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Double Emulsion Templated Monodisperse Phospholipid Vesicles
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We present a novel approach for fabricating monodisperse phospholipid vesicles with high encapsulation efficiency
using controlled double emulsions as templates. Glass-capillary microfluidics is used to generate monodisperse double
emulsion templates. We show that the high uniformity in size and shape of the templates are maintained in the final
phospholipid vesicles after a solvent removal step. Our simple and versatile technique is applicable to a wide range

of phospholipids.

Introduction

Vesicles, also known as liposomes, are phospholipid bilayer
membranes which surround aqueous compartments. They are
promising delivery vehicles for drugs,' enzymes,” and gases,’
and bioreactors for biomedical applications.* Since phospholipids
are an integral component of biological membranes, phospholipid
vesicles also provide ideal platforms for the study of the physical
properties of biomembranes.® Conventional vesicle formation
techniques such as hydration and electroformation rely on the
self-assembly of phospholipids in an aqueous environment under
shear and electric field, respectively.® Due to the random nature
of the bilayer folding, these methods typically lead to the formation
of vesicles that are nonuniform in both size and shape. Moreover,
the encapsulation efficiency of these processes is quite low,
generally less than 35%.”®

A new strategy to form phospholipid vesicles with high
uniformity in size and high encapsulation efficiency is to utilize
templates to generate the vesicles. An example is the use of
simple water-in-oil (W/O) emulsions as templates.'°Monodisperse
emulsion templates can be generated using microfluidics.®
Another strategy is to apply pulsed microfluidic jets to deform
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Scheme 1. Preparation of Phospholipid Vesicles Using Double
Emulsion As Templates
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planar lipid membranes into vesicle-like compartments'' and
vesicles.'? However, it is difficult to precisely control such
processes for vesicle formation.

Here, we present a novel technique for forming phospholipid
vesicles using monodisperse double emulsions with a core—shell
structure as templates. Because of the resemblance of core—shell
structures to vesicular structures, techniques that rely on double
emulsion templates should be robust and straightforward. In our
approach, phospholipids are dissolved in a mixture of volatile
organic solvents that is immiscible with aqueous phases. The
phospholipid solution forms the shell of water-in-oil-in-water
(W/O/W) double emulsions. Such phospholipid-stabilized W/O/W
double emulsion drops have previously been used as vesicle-like
compartments for encapsulation;]1 however, in our work, we
use them as templates to direct the formation of phospholipid
vesicles by removing the solvent in oil phase through evaporation,
as illustrated in Scheme 1. This approach has been applied to
form polymersomes, vesicular structures composed of a bilayer
of amphiphilic diblock copolymers.'> However, phospholipid
bilayers are too fragile to undergo the solvent removal step without
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breakage; thus, this method has not been successfully applied to
phospholipid vesicles. Here, we introduce new strategies to
improve the stability of phospholipid vesicles during solvent
removal. Our technique can be used to create phospholipid vesicles
with different composition while maintaining high size uniformity
and encapsulation efficiency.

Experimental Section

Materials. The inner phase of the water-in-oil-in-water (W/O/
W) double emulsion droplets was made of 0—5 wt % poly(vinyl
alcohol) (PVA; M,,: 13 000—23 000 g+mol~!, 87—89% hydrolyzed,
Sigma-Aldrich Co.) and ~0.02 wt % 1 um yellow-green sulfate-
modified microspheres (Fluosphere, Invitrogen, Inc.). Unless oth-
erwise noted, the middle organic phase consisted of 5—10 mg+mL™!
lipids with 0.02 mol % Texas red labeled 1,2-dihexanoyl-sn-glycero-
3-phosphoethanolamine (TR-DHPE) for fluorescent visualization
in an organic solvent mixture of toluene (EMD Chemicals, Inc.) and
chloroform (Mallinckrodt Chemicals, Inc.) in 1.8:1 volume ratio.
Experiments were conducted with the following lipids: 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine  (DOPC),  1-palmitoyl-2-oleoyl-sn-glycero-3-
phoscholine (POPC), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-diacyl-sn-glycero-3-phospho-L-serine (DPPS), and
Texas red labeled 1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine
(TR-DHPE). All lipids were purchased in powder form from Avanti
Polar Lipids, Inc. The outer phase was either a 10 wt % PV A solution
or a 40 vol % glycerol and 2 wt % PVA solution. Solutions and
solvents were all filtered before introduction into glass microcapillary
devices. Water with a resistivity of 18.2 MQ-cm™! was acquired
from a Millipore Milli-Q system.

Generation of Double Emulsions. Monodisperse W/O/W double
emulsions were prepared in glass microcapillary devices, which
have been described previously.'* The round capillaries, with inner
and outer diameters of 0.58 mm and 1.0 mm, were purchased from
World Precision Instruments, Inc. and tapered to desired diameters
with a micropipet puller (P-97, Sutter Instrument, Inc.) and a
microforge (Narishige International USA, Inc.). The tapered round
capillaries were fitted into square capillaries (Atlantic International
Technology, Inc.) with an inner dimension of 1.0 mm for alignment.
The outer radii, R,, of the double emulsions varied from 60 to 100
um, while the inner radii, R;, varied from 40 to 60 ym. These values
were controlled by the size of the capillaries used and the flow rates
of the different phases.'* A typical set of flow rates for the outer,
middle, and inner phase was 3500, 800, and 220 uL/hr, respectively,
and the droplet generation frequency was about 500 Hz. The formation
of lipid vesicles was monitored with optical microscopy for samples
placed between a coverslip and a glass slide separated by a 0.5 mm
thick silicone isolator (Invitrogen, Inc.) alone or by two silicon
isolators separated by an anodized alumina membrane filter (Anodisc
25, 0.2 um, Whatman plc.).

Characterization of Phospholipid Vesicles. Bright-field, phase-
contrast, and fluorescence images were obtained with 5x, 10x,
20x, and 40x objectives at room temperature using an inverted
fluorescence microscope (Leica, DMIRB or DMIRBE) or an upright
fluorescence microscope (Leica, DMRX) equipped with a high speed
camera (Phantom V5, V7, or V9) or a digital camera (QImaging,
QICAM 12-bit). All double emulsion generation processes were
monitored with the microscope using a high speed camera. The
process of lipid vesicle formation from double emulsions and the
resulting lipid vesicles were imaged with a digital camera.

Results and Discussion

Monodisperse double emulsions are generated with a glass
microcapillary microfluidic device that combines a coflow and
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Figure 1. (a) Formation of phospholipid-stabilized W/O/W double
emulsion in a glass microcapillary device. (b) Optical micrograph of the
double emulsion collected. The double emulsion drops have an aqueous
core surrounded by a solvent shell containing phospholipid.

a flow focusing geometry shown in Figure 1a.'* The inner phase
(green arrow) is an aqueous solution of model encapsulant, while
the outer phase (blue arrow) is an aqueous solution of poly(vinyl
alcohol) (PVA) and glycerol. The middle phase (white arrow)
is a solution of phospholipids dissolved in a mixture of toluene
and chloroform. Hydrodynamically focused inner and middle
fluid streams break up at the orifice of the collection tube to form
monodisperse W/O/W double emulsion drops, as shown in Figure
la. Typical droplet generation frequency is about 500 Hz. The
overall size and the thickness of the shell of the double emulsions
can be adjusted by tuning the flow rates of each fluid phase and
the diameters of each capillary in the device.'* The uniformity
in size and shape of the collected double emulsion drops, shown
in Figure 1b, makes them ideal templates for the generation of
uniform phospholipid vesicles. In the absence of phospholipids,
the double emulsions are unstable, suggesting that phospholipids
adsorb at the W/O and O/W interfaces and stabilize the structures.

Phospholipid vesicles are obtained from the double emulsions
by removing the solvent from the hydrophobic layer of W/O/W
double emulsions (Scheme 1). We use a mixture of volatile organic
solvents, toluene and chloroform, to facilitate phospholipid
dissolution and subsequent solvent evaporation. As the solvent
layer becomes thinner during evaporation, the phospholipids are
concentrated and then forced to arrange on the double emulsion
templates, thereby forming vesicles. At the later stage of
evaporation, the remaining solvent containing the excess phos-
pholipids accumulates on one side of the vesicle, as shown in
the top panel of Figure 2. Such a dewetting phenomenon has also
been observed when amphiphilic diblock copolymers are used
for the generation of polymersomes from double emulsions.'
The depletion force generated by excess phospholipid molecules
in the solvent induces the dewetting.'> Due to the fragile nature
of the phospholipid bilayers, the vesicles often destabilize and
rupture during the evaporation process. To avoid this, we find
that slow evaporation of the organic solvent is critical; thus, we
use a loosely sealed container to slow the evaporation. We also
remove solvent by dialysis; an anodized alumina filter was used
as the dialysis membrane. The rate of the solvent removal can
then be controlled by adjusting the solvent concentration of the
adjacent solution. A typical removal rate is about 0.35 pL+min~!
(see Figure S1 in the Supporting Information). The reproducibility
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Figure 2. ) (Top) Vesicle formation (see video in AVI format) through
solvent drying on the vesicle surface. Excess phospholipid is concentrated
in the remaining oil drop attached to the resulting vesicle. (Bottom)
Release of vesicle (see video in AVI format) from a double emulsion
drop pinned on a glass slide. The oil drop that contains excess
phospholipids remains on the glass slide. Fluorescently labeled latex
particles, which were added to the inner aqueous phase during double
emulsion formation, are encapsulated in the vesicles.
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Figure 3. (a) Optical micrograph of a DPPC/DPPS (10:1 w/w) vesicle
formed by solvent drying. Excess phospholipids remain on the vesicle,
forming the dark spot after drying. (b) Optical micrograph of an array
of homogeneous POPC vesicles, encapsulating 1 #m fluorescent latex
particles that have been added to the inner aqueous phase.
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of the technique is further improved by carrying out the
evaporation step in highly concentrated glycerol solutions
(typically above 80 wt %). We believe glycerol plays an important
role in reducing the line tension incurred in the solvent removal
Step;16 however, the exact stabilization mechanism is yet to be
established. After the complete removal of the solvent, the excess
phospholipids remain on the vesicle, leaving a thicker patch, as
seen in Figure 3a as a dark spot. The size of this patch is minimized
when the amount of excess phospholipid in the oil phase is reduced
either by reducing the phospholipid concentration in the middle
fluid or by forming a thinner shell when generating the double
emulsion.

Phospholipid vesicles can also be formed through another
mechanism. When the double emulsion droplets wet the substrate,
they can become pinned to it, and the inner drops can be released
as vesicles into the continuous phase. Upon release of the inner
drops, the middle organic solvent layer remains pinned to the
substrate, as shown in the bottom panel of Figure 2. This process
resembles a method where phospholipid-stabilized water droplets
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Figure 4. (a) Optical micrograph of yellow-green fluorescent latex
microspheres encapsulated inside DPPC vesicles stained with 0.02 mol
% Texas red labeled DHPE for visualization. (b) Overlay of two
fluorescent images of the same vesicles as in (a). The microspheres
remain encapsulated within the vesicles.

are formed in oil and subsequently transported through an oil/
water interface that is covered with a monolayer of phospholipids,
resulting in the generation of vesicles.'” In our case, the inner
drops of the pinned double emulsion, stabilized by phospholipids,
move across the interface between the oil and the continuous
aqueous phase. Phospholipids adsorbed at this water/oil interface
stabilize the escaping inner drop by completing the bilayers.
This second route to phospholipid vesicle generation offers a
simple and effective way of obtaining homogeneous vesicles if
the double emulsions can be controllably pinned on a substrate.
An array of monodisperse phospholipid vesicles that have been
formed through this second mechanism is shown in Figure 3b.
Using the same approach, vesicles have been generated using a
variety of phospholipids including both saturated (DPPC, DMPC,
and DSPC) and unsaturated (DOPC and POPC) phosphocholines
used alone or mixed with a phospho-L-serine (DPPS). Typical
size of the vesicles ranges from 20 to 150 um, a size where
monodisperse vesicles are difficult to obtain otherwise.

To demonstrate the high encapsulation efficiency of our
approach, we encapsulate 1 um yellow-green fluorescent latex
microspheres inside phospholipid membranes which are labeled
with a small amount (0.02 mol %) of Texas Red-labeled 1,2-
dihexanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE). Op-
tical and fluorescence microscopy images of four DPPC vesicles
encapsulating microspheres are shown in Figure 4. Very few
microspheres are observed in the continuous phase, confirming
that the high encapsulation efficiency of the double emulsion
generation stage is retained even after the emulsion drops are
converted to vesicles.

In conclusion, we present a general method for fabricating
monodisperse phospholipid vesicles using controlled double
emulsions as templates. Our simple and versatile technique offers
a novel route to generate monodisperse phospholipid vesicles
with high encapsulation efficiency for biomedical applications
and for fundamental studies of biomembrane physics.
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