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ABSTRACT

Giant unilamellar vesicles (GUVs) are a useful platform for reconstituting and studying membrane-bound biological systems, offering
reduced complexity compared to living cells. Several techniques exist to form GUVs and populate them with biomolecules of interest.
However, a persistent challenge is the ability to efficiently and reliably load solutions of biological macromolecules, organelle-like mem-
branes, and/or micrometer-scale particles with controlled stoichiometry in the encapsulated volume of GUVs. Here, we demonstrate the use
of acoustic streaming from high-intensity focused ultrasound to make and load GUVs from bulk solutions, without the need for nozzles
that can become clogged or otherwise alter the solution composition. In this method, a compact acoustic lens is focused on a planar lipid
bilayer formed between two aqueous solutions. The actuation of a planar piezoelectric material coupled to the lens accelerates a small
volume of liquid, deforming the bilayer and forming a GUV containing the solution on the transducer side of the bilayer. As demonstrated
here, acoustic jetting offers an alternative method for the generation of GUVs for biological and biophysical studies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021742

For many biological and biophysical studies of membrane-
bound systems, giant unilamellar vesicles (GUVs) are a convenient
tool. GUVs are relatively simple compared to systems derived from
living cells, yet they preserve the fluidity of lipids in the membrane,
encapsulate a distinct volume, and support the function of trans-
membrane proteins. By using GUVs as a platform, researchers have
successfully reconstituted and studied biophysical phenomena such
as liquid phase separation within membranes,1 protein-mediated
membrane deformations,2 and segregation of proteins at mem-
brane–membrane junctions.3

The ability to construct increasingly complex GUV systems
containing nested organelle-like membranes, micrometer-scale par-
ticles, or embedded membrane proteins is an ongoing challenge for
GUV formation techniques. Electroformation, for instance, is an
established and effective method for creating GUVs4 and can be
performed in high ionic solutions,5–7 but it yields polydisperse
vesicles and does not offer control over the loading of solutions.

Several methods have been developed to load biomacromolecules
and particles into electroformed GUVs,8–10 but achieving con-
trolled concentrations, defining solution stoichiometries, and incor-
porating functional membrane proteins are enduring challenges.11

GUVs can also be formed through techniques that employ inverted
emulsions12,13 and water–oil–water double emulsions.14–16

Emulsion techniques allow the control of the contents of the
GUVs, but these techniques typically leave residual oil in the bilay-
ers and expose contents to an ephemeral, bare oil–water interface
that may drive proteins to denature.17 Several other methods for
forming GUVs exist, each with advantages and disadvantages for
specific applications.18–21 Forming GUVs via microfluidic jetting22

enables the loading of vesicles with desired solutions, but it offers
the limited capability to encapsulate smaller vesicles or particles
nearing the diameter of the capillary because of the shear stress
and clogging in the capillary. The difficulty in positioning the capil-
lary relative to the planar lipid bilayer can also limit repeatability
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and throughput. Furthermore, large volumes are needed on either
side of the bilayer, which can be prohibitive for encapsulating val-
uable high-concentration reagents such as purified cell extract or
protein, or functionalized small unilamellar vesicles.

In this study, we demonstrate the ability to form and load
GUVs using a focused jet induced by high-intensity ultrasound.
This method, which we call “acoustic jetting,” takes advantage of
full access to contents on both sides of the bilayer while eliminating
stability and encapsulation challenges presented by the use of a
nozzle. Acoustic jetting relies on the same local acceleration of
liquid impinging on a planar lipid bilayer that has been shown to
form and load GUVs in microfluidic jetting22 [Fig. 1(a)]. The ultra-
sonic transducer and its coupled plano–concave lens are shown at
the left side of the image, millimeters away from the lipid bilayer.
When the ultrasonic transducer is pulsed, the liquid is accelerated
into the planar lipid bilayer, the planar lipid bilayer is deformed,
and the GUV is formed [Fig. 1(b)].

For acoustic jetting to successfully form GUVs, the planar
lipid bilayer must be (i) positioned at the focus of the acoustic
beam, (ii) not blocked by materials that will interfere with the
acoustic beam, (iii) unaffected by pressure changes during focusing
of the acoustic beam, and (iv) adjacent to a small (to conserve
reagents) but sufficient volume of the solution to be loaded in the
GUV. A simple approach to form the planar lipid bilayer that
accomplishes the first three requirements is to use a supporting
structure for the lipids, similar to the wands used to blow soap
bubbles [technique 1, Figs. 2(a)–2(d)]. The lipid wand is cut from a
200 μm thick acrylic and has an ovular hole where the planar lipid
bilayer is formed. The wand is attached to a three-axis linear stage so
that it can be centered and focused in the axis of the acoustic trans-
ducer. Before the wand is immersed in the aqueous solution, 10–20 μl
of lipid in oil, typically diphytanoyl phosphatidylcholine (DPhPC) at
25mg/ml in 80% decane and 20% squalene, is deposited onto the

surfaces of the wand [Fig. 2(a)]. A large amount of the oil accumu-
lates in a droplet at the bottom of the wand. Using the linear stage,
the wand is slowly lowered into the aqueous solution. As this
happens, buoyancy causes the oil to form a puddle on top of the
aqueous solution around the wand. As the wand is lowered through
this puddle, a layer of oil and lipid is formed over the orifice of the
wand [Fig. 2(b)]. The wand with an oil film covering the orifice is
allowed to rest fully immersed in the aqueous solution for 5–10min,

FIG. 1. Acoustic jetting. (a) Schematic of the acoustic jetting method. The
focused flow generated by the ultrasonic transducer deforms a planar lipid
bilayer to form GUVs. (b) Time series images of GUV formation.

FIG. 2. Formation of planar lipid bilayers for acoustic jetting. Technique 1
(a)–(d): (a) While a lipid wand is held above the aqueous solution, a pipet is
used to add a solution of oil and lipid to the surface of the acrylic. (b) The wand
is lowered into the aqueous solution. Buoyancy of the oil causes it to pool at the
air–water interface, pulling a thin layer over the ovular hole in the wand. (c) The
membrane is positioned at the acoustic focus and oil evacuates the space
between lipid leaflets. (d) The acoustic transducer is pulsed to form a vesicle
from the planar lipid bilayer. Technique 2 (e)–(h): (e) A bilayer holder that physi-
cally separates solutions for inside and outside the GUV is submerged in water
with the bilayer plane at the acoustic focal point. Oil and lipid are added to the
bilayer orifice, which is initially covered on the opposite side with a thin sheet of
acrylic. (f ) The inner and outer aqueous solutions are pipeted into chambers to
the same height. (g) The acrylic divider covering the orifice between the two sol-
utions is slowly withdrawn, leaving a thin membrane of oil and lipid between the
solutions. The system is left in this configuration while oil evacuates from
the lipid bilayer. (h) The acoustic transducer is pulsed to form a vesicle from the
planar lipid bilayer.
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during which time the oil withdraws from the space between the two
lipid leaflets formed at the oil–water interface, creating a clean planar
lipid bilayer [Fig. 2(c)]. Squalene in the oil solution facilitates this
process.23 After the incubation period, the acoustic transducer is
ready to be actuated, causing a jet that pinches a vesicle off of the
planar lipid bilayer [Fig. 2(d)].

The lipid wand approach is sufficient for applications that do
not require two separate solutions. However, for applications that
require different solutions inside and outside the GUV, a modifi-
cation must be made to the sample geometry. To accomplish this,
we replace the lipid wand with an isolated holder for both the
planar lipid bilayer and small volumes of the aqueous solutions
[technique 2, Figs. 2(e)–2(h)]. The sample holder has a solid
barrier, penetrable to acoustic waves, which is positioned adjacent
to the aqueous solution to be encapsulated in the GUV. This solid
barrier, when submerged in an additional solution (e.g., water) as
an ultrasonic propagation medium, allows the focused acoustic
beam to transmit from the propagation solution through the solu-
tion to be loaded into the GUV and to the bilayer, relatively
unimpeded. To form the bilayer in this configuration, an acrylic
divider is placed over the orifice between the proximal and distal
aqueous solution chambers while they are still empty. The orifice
and acrylic barrier are loaded with 20 μl of lipid in oil [Fig. 2(e)].
The proximal chamber is filled with the solution to be loaded into
the GUV, and the distal chamber is loaded with the solution that
will surround the GUV, with the acrylic divider still in place to
prevent hydrostatic pressure from rupturing the oil film between
the chambers [Fig. 2(f )]. The acrylic divider is then removed
from the orifice, and the device [Fig. 2(g)] is left undisturbed on
the bench for 5–10 min while the nonpolar solvent withdraws
from the film, leaving a clean planar lipid bilayer separating the
intravesicular and extravesicular solutions.24 The sample is then
ready for acoustic actuation and GUV formation.

The acoustic transducers were fabricated by coupling a planar
sheet of nickel-plated polycrystalline lead zirconate titanate (Navy
Type II, 5A PZT) (Piezo Systems Inc., Woburn, MA) to a plano–
concave lens using EpoTek 360T low viscosity epoxy (Epoxy
Technology Inc., Billerica, MA). The 5 mm diameter plano–
concave lens was machined from 6061 aluminum such that the
concave face had a radius of curvature of 4 mm and the planar and
concave faces were polished to a mirror finish before coupling to
the piezo. Conductive silver epoxy was used to couple leads to the
two electrodes of the piezo. To form GUVs, the transducers were
excited using a square-enveloped sine wave pulse at the primary
resonance frequency of the transducer, which is approximately
20MHz for a transducer with 127 μm thick PZT. The aluminum
lens focuses the acoustic plane wave from the piezo to a beam with
a focal point, millimeters from the concave face of the lens. Near
the acoustic focal point, there is a large gradient in the acoustic
amplitude. The gradient in amplitude induces a Reynolds stress
and with it, a streaming flow near the focus25 [Fig. 3(a)]. The
driving force for acoustic streaming in a focused acoustic device is
described by Kamakura et al.26

Because the induced flow relies on transmission of the acous-
tics to the focal point, care must be taken to choose a suitable mate-
rial and thickness for the solid barrier as shown in Fig. 2(h).
Acceleration at the focal point is measured using digital particle

image velocimetry27 at 30 000 frames per second with 2 μm polysty-
rene particles in water [Fig. 3(b)]. Barriers made of borosilicate
glass, acrylic (PMMA), and polymethylpentene (PMP) are evalu-
ated for their ability to transmit the acoustic beam by comparing
the accelerations measured at a focal point past the barrier
(Table I). PMMA and PMP, polymers that are well-matched to the
acoustic impedance of water, reflect the beam significantly less than
borosilicate glass, a mismatched material. Because the polymers
have a higher Stokes attenuation than water, thinner barriers per-
formed better at transmitting the acoustic beam.

The diameter of vesicles produced can be varied by changing the
numerical aperture or acoustic wavelength, parameters that together
control the size of the diffraction-limited focus of the acoustic waves
(Fig. S1 of the supplementary material). In our device, the acoustic
wavelength is dependent on the transducer resonance frequency,
which in turn is dependent on the thickness of the piezoelectric mate-
rial. Using nearly the thinnest commercial polycrystalline PZT and
our smallest radius acoustic lens, we were able to form GUVs as small
as 50 μm in diameter, likely limited by spherical aberrations at high
numerical apertures. Formation of vesicles over 400 μm in diameter
tended to burst the planar lipid bilayer, limiting the size of our largest

FIG. 3. Acoustic streaming generated by focused ultrasound. (a) A cartoon of
the magnitude of axial force imposed by the focused ultrasound and the result-
ing acoustic streaming velocity field. (b) Particle image velocimetry was used to
measure velocity as a function of time at the focal point of the acoustic trans-
ducer. At typical operating conditions, the acceleration, denoted by the slope
“a,” is nearly constant during the pulse envelope, after which energy is dissi-
pated to the surrounding fluid.

TABLE I. The acceleration at the acoustic focus during the ultrasonic pulse is
compared for acoustic-penetrable solid barriers of varying material and thickness,
normalized to acceleration with no barrier.

Barrier material Thickness (μm) Normalized acceleration

None 1.00
Glass 150 0.06
PMMA 1500 0.06
PMMA 740 0.56
PMMA 200 0.96
PMP 500 0.56
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GUVs. Using the transducers described here, the easily achievable
range of vesicle diameters is from 100 to 300 μm.

In addition to controlling resonance frequency and numerical
aperture to set vesicle size, the acoustic energy delivered to the fluid
must be controlled to enable vesicle formation. We find that there
is a range of fluid acceleration magnitude and duration where
vesicles are successfully formed. Values outside of this range will
either result in the rupture of the planar lipid bilayer or deforma-
tion of the bilayer that is insufficient to produce a vesicle and
relaxes back to a plane when the ultrasound pulse is stopped. In
practice, the acceleration magnitude and duration are adjusted by
varying the voltage amplitude across the transducer and the
number of cycles in the pulse. For this study, we actuated the trans-
ducer with a sine wave of a single frequency within a square enve-
lope, resulting in constant stress during the pulse.

To demonstrate the ability of acoustic jetting to encapsulate parti-
cles, we suspended 10 μm diameter polystyrene beads at 106=ml in
water and encapsulated the solution containing the particles in a GUV
formed from 100% DPhPC [Fig. 4(a)]. The beads shown are signifi-
cantly smaller than the acoustic wavelength such that scattered ultra-
sound does not significantly accelerate particles and the beads flow
with the bulk fluid. As the diameter of beads approaches the acoustic
wavelength, the encapsulation of acoustic-index-mismatched particles
becomes more difficult, as scattering at the bead surfaces defocuses the
acoustic waves and accelerates the particles relative to the fluid. As a
second example, we suspended smaller vesicles in an isosmotic solu-
tion and encapsulated the solution containing the smaller vesicles in

GUVs [Fig. 4(b)]. The smaller vesicles encapsulated in this example
contain only lissamine–rhodamine for visualization, but they could be
further functionalized with membrane proteins to investigate mem-
brane–membrane contacts or lipid transport within GUVs.

During the formation of these GUVs, there are often smaller
vesicles formed at the neck between the budding GUV and the
planar lipid bilayer, which we refer to as secondary vesicles. Along
with the pulse time and acceleration, an important operating condi-
tion that controls the formation of secondary vesicles is the posi-
tion of the planar lipid bilayer relative to the focal plane of the
transducer. When the bilayer is moved out of the acoustic focus
plane, slightly closer to the transducer, a small part of the bilayer is
caught in a high velocity region over a small area and pulled into
the focal point, resulting in the formation of a slim membrane tube
and subsequent secondary vesicles (Fig. S2 of the supplementary
material). When the bilayer is moved farther from the transducer,
there is often no vesicle formed, as in the examples shown at +150,
+200, and þ250 μm. When the planar lipid bilayer is positioned at
the acoustic focus, the secondary vesicle formation can be elimi-
nated by carefully tuning the pulse time and acceleration.

In this paper, we demonstrate that GUVs can be formed with
liquid jets accelerated into a planar lipid bilayer by an ultrasonic
transducer. This allows for bulk solutions containing particles such
as beads, vesicles, and even small cells to be directly encapsulated
in the lumen of a GUV, avoiding the clogging and selectivity that
can complicate some other methods. We show that vesicles in the
range of 100�300 μm can be formed with acoustic jetting, though

FIG. 4. Examples of GUVs formed with acoustic jetting. (a) Brightfield image of a DPhPC vesicle containing 10 μm polystyrene beads and sucrose solution with osmolarity
matched to the extravesicular saline solution to generate an optical index mismatch. Scale bar ¼ 100 μm. (b) Confocal image of an acoustic jetted GUV tagged with
7-nitro-2-1,3-benzoxadiazol-4-yl (NBD) encapsulating polydisperse vesicles tagged with lissamine Rhodamine B. Scale bar ¼ 100 μm.
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this range could be expanded by the use of aspheric acoustic lenses
to minimize aberrations and thinner, single-crystal PZT that
expands the range of acoustic wavelengths available.

One of the motivations for developing acoustic jetting was to
produce a tool that would enable the reconstitution of cell-like
systems. Because biological membranes are naturally asymmetric,
there are many biophysical applications of GUVs that benefit from
independent access and control to the two sides of the membrane.
The formation of a planar bilayer prior to acoustic jetting allows
for asymmetric incorporation of lipids into the two leaflets and
asymmetric insertion of transmembrane proteins, as well as the
presence of different solutions for inside and outside of the GUV.
Acoustic jetting offers a simple way to construct GUVs to study the
vast number of pathways that entail both signal transduction across
the plasma membrane and interaction with micrometer-scale struc-
tures or membrane-bound compartments within the cell.

While acoustic jetting presents benefits for some specialized
applications, there are several practical difficulties associated with the
technique that will need to be overcome to expand its usability.
Chief among these is the stability of the planar lipid bilayers, which
typically rupture before hundreds of vesicles can be formed and will
be highly dependent on the lipid used in a given experiment. This
issue persists despite efforts to reduce unsupported bilayer area and
avoid geometries that might cause stress concentrations in the
bilayer, suggesting that a bilayer composition optimized for stability
is needed. In addition, slight mismatches in hydrostatic pressures
between solutions on either side of the planar lipid bilayer resulting
from pipeted solutions, differential evaporation, or vibrations can
also cause membrane rupture. There is the added practical challenge
of imaging the planar lipid bilayer after the oil, which conveniently
provides brightfield contrast, has evacuated the area between the two
lipid monolayers. Real-time imaging of the bilayer is essential to
know when successful vesicles are formed and to ensure that the
bilayer remains intact after vesicle formation. One way to avoid this
problem is to use isotonic solutions with different refractive indices
when the two solutions are completely separated, though this may
not be an option for all experimental conditions.

Despite these practical challenges, our demonstration of
acoustically formed GUVs expands the set of tools that can be used
to form and load GUVs for a broad range of biomolecular and bio-
physical studies.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information
about varying acoustic diffraction limit and focus scanning.
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