacting lipid monolayers in a water-in-mineral oil emulsion system.

A key factor in our studies is that the droplets are free standing on a surface and too small to
exhibit gravitational shape changes.1® 16 This allows the use of droplet shape analysis to
determine time-dependent droplet volumes, bilayer radius, bilayer contact angle, and droplet
centerline approach velocities.

The contact angle is an important parameter for the bilayer. The bilayer interface, often
described as a thin liquid film, is in contact with the bulk mineral oil in a region called the
Plateau Border. The three phase contact line is defined as the line at which the convex
droplet surfaces in the Plateau border region meet with the plane of the thin film. The
contact angle is defined as the angle that is subtended between the two convex meniscus
surfaces!’ and is a macroscopic quantity that can be easily measured. The contact angle
indicates the strength of the interaction energy between the two drops.!

We also use droplet shape analysis to investigate the permeability of these lipid bilayers to
water in response to an osmotic gradient due to a differential salt concentration across the
lipid bilayer interface. An analytical model is developed to account for the changing droplet
volumes and the water permeability as a function of time. We observe that the transport of
the water molecules is observed only once the contact angle between the adhering water
droplets reaches a value greater than ~84 degrees.

Materials and Methods

DphPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine) was purchased from Avanti Polar
Lipids Inc. The fluorescent lipid probe, NBD-PE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt) was
purchased from Invitrogen Corporation. Deionized water was used for the preparation of all
buffers after filtration using a 0.2-pum filter. Phosphate buffers were used for all
experiments. Lipids were dissolved in chloroform and appropriate volumes were measured
to transfer 200 mol% DphPC (Solution B) or 99 mol% DphPC + 1 mol% NBD-PE (Solution
A) into glass vials. The chloroform was evaporated in a steady stream of nitrogen for about
30 minutes under a fume hood. The resulting dry lipid film was hydrated with deionized
water, vortexed vigorously, and stored overnight at 4 °C. Lipid vesicles were extruded using
100 nm polycarbonate membranes or a sequence of 400 nm and 100 nm polycarbonate
membranes and a mini extruder (Avanti Polar Lipids Inc) with a minimum of 19 passes
through the extruder to yield a 2.36 mM lipid solution in deionized water. The final lipid
concentration in the aqueous drops varied based on further dilution with the requisite
buffers. Aqueous drops in the oil phase were prepared by drawing a 34 gauge syringe needle
(Microfil, WPI) containing the lipid solution through 3 to 4 mL of light mineral oil (Sigma
M5310 BioXtra, sterile-filtered, 0.85 specific gravity) placed in a Petri dish. Prior to use, the
Petri dish was spray cleaned with a 70% ethanol in water solution and dried using Kimwipes
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(Kimberly-Clark®) and compressed air. For measurements on the water permeability of the
lipid bilayers, a gradient in NaCl was established across the lipid membrane. Table 1 lists
the salt concentrations used in creating the osmotic gradient for each droplet pair.
Sgrensen’s phosphate buffer was used in this study. Droplets with lower salt concentrations
were made using the lipid vesicle solution containing NBD-PE, i.e. solution A, to easily
distinguish droplets with high and low salt concentrations prior to laser manipulation.

All measurements were performed on a Nikon TE-2000 microscope platform. A 1457-nm
infrared diode laser (FOL 1402PLY-617-1457, Furukawa Electric) was used for establishing
convection currents in the mineral oil. Two lenses in a 4f arrangement were used to facilitate
alignment and focus the laser at the microscope image plane. Droplet images were acquired
using a 4x objective in the light path and a Retiga Exi camera (QImaging). Brightfield
imaging was performed during droplet manipulation and for droplet shape analysis.
Fluorescence imaging was used to identify droplets based on fluorescent lipid addition (see
Table 1). Fluorescence measurements were performed using a mercury lamp as the
excitation source with the upper turret of the TE-2000 dedicated to this light path. A 480-nm
filter in this incident light path was used as the excitation filter and a 535-nm filter (Chroma)
in the emission filter wheel was used to collect the fluorescence emission signal from the
droplets. The emission filter wheel was fitted before the camera in the exit port of the
microscope. The laser power was measured at the 4X objective using a power meter
(Coherent model 210) with and without a Petri dish containing mineral oil. Typical laser
power for droplet manipulation is ~10 mW. The presence of the mineral oil reduces the
power of the laser that is transmitted through the oil layer by approximately 10% for the 1.5
mm depth of mineral oil (4 mL of oil), resulting in ~1 mW deposited in the mineral oil. The
local heating of the mineral oil results in toriodal Marangoni (theromocapillary) convection
currents.10: 18,19 These currents are used to steer lipid-coated water droplets into contact and
adhesion. A schematic showing the droplet motion is presented in Figure 1. The laser is
positioned some distance away from the droplet pair that is to be manipulated. No direct
heating of the water droplets was allowed during these experiments. The laser heating zone
is easily observed in brightfield as a shadowgraph of the thermal gradient produced by the
laser. When the current to the laser is turned on or off quickly, the shadowgraph from the
thermal gradient appears or disappears in less than 100 ms. A gradual increase in the laser
power results in the drops being propelled towards the laser and this is a hallmark of
convective based fluid flows.19: 13 Depending on the degree of adhesion between the droplet
and the polystyrene surface, we sometimes observe one droplet in the pair moving more
rapidly towards the laser. Often there is little control over how each droplet will interact
with the polystyrene Petri dish surface locally. We have also observed that a slight
horizontal mechanical vibration often suffices to dislodge droplets that may be adhering to
the Petri dish surface more strongly than is typical. The laser position is manipulated to
gradually move away from the approaching droplets to reduce the speed of approach of the
droplets. When the droplets are in contact as assessed by the real time streaming images of
the droplets observed on the computer screen (image acquisition software written in
Labview™), the laser is switched off and the droplets interfaces interact with each other,
gradually approaching each other and eventually flattening out to form a bilayer as the
residual mineral oil in the film is squeezed out (see video in Supporting Information). At
high laser powers, the droplets often adhere only briefly and coalesce thereafter. This effect
is expected if the convective flows are strong and the droplet interfaces are not given
sufficient time to interact to form a stable interface. With appropriate steps taken to control
droplet-surface interactions and laser power, droplet bilayers can be reliably produced.
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Droplet Shape Measurements

We used droplet shape analysis to find droplet volumes, bilayer radii, contact angles,
droplet-droplet approach velocity, and bilayer permeability. Droplets were modeled as
spheres with truncations at the bilayer surface and at the substrate surface. This assumption
is valid when the radii of the droplets are sufficiently small that the influence of gravity on
the droplet shape is negligible.15: 16 In this case the internal pressure in the droplet is
uniform and the curvature is also uniform. Droplet volumes and other parameters were
determined by fitting circles to the droplet outlines and performing corrections for the tilt of
the bilayer interface and truncations at the bilayer and substrate surfaces.

Circle fitting was performed using the public domain, Java-based image processing program
ImageJ with a script for automation. Individual images were read into ImageJ as an image
stack. “Threshold” and “Analyze Particles” operations were used to find a Region of Interest
(ROI) associated with each droplet outline. Since each ROI selection comprises vertices of a
polygon, a “Draw” operation was used to produce non-zero points corresponding to the full
droplet outline against a zero background. A circle was fit to these non-zero points using an
ImageJ circle fitting routine20 based on Chernov’s circle-fitting algorithm.2 For adhering
droplets, the “Watershed” operation was used to split the thresholded droplet images before
using “Analyze Particles” to obtain two outlines from an adhered pair of droplets. These
split droplet outlines comprised a circular portion and a portion along the bilayer or contact
surface. The contact portion was occasionally jagged. The contact portion of the split outline
along the droplet contact was removed by performing an image multiply of the split outline
with the outline points before the watershed processing, resulting in only the circular portion
of the split droplet. Image creation dates were used to obtain the time for each data point.

Theory — Droplet Geometric Calculations

Simple geometric relations were used to determine droplet shapes using the parameters from
the circle fitting. Since gravity has only a minimal influence on the droplet shapes, the
droplet surfaces can be easily modeled since the surfaces acquire a spherical shape due to
the droplets minimizing their surface area subject to the interfacial tensions on each surface.
For a curved surface under tension, there is a higher pressure inside the curved surface. This
pressure increase APis given by the Young Laplace equation, which for a spherical surface
is

2y
AP==2
R @

where y is the interfacial tension and R is the radius of curvature. When the droplets have
different radii, the smaller droplet will have a higher pressure, causing the bilayer to bulge
into the larger droplet. This is illustrated in Figure 2, which diagrams how the interfacial
tensions determine the droplet shapes. We denote the interfacial tensions on the outer water/
lipid/oil boundary (the lipid monolayer) as ¥,,; and the interfacial tension on the bilayer
surface as yp. The radii of the two droplets are R;and R, We arbitrarily refer to the larger
droplet as droplet 1. The radius of curvature for the bilayer bulge is R,". The vectors for the
three interfacial tensions at the three phase contact line (i.e., the outer bilayer boundary)
combine to produce no net force, as is seen from the vector diagram in the upper right of
Figure 2. Equating the projections of the three vectors onto a line parallel to the y, vector
gives an equation for the bilayer contact angle in terms of the ratio of the interfacial tensions
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Note that at the three phase contact line, the three interfacial tension vectors for y,,, ¥, and
¥, are perpendicular to the three radii R;, R, and R, respectively. Equating the
projections of the three vectors onto a line parallel to the droplet-droplet centerline gives an
equation for the radius of curvature for the bilayer bulge R,"

RiR 6,\ RiR
RZ:y—b 172 :2005(—b) 172 3)
Ym R1—R2 2/Ri—R>

Equation 3 can also be derived from the pressure difference between the two droplets using
Equation 1. Together, Equations 2 and 3 describe the behavior of the bilayer contact angle
Oy as a function of the droplet radii and the interfacial tensions. Note that the contact angle
depends only on the interfacial tension ratio and not on the droplet radii. As the radius ratio
RA R; changes, the three interfacial tension vectors rotate together toward the smaller
droplet. The rotation of the two monolayer interfacial tension vectors conforms to the
droplet outer boundaries found with dissimilar droplet radii while the bilayer interfacial
tension rotates toward the large droplet an equal amount to maintain the force balance, in the
process creating the bilayer curvature.

Now that we have a physical basis for the droplet shapes, we consider how to use
measurements of the droplet contours to determine droplet parameters such as contact angle
and droplet volume. Parameters for these calculations are shown in Figure 3. As in Figure 2,
size differences between the two droplets is exaggerated for illustrative purposes. The fitting
process has provided the radii of the two droplets, /2, and A, and the apparent center-to-
center distance between droplets, L.

The parameters of interest such as the bilayer contact angle, 8y, and the bilayer radius, R,
cannot be directly determined from the top or bottom view because the three phase contact
line (outer bilayer boundary), shown as an oval for the “top or bottom view” in Figure 3, is
not perpendicular to the viewing direction. Therefore, the true center-to-center distance, L, is
first determined from L’ by the equation

L2:L’2+(R|cosBS—choses)2 )]

where 6 is the contact angle of the droplet on the surface. Once L is known, the law of
cosines may be used to calculate the bilayer contact angle 8 according to

[*—R*—R?
#] ©

9;,:005_'
2RR»

and the law of sines may be used to determine the bilayer radius R according to

R 1 R2 sing _ R 1 Rz sineb

Ry=
L (R+RZ+2R Rycost,

)1/2 (6)
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When calculating the volume of each droplet, one must compensate for three effects:
truncation of the sphere at the bilayer, the bilayer curvature, and the truncation at the support
surface. All three corrections are made using the formula for a spherical cap volume

VcangR? (2—3cosﬁ+cos3ﬁ) = gR?(l—cos,B)2 (2+cosp) (7)

where Rjis the radius of the droplet (R; or R, and g is the central half angle subtended by
the spherical cap. The largest correction is for the truncation at the bilayer surface, which is
accounted for by removing a spherical cap of radius /;with a central half angle given by

cosf,= 1--2 8)

The bilayer curvature can be described as a spherical cap of radius R," with a central half
angle given by

2

cosf,= 1_R*b2 )
b

which is added to the smaller droplet and subtracted from the larger droplet. This cap fits
precisely where the bilayer truncation was made. Both caps have a diameter of /;, though
the radii of curvature are R;and R)," for the truncation and curvature, respectively.

The final correction is a truncation at the support surface contact, which is made by
subtracting a spherical cap of radius /;with a central half angle given by

Bs=n—0s (10)

Using Equations 7, 8, 9, and 10 together, the formula for the droplet volumes becomes

11 R;(. R} 11, 5 1 .
- 1——”[2+—” + = ERZ3—Z,/R22—R2(2RZZ+RZ)
i

24\ R
where V;is the volume of droplet 1 or 2 (V4 or V). In this equation, the first term is the
volume with no truncation, the second is the truncation for the bilayer, the third is the
correction for the bilayer curvature, and the fourth is the truncation for the support surface
contact. The plus sign for the third (bilayer curvature) term is used for the smaller droplet
and the minus sign for the larger droplet. For isolated droplets, Equation 11 gives the correct
limit for R, — 0 and R,” — co. Values for the radius ratios and the bilayer truncation and
bilayer curvature terms are given in Tables 2 and 3 for two limiting cases 7, = R, and Ry »
R», corresponding to equal droplet sizes and one droplet adhering to a planar surface.

1+3 p 1 3
5 +760865— 7 cos°; (12)

The magnitude of the volume corrections in Equation 11 are illustrated in Figure 4. This
figure shows the value for each of the three correction terms in Equation 11 as a function of
the droplet radius ratio /,/R; for a ratio of bilayer and monolayer interfacial tensions ¥4 v,
= 1.45 and a support surface contact angle 6, = 165 degrees, which are typical values for our
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experiments. There is some variation of 8, which appears to be due to surface charge on the
petri dish; this variation has negligible impact on our calculations because the support
surface truncation for large contact angles is quite small. Calculations were performed using
Equation 11 and R, and R," defined by Equations 3 and 6. Note that the vertical scaling for
the droplet 2 volume corrections are much larger than the corrections for droplet 1 because

the corrections are a fraction of the uncorrected droplet volume 47rR3 The support surface
correction is the same for all values of /”/R;, with a value of ~0.1% for 6, = 165 degrees.
When Ry = R, the bilayer truncation correction leads to a volume reduction of ~5% and
there is no contribution from the bilayer curvature. As the droplet radius ratio R/~
decreases, the corrections to droplet 1 become smaller, approaching the support surface
truncation correction for /; » R». On the other hand, the corrections to droplet 2 increase
continually for decreasing ~»/ R, reaching limiting total correction of ~30%.

As two droplets approach each other and adhere, the reduction in center to center distance,
L, occurs simultaneously with deformation of the droplets from their initial shapes at the
bilayer interface. This deformation leads to a shift of the droplet center of mass in the
opposite direction from the droplet motion. The center of mass for a truncated sphere shifts
by an amount

3(1—coszﬁb)2 R= ”Rg
4(1+cosBy)2(2—cosBy)  4Vi

(12)

from the sphere center in the direction opposite the truncation where Sy is the central half
angle of the truncation, Ry is the radius of the planar truncated surface (i.e., bilayer radius of
Figures 2 and 3) and V4 is the volume of the truncated sphere, which is essentially constant
during droplet deformation. The magnitude of this shift is illustrated in Figure 5, which
shows the variation in center-to-center distance, L, center of mass centerline distance, L.y,
droplet radius, R, and bilayer radius, R, as functions of L and the bilayer central half angle
(specifically cos Bp) for the case of identical droplet volumes, for which there is no
contribution of the bilayer curvature to these parameters. All length scales are normalized to
the initial (undeformed) droplet radius, A,. From Figure 5, we note that the effects of the
droplet deformation on the center of mass centerline distance, L, and the droplet radius, 7,
are relatively large in the limiting case of cosgp, L — 0. However, for droplets of similar
diameters, typical interfacial tensions limit cosg, to a range between 1 and ~0.75 (see
Equation 2). In this physically relevant range for cosgp, Ry grows quickly to approximately
half of its maximal change, while the perturbation of L., and R are relatively small
(approximately 5% and 1.5% of L and R, respectively).

Theory — Water Transport Calculations

We used the time dependence of droplet volumes to calculate the transport of water across
the bilayer. The molar flux of water @, through a membrane with osmotic permeability, Z,
and area, A, due to a molarity salt gradient A ¢ is given by the equation??

@, =—PAAcsip  (13)

where the van ‘t Hoff factor z represents the number of ions per molecule of solute and ¢ is
the osmotic coefficient. For our experiments, the concentration gradient is continually
changing as water moves from one droplet to the other. To describe this situation we rewrite
Equation 13 as
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dV] dV2 N N2
o TV, =2VPAg | — -2
dt dt ( Vv, Vz) (14

where Vis the partial molar volume of water, we have substituted = = 2 for NaCl, and the
two droplets, identified as 1 and 2, have volumes V;and V,and contain A/; and AV, moles of
solute. For these calculations, either droplet 1 or 2 can be larger than the other. Note that for
the small droplet diameters involved in our experiments, diffusion is fast compared with
water transport, and the influence of concentration gradients near the bilayer is negligible.
We consider NV/; and N, as constant because the transport of the solute is negligible
compared with the transport of the water. To simplify Equations 14, we express the volume
and amount of solute for each droplet as a fraction of the two-drop totals V7= V;+ V,and
Nr= N;+ Nand define n in terms of known or measured parameters by

2
VT

n=—— (15
2VApN,

Using these parameters and defining the fractional concentrations, n;= N{N, and fractional
volumes v;j= V// V1, where /=1 or 2, we can write the differential equations of Equations 14
in two forms, as a line with slope Pand x-intercept n;

dv;
nvi(1- Vz)d —P(nz vi) (16)
and as a solution for P

p_ il vi)GL

nl l

a7

An analytical expression for the variation of v;and #is found by integrating Equation 16 or
Equation 17 to give

Pr=4 (vi=v})) —(1-n;)(vi—vio)—ni(1— nl)ln( ") (18)
Vio—n;

where v;= vjpat time ¢= fy and the time-like variable zis given by

1
!
T:fto 5dl (19)

Results and Discussion

We have measured the interfacial tension of the water/lipid/mineral oil monolayer, v, by
taking images of much larger sessile droplets (~1 mm radius). The outline of these droplets
was fit to an appropriate shape using a plugin for ImageJ that performs a fit using low-Bond
axisymmetric drop shape analysis.1® The plugin uses the fit to determine values for the
capillary constant C= Apgl ¥, where Ap is the density difference inside and outside the
droplet and g is the acceleration of gravity. For our case, Cexceeded the maximum value
allowed in the program (108 m2). We avoided this limit by scaling our distances down by a
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factor of 2 and increasing the value of the capillary constant from the fit by 4. This gave an
interfacial tension of the monolayer of y,; = 1.3 £ 0.2 mN/m, which is similar to other
reported measurements.23 The influence of gravity produces at most a percentage change of
CRZ in the radius of curvature R between the top and bottom of the droplet, which for 100
pwm diameter droplets in our experiments is ~1%. Equation 2 gives y, = 1.9 £ 0.3 mN/m for
our experiments, and the energy of adhesion is 2y, — yp= 0.7 mN/m.

The formation of a lipid bilayer from two contacting monolayers in an aqueous water-in-oil
emulsion involves the expulsion of the intervening oil film so as to facilitate the van der
Waals forces to initiate monolayer adhesion. Infrared laser based optical manipulation of
lipid monolayer coated droplets by convective forces allows for the precise control of the
force fields that enable droplet mobility and contact. In the Petri dish geometry of our
experiments, the droplets have a small contact area with the polystyrene surface as
mentioned in the Materials and Methods section. When the droplet surfaces touch and
adhesion is initiated, the infrared laser is turned off. Convective currents stop and the
adhesion interaction is allowed to proceed under the influence of the intermolecular forces.
This interaction is observed as the oil trapped between the interacting lipid monolayers is
squeezed out of the interface until a stable bilayer is formed. In our measurements, this
process was visualized in image sequences that were captured as the laser manipulated the
droplets into contact and then was turned off. This image sequence was analyzed as
described in the Materials and Methods section. Example images are shown in Figure 6. A
video of continuous images are available as supplemental information.

Raw data (droplet radii and center-to-center distance) for individual droplets approaching
and adhering are shown in Figure 7. These are the direct outputs of the circle fitting. All of
the parameters in Figures 8, 9, 10, 11, 12, and 13 are derived from these parameters, except
for the laser power in Figure 8. The steep changes in the radii and center-to-center distance
at 550 s corresponds to the bilayer formation process (see also Figure 7). The changes in
radii and center-to-center distance will be better understood through the description of
Figures 8 through 10 below.

The processes involved in the bilayer formation are understood from the plots of the
centerline velocity, laser power, and bilayer radius in Figures 8a, 8b, and 8c, respectively.
When the laser power is turned up to approximately 12 mW at the beginning of the data set
there is an initial increase in the droplet center-center approach velocity dL/dt (point “1” in
Figures 8a and 8b). However, it is important to note that the droplets do not approach each
other head on; instead they approach each other at an angle, which is determined by the
position of the laser (see Figure 1b). At point “2,” the laser is moved closer to the droplets
and the velocity increases again. At point “3” the laser power is reduced to approximately 7
mW and the velocity decreases. At point “4,” the laser is turned off as the droplets touch and
the van der Waals attraction of the droplets leads to a sharp spike in the velocity as an
interface begins to evolve between the adhering droplets and the droplets deform. This large
increase in the center-center approach velocity corresponds to an interaction between the
lipid monolayers since at this time, the laser is turned off and there is no active heating of
the mineral oil. This velocity is almost completely due to the droplets moving toward each
other rather than droplet deformation (the droplet center-of-mass relative velocity, dL .,/ d,
is only 10% less than the droplet center relative velocity, dL/df). The corresponding rapid
increase in the bilayer radius is shown in Figure 8c. The interface comprises two lipid
monolayers that have self assembled at the water droplet-mineral oil interface. As the
intervening mineral oil is squeezed out of the interface, it flattens. At equilibrium, the
interface resembles a lipid bilayer with some trapped mineral oil. It is not unusual to have a
significant time interval for completion of film drainage (point “5”) and the formation of a
metastable lipid bilayer interface as indicated by the stabilized values of the bilayer radius
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(~110 m) and contact angle (~88 degrees) (point “6”). This is because the mineral oil used
in the present study had a viscosity of 26 mPa-sec at 25 °C (Certificate of Analysis, Sigma),
which is significantly higher than that of n-hexadecane (3.032 mPa-sec at 25 °C),24 the oil
medium of choice in all previous reports on droplet bilayers. In fact, viscosity is indeed the
dominant factor in film drainage. The higher the viscosity of the continuous phase, the
longer the time for film drainage, as demonstrated in a recent study of water—oil-water
bitumen emulsion films.25 The bilayer radius increases by a steady rate of ~4 pm/s during
the rapid portion of the rise (R, = 10 to 70 wm in Figure 8). Thutupalli et al.23 also observed
a steady contact line velocity for droplet bilayers, although theirs is much faster (1.9 mm/s).
This rate should depend on the pressure applied on the thinning oil layer.

Droplet volumes calculated using Equation 11 and the data in Figure 7 are shown in Figure
9. Droplet 1 loses volume, droplet 2 gains volume by an approximately equal amount, and
the total droplet volume decreases slightly. The change in droplet volumes is due to water
transport from the salt gradient. Note the small increase in volume for droplet 2 between
time 0 and formation of the bilayer at time 550 s. The droplet volume can’t change during
this time, so this variation is an indication of the error in correction for the various factors in
Equation 11, which is 1.5% for this experiment. Note also that the total volume drops by
2.3% between formation of the bilayer and the end of the experiment (10.5 ks or 3 hr). We
believe that this volume change is real and is a direct consequence of dissolution of the
water phase into the mineral oil via inverse micelles or due to the evolution of the
emulsion.26

The temporal changes in the bilayer radius and contact angle are shown in Figure 10. Both
rise quickly during the bilayer formation and then reach equilibrium values. Monitoring the
contact angle with the droplet shape analysis provides a method to check whether the bilayer
has reached a stable condition. Although the data in Figure 10 show a steady approach to the
equilibrium contact angle and bilayer length, we occasionally observe droplet pairs that
reach an intermediate or metastable contact angle and bilayer length below the equilibrium
values, with subsequent change to the typical equilibrium values (a contact angle near 88
degrees). An example of such data is shown in the supplemental data.

The data of Figure 9 can also be used to determine the permeability. The best estimates for
the permeability were obtained by fitting Equation 18 to experimental values of the
fractional droplet volumes as a function of z. The fitting was only performed over periods
when the contact angle and bilayer radius were constant to avoid transient effects. Values for
zwere calculated using Equation 19. The value for ¢ came from the literature.2” We used 18
cm3/mole for V. The value for A/7was calculated from the initial salt concentrations for
each droplet and the initial droplet volumes from the shape analysis (Figure 9). Time-
dependent values for V7and A = mR;? were obtained from the bilayer radius and droplet
volume in Figures 9 and 10. Fits to Equation 18 were performed using a curve fitting routine
with a user-defined function in the graphing program Igor Pro. Since Equation 18 is not
readily inverted to solve for v;, it was necessary to use zas the dependent variable.
However, the primary variability is in v;, which is the independent variable, and fitting is
usually performed with the parameter having the larger uncertainty as the dependent
variable. To address this, we used orthogonal distance regression in Igor Pro, which uses the
freely available ODRPACK95 weighted orthogonal distance regression code to perform fits
based on the values of the independent variable. Experimental and fit data for the fractional
volumes v;as a function of zare shown in Figure 11, where zis plotted as the independent
variable on the abscissa where a time-like variable would normally be found, which is
reasonable since the orthogonal distance regression has allowed the variation typical for an
independent variable in v;. Although we plot both 14 and v, in Figure 11, the fitting results
are the same because v; and v, differ only by a constant (14 = 1 — ). The parameters 7,
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V1o, and n; were used as fitting parameters. The fit results and corresponding residuals are
shown in Figure 11, where red and blue show the results for 14 and v, respectively, and the
dashed lines show the fits. The analytical expression of Equation 18 follows the data
exceptionally well as exhibited by the small magnitudes and random variation in the
residuals, which are magnified 25 times in the Figure. Although the data and fit in Figure 11
appear to be exponential, an exponential is not a good approximation for the fractional
volume versus z relationship. This is clarified in the Supporting Information.

We can also calculate Pusing Equation 16. Plotting the left hand side of Equation 16 as a
function of v;has the form of a straight line with a slope —Pand an x intercept 77; We used
the central difference formula to calculate av4/ dtand the result was smoothed to reduce
noise. Applying this method to the same data gives the result shown in Figure 12 with Pand
njas fitting parameters. This method has the advantage of using a simple linear fit to
determine P. However, differentiation to find dv4/dtincreases the noise in the values used in
the fit.

With Equation 17 is it possible to examine the variation in the permeability £ with time. The
derivative dv4 dtand time profile for Pare shown in Figure 13. From the figure we see that
noise introduced by taking the derivative makes it difficult to obtain an accurate time
dependence for P. This calculation is sensitive to the exact value for nj, with clear systematic
errors from inaccurate values for 77;when the term n; — v;in the denominator becomes small.
To achieve good results, we use the value of 77;determined from the fit for Equation 18
rather than the calculated value, although the two differ by only 0.5 and 1.5% for Figures 11
and 12.

We get an asymptotic value of 12 um/s for A, a number that is similar to values reported for
black lipid membranes (10 wm/s)22 and droplet bilayers (19 wm/s).? The permeability is
significantly lower than that measured in liposomes (~200 pm/s),28 though the experimental
conditions are quite different (the liposomes had no oil phase and the radius of curvature of
the liposome bilayer is 100 nm).

It is interesting to compare the relative magnitudes of the osmotic pressure and maximal
pressure the bilayer can support. For a dilute solute, the osmotic pressure IT is given
approximately by

l_[ =IAcRT (20)

where Ris the gas constant, 7 is the temperature, and = and A care the van ‘t Hoff factor and
salt gradient as in Equation 13. This equation has the same form as the ideal gas law; the
osmaotic pressure is due to the collisions of the solute particles with the bilayer membrane
following the same principles as for an ideal gas. For a salt gradient of 50 mM and 300 K,
the osmotic pressure is ~250,000 N/m2. For a bilayer interfacial tension 3, =2 mN/m and a
bilayer supporting radius /=100 m, the Young Laplace equation (Equation 1) gives a
value for the maximum pressure that the bilayer can support of 40 N/m?2, or more than 4
orders of magnitude smaller than the osmotic pressure. Thus it would appear that the
osmotic pressure would quickly rupture the bilayer during its formation. However, the net
pressure on the bilayer is small, as can be seen from the diagrams in Figure 14. The solute
concentration in droplet B (shown as the red spheres) is higher than in droplet A. The bilayer
is impermeable to this solute. Collisions of the solute with the droplet boundary and bilayer
produce a pressure associated with the momentum changes as the solute changes direction
on impacting the boundary.
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The total pressure in each droplet is equal to the ambient pressure in the oil phase plus a
small contribution due to the interfacial tension of the oil/lipid/water monolayer interface,
the latter being equal when the two droplets are the same size. We refer to the difference
between the osmotic pressure and the ambient pressure as the partial pressure of the solvent
(water). This solvent partial pressure can produce a net flow of water across the bilayer,
which the osmotic (solute) partial pressure due to the solute cannot. The properties of the
solvent are indeed consistent with a solvent pressure reduced by the osmotic pressure.2? In
our experiments, flow of water from the droplet with the low solute concentration to the
droplet with the high solute concentration (from droplet A to droplet B) is accommodated by
expansion of the volume of droplet B (and contraction of droplet A). This constitutes a
constant pressure boundary condition at the droplet/oil interface. The flow continues until
the concentrations are balanced on each side of the bilayer and the solvent partial pressures
are equal [Figure 14(b)]. In the course of the water flow from the initial condition in Figure
14(a) to equilibrium in Figure 14(b) there is no large pressure across the bilayer since the
osmotic partial pressure is continually balanced by the solvent partial pressure, or in other
words, the pressure on each side of the bilayer is essentially the ambient pressure in the oil
phase. A different circumstance is shown in Figure 14(c), which shows a hypothetical
example where the outer boundaries of the droplets are rigid and the volumes of each droplet
are not allowed to change (a constant volume boundary condition at the outer surfaces of the
droplets). In this case the movement of the solvent from droplet A to droplet B also
continues until the solvent partial pressures are the same on each side of the bilayer,
although in this case droplet B has a pressure exceeding that of droplet A by an amount
equal to the osmotic pressure across the bilayer. The experiment will never reach this
condition of course because the bilayer would rupture well before a total pressure
differential equal to the osmotic pressure is reached.

In summary, we have demonstrated a droplet shape analysis method for individual droplets
and droplet bilayer pairs. The method provides information on droplet volumes, the bilayer
radius and contact angle, and the droplet centerline approach velocity. We present an
analytical expression of the volume change associated with osmosis between droplets and
used it to calculate the bilayer permeability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of the nature of convection currents set up in the mineral oil-water droplet
system. The presence of the laser results in a temperature dependent change in the surface
tension at the air-mineral oil interface. This effect draws the water droplets within a certain
radius towards the laser beam. Proper steering of the location of the beam results in selective
droplet-droplet adhesion.
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Figure2.

Diagram of interfacial tensions for lipid monolayer and lipid bilayer. The amount of the
bilayer bulge is exaggerated to illustrate the geometry of the interfacial tensions. All radii
and vectors are in a plane containing the centers of the two droplets.
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Figure 3.
Schematic of a droplet pair showing parameters used in calculations.
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Figure4.
Volume correction terms for droplet 1 and droplet 2 as a function of droplet radius ratio //

Ry
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Plots of droplet center-to-center distance, L, center of mass centerline distance, L, droplet
radius, &, and bilayer radius, R, as functions of L and the bilayer central half angle gy (or,
specifically cos 8p) for the case of identical droplet volumes. All length scales are
normalized to the initial droplet radius, /,. Note that the bottom scale is linear, while the top
(for cos By) is slightly nonlinear because of the ratio A/, is not constant.
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Figure6.
Images of droplet pair during laser guided approach and adhesion to form a bilayer.
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Figure?7.

Raw data for droplet pair interaction showing droplet radii, 7, and R», (a), and apparent and
true center-to-center distances L” and L (b). Since the droplet diameters are nearly the same,
L’ and L are almost identical. To facilitate comparison with Figure 7 with time in seconds,
we show time in kiloseconds; time in hours is shown on the top axis.
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Temporal variation of droplet-droplet center velocity (dL/dtand dL .,/ dttop), laser power
(center), and bilayer radius (bottom). The images corresponding to points 1, 4, 5, and 6 are
shown in Figure 6; a complete image set from point 1 through point 6 is available as
supplemental information. The trace in Figure 8(b) is derived from the intensity of the laser
shadowgraph in the images and is primarily intended to show the timing of the changes in
laser power.
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Figure9.
Droplet volumes as a function of time.
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Figure 10.

Temporal variation of bilayer radius (top) and contact angle (bottom).
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Figure11.

Fractional volume v;versus time-like variable ztogether with fits from Equation 18. Time is
shown on the top axis, although the scale is slightly nonlinear because the bilayer area and
total volume are not constant.
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Data and fits using Equation 16 to determine the permeability, ~.
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Figure13.

Plot of dv/dt(a) and P (b) as a function of time.
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Figure14.

Schematic of osmotic pressure in different situations: (a) initial conditions, (b) final
equilibrium for constant pressure boundary conditions, and (c) final equilibrium for constant
volume boundary conditions.
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Table 1

Solute Concentrations for Water Permeability Experiments

Droplet | DphPC:NBD-PE | Sgrensen’s Phosphate Buffer [nM] | NaCl [mM] | Total Solute[mM]
A 99:1 (mol %) 75.75 0 75.75
B 100:0 (mol %) 75.75 55.5 131.25
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Limiting Values for Bilayer Truncation and Bilayer Curvature Corrections

Table 3

Bilayer Truncation Term

Bilayer Curvature Term

Rl = RZ
Both Droplets

13 0 1 50
3 40052 4COS 5

0

R »R; 0 0
Droplet 1
Ri» R,
3 1 6 (1 3 6, 1 6
Droplet 2 2 cosh+—cos36 3% 2 e 30
5 4COSb 4.COS b 5 |3 4COSZ+4COS )
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