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Abstract
We demonstrate optical manipulation of nanoliter aqueous droplets containing surfactant or lipid
molecules and immersed in an organic liquid using near infrared light. The resulting emulsion
droplets are manipulated using both the thermocapillary effect and convective fluid motion. Droplet
pair-interactions induced in the emulsion upon optical initiation and control provide direct
observations of the coalescence steps in intricate detail. Droplet-droplet adhesion (bilayer formation)
is observed under several conditions. Selective bilayer rupture is also realized using the same infrared
laser. The technique provides a novel approach to study thin film drainage and interface stability in
emulsion dynamics. The formation of stable lipid bilayers at the adhesion interface between
interacting water droplets can provide an optical platform to build droplet-based lipid bilayer assays.
The technique also has relevance for understanding and improving microfluidics applications by
devising Petri dish based droplet assays requiring no substrate fabrication.

Introduction
Traditional microfluidics devices rely on the fabrication of intricate circuits to control the
direction, flow, and mixing of liquids in narrow channels to mimic laboratory-based
experiments in chemistry and biology at the microscale.1 The possibilities offered are
enormous, and much progress has been made over the past decade in utilizing this technology
in a wide range of applications. For example, microfluidic platforms have been used to develop
assays to measure cellular membrane potential,2 perform single cell analysis3-5 and study
bacterial chemotaxis.6 The natural evolution of this technology in the direction of
compartmentalization of reagents and reducing their concentrations in biochemical assays
steered the research community towards exploring droplet-based microfluidic systems in the
form of water-in-oil emulsions as micro-reactors in microfluidic devices.7-10 The ability to
confine biomolecules in picoliter to femtoliter aqueous reservoirs7 has fuelled the development
of droplet-based microfluidic platforms for a range of applications including but not limited
to enzymatic assays,11, 12 polymerase chain reactions13-15 and protein expression in single
cells.16 Typically, drop motion in microfluidic systems based on channels is enabled through
the use of pumps17 using controlled flow rates. Recently, interest has increased in developing
methods to directly maneuver droplets in these devices to avoid the use of external flows. The
ability to control droplet motion is an important factor in the development of future applications
with this technology to mix, sort and split drops.18 Several approaches have been demonstrated
using thermoelectric manipulation, vibration actuation, dielectrophoresis, electrowetting and
magnetic forces.19-23 A direct impact of this technology has been in the application of droplet-
based microfluidic techniques to study interesting phenomena in the dynamics of emulsion
stability and droplet coalescence.24-28 For example, Baret et al.29 use microfluidics devices to
investigate the kinetic aspects of emulsion stabilization by surfactants. Numerous experiments
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from Dr. Jérome Bibette's group have investigated the coalescence of emulsion drops using
decompression25 and electric fields.30

The use of optical forces has been recently shown to be an alternate powerful approach for
developing droplet-based microfluidic platforms10, 31-35 in systems where aqueous droplets
are immersed in an organic phase. Thermal methods for optically-assisted drop manipulation
can be based on: (i) light absorption in the droplet (or organic phase) through a molecular
vibrational absorption resonance in the water (organic) phase or (ii) via absorption by dye
molecules added to the water (or organic) medium. This absorption of light energy increases
the temperature of the water drop (or organic phase) in the vicinity of the laser spot. This local
heating changes the water-organic interfacial tension and produces recirculation flows in the
droplet and the surrounding organic phase. The resulting migration of the droplet in response
to these flows is defined as the thermocapillary (thermal Marangoni) effect.36-39

In the classical thermocapillary effect first reported by Young et al.40 air bubbles in a vertical
liquid column moved toward hotter regions against buoyancy. In experiments in our laboratory,
10 we observed an opposite effect. Specifically, we used a laser (e.g., at 1550 nm, a wavelength
that is strongly absorbed by water) to heat one edge of a water drop immersed in decanol (in
a Petri dish). We observed that the water drop migrated away from the laser—opposite to the
temperature gradient and in a direction inconsistent with conventional thermocapillary
migration.41, 42 This observation can be explained by the anomalous temperature dependence
of the water-decanol interfacial tension (γ): the interfacial tension increases with temperature,
reaching a maximum around 80°C before a reverse trend occurs.43 Thus, an increase in the
interfacial tension results in a Marangoni stress that pulls the interface (black arrows in Figure
1a) towards the high-temperature end of the water droplet.44 The viscous flows inside and
outside the water droplets balance the Marangoni stress and drive the drop away from the laser
as shown in Figure 1a. In the present geometry, the water droplet rests on a polystyrene Petri
dish and is surrounded by decanol, resulting in a contact angle close to 180°. Thus, the contact
area is small (the radius of the contact area is much smaller than the height of the drop) and
the associated contact angle hysteresis restraining the droplet motion45 is also small. This is a
favorable situation, for it allows the adhesion of the drop to the surface without unduly
restraining its motion driven by the laser. In the absence of this adhesion, the drops could easily
escape due to convective fluid flow, instrument vibrations, and Brownian motion. This droplet
geometry is different from theoretical work on thermocapillary migration that reports the
analysis of liquid drop motion on horizontal surfaces for which the liquid drop height is
significantly smaller than the radius of the drop contact area.46, 47

In this report, we show that water droplets covered by a surfactant or lipid monolayer immersed
in an organic liquid (decanol or mineral oil) can be controlled using infrared light via the both
thermocapillary effect and convection. These droplets sink to the bottom of the Petri dish
(ρdecanol = 0.829 g/mL at 25 °C, ρmineral oil = 0.82-0.88 g/mL at 25 °C,
www.sigmaaldrich.com) and can be manipulated using optical forces. The experimental
schematic is shown in Figure 1b. As shown in the figure, the water droplets are completely
immersed in the organic phase. The incident laser is shown to exit at the organic-air interface.
In this geometry, several forces are at play. When the laser is incident at the water-organic
interface, a temperature dependent change in the interfacial tension can give rise to the thermal
Marangoni effect as described in the preceding paragraph. The water droplet interface is
dragged in the direction of increasing surface tension. In the presence of surfactant molecules
at this interface a second effect called the solutal Marangoni effect sets in.44 Here, the
surfactants at the interface are dragged along the interface towards the high interfacial tension
region. Thus, the diffusing surfactants tend to increase in concentration at the droplet edge
where the interfacial tension increases. This surfactant buildup often negates the initial increase
in interfacial tension. The two effects act against each other and often tend to arrest the drop
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mobility.48-51 In spite of this, it is still possible to move droplets with interfacial amphiphiles
when the solubility of the amphiphile is sufficiently high, in which case transport of the
amphiphile through the bulk water or organic phase can counter the amphiphile gradients
produced by the solutal Marangoni force, restoring a net force to move droplets. The heating
from the laser radiation can also create forces on the droplets through convective fluid motion.
Convection can be produced either through buoyancy due to the drop in density of the organic
phase with increasing temperature (called natural convection) or surface tension gradients at
the organic phase / air interface, which produces fluid flows in a manner similar to the thermal
Marangoni droplet motion (called thermocapillary or Marangoni convection). Thermocapillary
convection dominates over natural convection when the thickness of the organic phase is
sufficiently small.52 A number of observations support the presence of thermal Marangoni and
convective droplet transport in our experiments. For example, for droplet motion ascribed to
thermal Marangoni transport we observe repulsion of target droplets by the laser beam, interior
circulation in droplets (see Figure 4 below), and loss of this motion when switching from a
short to long lipid. Furthermore, thermal Marangoni based droplet motion is characterized by
lower laser powers but higher thermal gradients (i.e., the laser beam must intersect the droplet).
All observations support the presence of thermal Marangoni droplet transport. For motion
ascribed to convection we observe movement of droplets toward the laser beam, movement of
droplets even a distances of 100's of microns from the laser focus, droplets that sometimes pop
off the surface and are transported toward the top of the organic phase, motion of non-
deformable particles (polystyrene microspheres) that follow the same behavior as the
deformable droplets, and a requirement for higher laser powers, and the laser does not need to
intersect the droplet. Although these two effects describe our experiments quite well, it is
entirely possible that other mechanisms such as the Soret effect or thermal diffusion effect53

could play a role under certain circumstances.

The thermal Marangoni effect is found to persist in the decanol-water system in the presence
of surfactants soluble in the water phase. Water droplets with a surfactant monolayer at the
water-decanol interface can be brought into contact to form adhesive droplet pairs. These
surfactant bilayers are either metastable or proceed into rapid coalescence if the resulting
bilayer is unstable. We also show that metastable adhesive droplet pairs with short lipids can
be utilized for controlled mixing of aqueous drops at a determined time through optically-
driven surfactant bilayer rupture. This technique also provides a means to study interfacial film
drainage and dynamics in such emulsions. In the case of longer lipids that are insoluble in
water, droplet motion was only possible when laser heating set up convection currents in the
external organic phase. The resulting lipid bilayers at the interface of two adhering aqueous
droplets are stable over several hours.

Materials and Methods
Sodium dodecyl sulfate (SDS), decanol, and mineral oil were purchased from Sigma. A short
chain lipid, 1,2-didecanoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (10:0 PG)
and a synthetic lipid, 1,2-diphytanoyl-sn-glycero-3-phosphocholine (4ME 16:0 PC, DphPC)
were purchased from Avanti Polar Lipids Inc and were received dissolved in chloroform.
Deionized water (DI) or phosphate buffered saline (PBS, Sigma) were used for all experiments
to make aqueous lipid solutions. The optical set up included a 1457 nm infrared (IR) diode
laser (FOL 1402PLY-617-1457, Furukawa Electric) and a co-aligned 660 nm red diode laser
to assist the alignment of the IR beam into the microscope. An inverted Nikon Diaphot TMD
or a Nikon TE-2000 was used for the microscope platform.10 Two lenses in a 4f arrangement
were used to facilitate alignment and focus the laser at the microscope image plane for
experiments performed on the Diaphot TMD. The laser power measured at the 10× microscope
objective used for observations on the Nikon Diaphot TMD microscope could be varied
between 0-15 mW for experiments with the short chain lipid. Data with aqueous SDS droplets
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were obtained without recording the laser power at the 10× objective; however the total laser
power was estimated to be below 15 mW at the objective. Objectives used on the Nikon
TE-2000 included 4× and 10× magnifications. The maximum laser power measured at the 4×
objective on this microscope was 15 mW for the present experiments. The laser was steered
into the microscope objective via direct reflection off the dichroic mirror in the filter cube. For
experiments performed on the diaphot TMD, the focus position of the IR laser was determined
using a phosphor powder film in a Petri dish. The phosphor powder glowed intensely when
the laser was in focus. The spot size of the IR laser beam was approximately 100 μm2.

For experiments using SDS and the short chain lipid 10:0 PG, decanol was used as the organic
phase and was saturated with deionized water (DI) prior to use. Experiments with DphPC were
performed using mineral oil as the organic phase. Lipid aqueous solutions were prepared by
evaporating chloroform from a calculated volume of the lipid stock solution. Chloroform is a
recognized carcinogen and the evaporation step was performed in a fume hood. The sample
was also placed in a vacuum oven for 2 hours to remove residual chloroform in some instances
when the film did not appear completely dry. The resulting lipid film was hydrated with DI
water (10:0 PG) or PBS buffer (for DphPC) to yield the desired target lipid concentration. Lipid
concentrations in the aqueous solutions were calculated to yield at least a monolayer of lipid
coverage at the water-organic interface for the drops. Short chain lipids and SDS have sufficient
solubility in water to reach this concentration given their high critical micelle concentration
(CMC) values. These molecules self assemble in water to form micelles at concentrations above
their CMC. For DphPC, there is insufficient solubility in water and these lipid molecules were
introduced into aqueous droplets as vesicles. Lipid vesicles were formed via the extrusion
technique in which the hydrated lipid solution was extruded through a 0.1 μm polycarbonate
film in a mini-extruder (Avanti Polar Lipids) to yield a 1 mg/ml lipid solution in PBS. Aqueous
drops in the organic phase were prepared by drawing a 34 gauge syringe needle (Microfil,
WPI) containing the lipid solution through two to three ml of decanol or mineral oil placed in
a Petri dish. The average radius of the drops was approximately 150 microns for drops in
decanol and about 400 microns for drops in mineral oil. A 50% decrease in transmission of the
1457 nm laser beam through decanol was noted in our experiments. This observation is in
agreement with the published spectra of the neat liquid.54

Results and Discussion
Previous work from our lab has established the use of optical radiation to move water drops
immersed in decanol via the thermocapillary effect.10 As discussed in the Introduction, the
presence of surfactants is expected to counter the droplet migration49, 50 through the solutal
Marangoni effect. We demonstrate the persistence of droplet mobility in this system upon
surfactant addition. We have observed varied behavior from water drops containing anionic
surfactants such as SDS and the short chain lipid 10:0 PG on laser heating when immersed in
decanol. SDS has a high critical micelle concentration (CMC) of approximately 8.2 mM55

while the short chain lipid has a CMC of 0.42 mM.56 Both dissolve easily in water. For a drop
of radius 150 microns, the concentration of SDS or the short chain lipid in the aqueous phase
required for the formation of a uniform monolayer at the decanol-water interface is 0.05 mM
(the lipid head group area is 66 Å2 56; the SDS head group area is comparable55). In the present
work, the concentration of SDS was varied between 0.08 mM and 0.34 mM while the
concentration of 10:0 PG in the aqueous solution was fixed at 0.8 mM, well above the CMC
for this lipid. The latter ensured that the water-decanol interface was always covered with a
lipid monolayer. Any excess lipid molecules will remain in the water phase as micelles and
monomers in dynamic equilibrium.
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Droplets containing SDS molecules
Droplet motion induced by the thermocapillary effect on laser heating was a common
observation for these water droplets. For droplets containing SDS molecules, droplet
coalescence was often observed, but the route followed by different pairs to the coalesced state
varied. For example, for a set of observations in which the SDS concentration in the droplets
was 0.08 mM, two SDS coated aqueous drops were brought into proximity over a distance of
about 40 microns. The target drop (i.e., the one being moved by the laser) moved rapidly and
interacted with the proximal (neighboring) drop over approximately 3 camera frames after
which, the drops coalesced. It appeared that the droplets coalesced via the formation of an
interface that had limited stability (Figure 2). It is important to note that the concentration of
SDS was close to that required for monolayer coverage and it is possible that the larger drop
had incomplete coverage. In a second set of observations, shown in Figure 3, the IR laser was
positioned at the edge of a target droplet that was close to a neighboring droplet (the droplets
were “almost” touching each other as viewed by the camera). When the laser was turned on,
the target drop was observed to be pushed into the proximal droplet. During the droplet pair
interaction, a dimple was observed (Figure 3c) preceding the formation of a wave-like feature
that spread outward towards the edge of the interacting, almost flat interface. Eventually a
surfactant bilayer film (Figure 3f) was formed that was not stable, rupturing in the consecutive
frame and resulting in the coalescence of the droplets. The SDS concentration was 0.34 mM
for this set of observations. The laser was incident on the target drop until the interface was
formed.

These observations can be explained by providing a brief review of the forces that govern
droplet pair interactions in emulsions. Two types of forces govern these interactions: One type
is related to the surface forces that arise from intermolecular interactions (van der Waals,
electrostatic, and steric or entropic interactions). These result in the presence of a disjoining
pressure between interacting droplet pairs. The second type of force arises from the
hydrodynamic flows around approaching droplets and the flow of the interfacial continuous
phase, which slows the adhesion of the two surfactant layers. Once the droplets begin to interact
under the combination of these two types of forces, their interaction can follow several paths.
The possibilities, pictorially summarized by Danov et al.,57 provide a fundamental basis for
exploring interfacial film formation in emulsions. The final stage in the evolution of the thin
liquid film during droplet interaction is the formation of a “Newton black film” (NBF) and
consists of a surfactant bilayer. This bilayer may remain stable on the order of minutes, or it
may rupture rapidly after formation, resulting in the coalescence of the two droplets. Several
mechanisms could give rise to the rupture of such metastable NBFs. Two routes are often cited
in reviews58: (1) a mechanical instability and (2) thermally-activated pore formation.
Mechanical instability is due to thermal capillary fluctuations in the film. One capillary mode
(peristaltic) can become unstable and result in the contact of the two opposite surfaces of the
interacting droplets, leading to the breaking of the film followed by droplet coalescence. For
the second rupture mechanism, a thermally activated pore forms in the bilayer film that grows
once it reaches a critical size resulting in the coalescence of the droplets. In Figure 2 there is
rapid droplet coalescence without the formation of a stable flat interface. It is possible that
when the droplets interact, there is insufficient surfactant coverage at the drop interfaces (0.08
mM SDS concentration) which results in coalescence. For the data shown in Figure 3, the
situation is different, showing formation of a flat interface that subsequently ruptures. The
droplets contain more surfactant than those in Figure 2, thereby ensuring complete interface
coverage prior to drop interaction. When the laser is turned on, the target droplet is observed
to push into the proximal droplet and a consequent “dimple” (Figure 3c) is observed which
then spreads out to the film boundary. The steps leading to the formation of the SDS bilayer
follow the exact sequence mentioned in the review by Danov et al.,57 where in the dimple is
followed by the formation of a flat interface and then a NBF.
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Droplets containing the short chain lipid, 10:0 PG
Experiments were also performed with short chain lipids that have a relatively high CMC value
in water (the 10 carbon chain lipid 10:0 PG, see the Experimental Details section above).
Aqueous droplets containing 0.8 mM of this lipid (a concentration greater than the CMC) were
manipulated in decanol with the IR laser. These droplets had a lower mobility compared to the
droplets containing SDS molecules and in some cases it was very difficult to move these
droplets. Even with the limited droplet mobility, droplet adhesion was observed (Figure 4), but
no dimple formation was noted. The adhesive interface consisting of a lipid bilayer remained
robust for up to 30 min (the total observation time). In this system, the interface bilayer
formation process consisted of three distinct steps: (1) the initial deformation of the droplet
surfaces on contact, (2) the flattening of the interface, which resulted in a thin film of the
decanol trapped between the two droplets and (3) the consequent draining of the decanol
trapped between the interacting monolayers in sequential steps (supplementary online video),
accompanied by an increase in the area of the adhesive interface which entered a final
metastable state of a lipid bilayer. The increase in the adhesive film diameter was approximately
10 microns (for the data shown in Figure 4) as measured from the optical images with a
corresponding area increase of almost 2500 μm2 over three images, and approximately over 4
s. This data set also provided information on the flow fields produced in the droplets due to
the thermocapillary motion. Specifically, an interior particle (possibly an air bubble) in the
target droplet permitted visualization of the water flow field in response to the heating from
the laser (Figure 4e, video in supplementary information). The particle is drawn towards the
laser focus along the interface and then moves away from the laser into the interior of the
droplet. This suggests that an internal fluid flow is set up along the interface as a reaction to
the interface being pulled towards the laser. Another important observation from this data set
points to mobility of the proximal drops towards the laser in response to increasing laser power.
The motion of proximal droplets toward the target drop could result from either counter fluid
flows set up by the thermocapillary motion of the target drop or laser-induced convection flows
in the decanol phase. Because the smaller size of the thermocapillary-driven counter flows,
they can only be significant quite close to the target drop, while the convection-driven flows
are much larger and can move droplets much further away from the target drop. Following
Figure 4b, when the droplets almost touch, the drops remain in contact as the laser power is
reduced to zero. The increasing influence of viscosity during film drainage impedes closing
the final gap between the droplets.59 Instead of increasing the laser power at this position to
assist in droplet adhesion, the laser was repositioned towards the center of the droplet to avoid
excessive heating at the droplet-decanol interface (supplementary video) by moving the
microscope stage. The droplets adhered almost immediately upon increasing the laser power
and reached a stable bilayer after drainage of the decanol film.

From these observations we can conclude that the increasing interfacial tension at the decanol-
water interface drags this interface in the direction of the laser and sets up flow fields inside
the water droplet that are directed towards the laser focus along the interface and away from
the laser in the central part of the droplet. These flows drive the motion of the droplet away
from the laser. The solutal Marangoni effect, in which the surfactant molecules are also dragged
along the interface, can contribute to droplet retardation. It is possible to remobilize droplets
with the thermocapillary effect using high concentrations of surfactants.51 In the case of soluble
surfactants such as SDS and the short chain lipid used in this work, excess surfactant molecules
present in the droplet phase as monomers and micelles will migrate to the water-decanol
interface that is depleted of surfactants in response to the solutal Marangoni effect. The fluid
flow set up in the drop in response to the change in the interfacial tension upon heating is
expected to drive these micelles towards the droplet-decanol interface. These micelles will
replenish any molecules lost due to the drag forces along the interface thereby enabling the
drops to move via the thermal Marangoni effect.
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An exciting observation in the present study was the ability to break adhesive interfaces like
those formed in Figure 4. The same laser (1457 nm) was used to achieve interface rupture and
consequent coalescence of the droplets. This is demonstrated in Figure 5 where the adhesive
interface shown in Figure 4 was ruptured by positioning the IR laser at the center of the bilayer.
As the laser power was increased, the adhesive energy of the droplets changed, causing the
inter-droplet contact area to decrease and the droplets pulled away from each other. When the
laser power was sufficiently high (here 6 mW), the bilayer ruptured and the droplets coalesced.
As expected, the initial and final droplet diameters indicate that volume was conserved upon
the fusion of the two drops. These results establish the novelty of this method as an alternative
to circuit-based microfluidics to achieve controlled mixing between solutions. This method
can also provide selective mixing of droplet contents at predetermined time points thereby
paving the way for sequential chemical reactions or providing a selected mixing time for
studying rapid kinetic reactions.

Formation of a lipid bilayer between droplet pairs was not always observed in our experiments.
In several instances, the droplets coalesced even when the laser power was maintained at values
well below the 8.5 mW used in the earlier example. We also observed some droplets to be
“pinned” to surface of the Petri dish. In these cases, the droplets could not be set in motion at
laser powers approaching 8 mW. However, in almost all the observations in the present study,
proximal droplets that were not directly heated by the IR laser were observed to have limited
to significant mobility towards the laser when the target droplet was heated and the laser power
was increased. As mentioned above, in most cases this is due to convection rather than counter
flows from thermocapillary migration.

Droplets containing the long chain lipid DphPC
Finally, we demonstrate that IR laser-based convective flows can be used to form
physiologically relevant lipid bilayers between contacting aqueous drops as shown in Figure
6. The same 1457 nm IR laser can be used to optically steer aqueous drops containing lipid
vesicles into proximity and consequent adhesion, resulting in a lipid bilayer film at the
interface. In this study we have used DphPC, a synthetic lipid that has been used by various
groups to form droplet based lipid bilayers.60, 61 In our approach, like that of Hwang et al,62

lipid molecules were introduced in the aqueous phase as vesicles at a concentration of 1 mg/
ml. Again, a syringe was used to immerse vesicle laden aqueous drops in oil. In these sets of
experiments, decanol was replaced with mineral oil. Decanol is not the ideal choice for the
external organic phase when droplet adhesion is intended to form physiologically relevant lipid
bilayers at the pair interface. Mineral oil was used in these experiments instead because it is
non-polar and will not preferentially align at the organic-water interface like the decanol
molecules. Further, mineral oil has been used in previous studies to form water-in-oil emulsions
using lipid molecules.63 The lipid laden droplets were large, of the order of 400 microns in
diameter in our study. In this droplet system, we were unable to obtain any mobility induced
via the thermocapillary effect. This is consistent with the insolubility of these lipids preventing
countering of the solutal Marangoni effect through bulk-phase migration of the lipid. Hence,
convective flows set up in the mineral oil due to laser absorption were used to manipulate the
drops. Mineral oil has a comparable thermal conductivity to decanol.14 When the IR laser was
positioned to focus in the mineral oil at the center of a collection of 4 drops, convective flow
was observed to mobilize the drops towards the laser. In this experiment, two of the four drops
were found to be adherent at the start of the manipulation. We have occasionally observed such
drop pairs in our study, which form during the process of making the drops with the fine gauge
needle. By positioning the laser to steer the drops via convective heating, three additional lipid
bilayers were formed between the drops sequentially (Figure 6).64 These bilayer interfaces
have been observed to be stable for up to several hours. Unlike the bilayer with the short lipid,
these bilayers do not readily rupture with low laser powers. With the long lipid, we have shown
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that droplet bilayer networks similar to those reported by Holden et al61 can be formed using
an all optical platform without the use of micromanipulators.

In summary we have established the capability of using the thermocapillary effect and
convection to initiate amphiphile-coated droplet mobility in water-in-organic liquid emulsions
housed in a Petri dish. The apparatus required is relatively simple, being limited to an inverted
microscope and diode laser. The methods demonstrated in this report can be used to develop
an optical platform to form lipid bilayers using emulsions with the lipid molecules dispersed
as vesicles in the water phase. This system can also be used to study interfacial film dynamics
in adhesive emulsions. The flexibility offered by the use of single laser to manipulate drops
into contact via adhesion and the subsequent coalescence of these drop pairs paves the way for
developing Petri dish based microfluidic systems that would allow a user the ability to mix
drop contents on demand at specific times and build drop networks to study sequential
biochemical reactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic demonstrating the basis of thermocapillary motion in the water-decanol system.
The arrows along the drop curvature indicate the direction in which the interface is pulled. The
drop is propelled away from the laser. Adapted from Kotz et al.10 (b) The experimental system
shown here to emphasize the presence of surfactants and the complete immersion of the
droplets. (c) A schematic of the solutal Marangoni effect. The black arrows point to the
direction in which the interface is pulled. The surfactant molecules are dragged along the
interface and accumulate at the droplet end with high surface tension, reducing the surface
tension difference.
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Figure 2.
Coalescence of SDS-coated water drops in decanol induced by the thermocapillary migration
of the target drop. The SDS concentration was 0.08 mM. An interaction zone is observed in 2
(b) and 2(c). The inverse image in (b) was processed using ImageJ software (NIH) to enhance
drop edges. The position of the IR laser is marked by the bright spot from the visible red laser
in each image.
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Figure 3.
Steps observed during the interaction of SDS coated water droplets in decanol. The SDS
concentration was 0.34 mM. The images obtained from the camera were processed using
ImageJ software (NIH) to enhance the drop edges. The position of the red laser is marked by
the “white” blob at the base of the target drop. The dimple is observed to form when the laser
power is increased and the target drop is pushed into the proximal drop.
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Figure 4.
IR-laser-induced motion of a target water drop containing 10:0 PG at 0.8 mM. (a, b) The target
drop moves when the IR laser is switched on. The bright laser spot seen in the images is from
the visible red laser used solely to guide the IR laser beam. Once the drops almost touched, the
laser power was reduced to zero and the position of the stage was changed as shown in (b) to
reposition the laser to be incident inside the target drop to assist in droplet adhesion. (c) Contact
between the pair of aqueous drops and the consequent formation of the lipid bilayer; see the
text for details. Note that although the laser position is stationary and the microscope stage was
moved to change the position of the laser relative to the droplets, the images in (a)-(c) and the
video have been cropped to show a stationary view relative to the microscope slide. By fixing
the image reference frame to the microscope slide in this way, the images better elucidate the
motion of the droplets relative to each other. (d) Plot of the speeds of the target and proximal
drops as a function of the frame number or time. The target drop has a larger velocity and faster
response when the laser power is turned on. The velocity is measured for frames leading to
drop contact only. Each rise in the target drop velocity corresponds to a sequential increase in
laser power. (e) Schematic depicting the path traced by a particle in the target water drop on
laser heating of the water-decanol interface between frames (a) and (b). (f) Drainage of the
decanol organic phase between interacting lipid monolayers of the droplet pair is denoted by
the red arrows at the droplet pair interface. The increase in the interface area is denoted by the
red arrows opposite the interface and indicates a flattening of each drop. The image is a
processed version of the original data using ImageJ software. A video is available in the
Supporting Information.
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Figure 5.
The destruction of the lipid bilayer interface is followed by the coalescence of the droplet pair.
(a) The laser is positioned on one side of the bilayer. (b) A schematic showing the sequence
of events following laser heating of the interface. The two droplets retract from the interface
thereby decreasing the interface area as denoted by the black arrows. (c) The droplets retract
over three consecutive frames (i.e., over approximately 4 seconds) before the actual rupture of
the bilayer that occurs in less than 2 seconds.
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Figure 6.
Formation of a lipid bilayer interface using physiologically relevant lipids. The circle in frame
(a) corresponds to the position of the IR laser. Convective heating drives the two non-adhering
drops into proximity and adhesion results in the formation of four lipid bilayers. A
supplementary video is available online.
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