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ABSTRACT: Sonoporation, the permeabilization of cell mem-
branes following exposure to microbubbles and ultrasound, has
considerable potential for therapeutic delivery. To date, engineering
of microbubbles for these applications has focused primarily upon
optimizing microbubble size and stability, or attachment of targeting
species and/or drug molecules. In this work, it is demonstrated that
the microbubble coating can also be tailored to directly influence cell
permeabilization. Specifically, lipid exchange mechanisms between
phospholipid microbubbles and cells can be exploited to significantly
increase sonoporation efficiency in vitro. A theoretical analysis of the
energy required for pore formation was carried out. From this, it was
hypothesized that sonoporation could be promoted by the transfer
of lipid molecules with appropriate carbon chain length and/or shape (cylindrical or conical). Spectral imaging with a
hydration-sensitive membrane probe (C-Laurdan) was used to measure changes in the membrane lipid order of A-549 cancer
cells following exposure to suspensions of different phospholipids. Two candidate lipids were identified, a short-chain-length
phospholipid (1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC)) and a medium-chain-length lysolipid (1-palmitoyl-2-
hydroxy-sn-glycero-3-phosphocholine (16:0 lyso-PC)). Microbubbles were prepared with matched concentrations, size
distributions, and acoustic responses. Confocal microscopy was used to measure cell uptake of a model drug (propidium iodide)
with and without ultrasound exposure (1 MHz, 250 kPa peak negative pressure, 1 kHz pulse repetition frequency, 10% duty
cycle, 15 s exposure). Despite significantly decreasing the cell membrane lipid order, DLPC did not increase sonoporation.
Microbubbles containing 16:0 lyso-PC, however, produced a ∼5-fold increase in sonoporation compared to control
microbubbles. Importantly, the lyso-PC molecules were incorporated into the microbubble coating and did not affect cell
permeability prior to ultrasound exposure. These findings indicate that microbubbles can be engineered to exploit lipid
exchange between microbubble shells and cell membranes to enhance drug delivery, a new optimization route that may lead to
enhanced therapeutic efficacy of ultrasound-mediated treatments.

1. INTRODUCTION

Exposure to microbubbles (MBs) and ultrasound can induce
an increase in cell permeability (sonoporation) offering a
promising modality for noninvasively increasing the local
uptake of therapeutics in a range of applications, including
cancer and neurodegenerative diseases.1−4 A range of potential
mechanisms have been proposed to explain the process of
sonoporation, but this remains an area of active research.5,6

Recent studies have reported the shedding of surface material
from phospholipid-coated MBs,7 the deposition of liposomal
lipids onto cell membranes,8 and the transfer of lipids from
phospholipid-shelled MBs to synthetic membranes during
ultrasound excitation in vitro.9 Previous work by the authors
has also shown that lipid transfer from MBs to cell membranes
influences membrane hydration and lipid order.10 Critically,
this effect was found to be highly dependent on the MB
formulation (i.e., carrier lipid chain length, emulsifier species,
and molar ratio of lipid to emulsifier). Only a few studies have
evaluated the biodistribution of lipids following ultrasound-
mediated drug delivery in vivo, but cavitation-assisted

deposition of lipids in the rat kidney has been demonstrated
in vivo using microPET and 18F-labeled lipid, and these results
suggest that lipid deposition is likely to be occurring in many
ultrasound studies.11 What is not known, however, is whether
this lipid deposition has any influence on sonoporation or
other ultrasound/cavitation-mediated bioeffects. Addressing
this question was the aim of the present study.
The first objective was to investigate whether the reduction

in cell membrane lipid order resulting from lipid transfer from
MBs also lowers the energy barrier to pore formation in cell
membranes. As pore formation is thought to be a principal
pathway for drug uptake in sonoporation, it was also
hypothesized that lipids that promote/stabilize membrane
pores and/or decrease cell membrane lipid order would
increase sonoporation efficiency if transferred into the cell
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membrane. The theoretical basis for this hypothesis is as
follows:
The net energy associated with the formation of a single

cylindrical pore of radius R in a lipid membrane (Figure 1) is
given by12

π γ πΔ = − ΓE R R2 2 (1)

where γ is the line tension (in N) and Γ is the interfacial
tension (in N/m).

The line tension of a porated membrane is the excess free
energy per unit length of the membrane edge when compared
to the free energy of an unperturbed lipid bilayer.13 Interfacial
tension is a measure of the energy per unit area of the cell
membrane arising from the imbalance of intermolecular forces
between the lipid membrane and surrounding fluid. Therefore,
the first term in (eq 1) relates to the energy required to disrupt
the membrane; the second term relates to the energy released
by a reduction in the surface area of the bilayer. Pores with a
radius above a critical value, Rc, will grow to rupture the
membrane

γ=
Γ

Rc (2)

Substituting eq 2 into eq 1, it can be seen that the critical
energy for pore formation is given by

π γΔ =
Γ

Ec

2

(3)

While many studies determine the line tension by treating the
pore as a deformation in an elastic solid, the assumption of
small deformations is violated under this approach. An
alternative method for defining the line tension is to consider
the attractive and repulsive forces acting on the lipids in the
bilayer, as described by Israelachvili et al.14 and May.13 This
model assumes that the pore has a diameter equal to the
bilayer thickness (defined as twice the average lipid chain
length) and includes only contributions to line tension from

the uniform packing of lipids. The molecular free energy of the
lipids can be described by

= Γ +f a
B
ai

h (4)

where B is the lipid head group repulsion strength, ai is the
molecular cross-sectional area at the hydrocarbon−water
interface (e.g., interfacial area), and ah is the head group area.
It can be seen that at equilibrium, the molecular areas in the

bilayer are given by

= =
Γ

a a
B

h,eq i,eq (5)

Under the assumption that lipid hydrophobic chains are
incompressible, the chain volume, v, is given by v = lah,, where l
is the average chain length. As the lipid head groups spread out
to accommodate the presence of the pore, the interfacial area
along the pore diameter is increased such that ai,e ∼ 2ah,eq. This
can be visualized as the transformation of a cylinder-shaped
lipid in the bilayer into a cone-shaped lipid along the pore with
chain volume conserved. It follows that the line tension (the
excess free energy per unit length of the edge of the pore) is
given by

γ = [ − ]f a f a N(2 ) ( )h,eq h,eq (6)

where = πN l
v2

2

is the number of lipids in the pore per unit

length (e.g., by dividing the micellar area by the chain volume).
This results in a useful expression for the line tension

γ π= Γl
4 (7)

The critical energy required for pore formation is thus

πΔ = ΓE l
16c

3
2

(8)

From eq 5, the interfacial tension can be expressed as Γ = B
ah,eq

2

such that

πΔ =E B
l

a16c

3

h,eq

2i

k
jjjjjj

y

{
zzzzzz (9)

From eq 9, it may be seen that the energy required for pore
formation is directly related to the characteristics of the lipid
molecules. Following directly from this, the second objective of
this study was to determine whether an MB formulation could
be deliberately designed to sensitize cells to ultrasound-
mediated delivery of a model drug via lipid exchange
mechanisms.

2. MATERIALS AND METHODS
2.1. Overview of Experiments. Multiple materials have been

used for the stabilization of microbubbles,15 including cross-linked
serum albumin,16,17 biopolymers such as polylactic acid (PLA) and
polylactic co-glycolic acid (PLGA),4,18,19 and biological surfactants,
most notably phospholipids.2 Of the four commercially available
microbubble agents worldwide, three are based on phospholipids
combined with lipid emulsifiers (SonoVue(R) Bracco, Definity(R)

Bristol Myers Squibb, and Sonazoid(R) GE Healthcare). Thus, the
present study has focused on the effect of lipid microbubble
composition on sonoporation, although it should be noted that the
effects of other coating materials upon cellular membranes are also

Figure 1. Diagram showing the molecular arrangement and
dimensions used to determine the line tension around a pore
(modified from May13). Lipid head groups are dots, and lipid chains
are simplified to a single line per lipid. It can be seen that the pore size
used to determine line tension is equal to the bilayer thickness. Inset:
the variables used in determining the line tension are labeled on a
diagram of a single lipid (ai is the molecular cross-sectional area at the
hydrocarbon−water interface, ah is the head group area, l is the
average chain length, and the chain volume, v, is given by v = lah).
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worthy of investigation. From eq 9, it may be seen that both the
hydrocarbon chain length and symmetry of the lipid molecules can
potentially influence pore formation. These were also found to be
important factors in determining material transfer in the authors’
previous results,10 as was their relative concentration. The following
experiments were therefore carried out.
2.1.1. Effect of Excess Emulsifier.Microbubbles consisting of either

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) or 1,2-dibeheno-
yl-sn-glycero-3-phosphocholine (DBPC) and polyoxyethylene (40)
stearate (PEG40S) were prepared as described below. These
formulations were selected as they are commonly used in microbubble
research.20−22 The commercial contrast agent SonoVue(R) whose
major constituent is DSPC in combination with a PEG derivative was
also prepared according to the manufacturer’s instructions. Samples of
microbubbles with matched concentrations and size distributions
were incubated with A-549 cells either as prepared or following
“washing” by centrifugation to remove excess emulsifier from the
suspending liquid. The effect on the lipid order of the cell membranes
was measured using spectral imaging (Section 2.6), and the number of
cells permeabilized to a model drug following ultrasound exposure
was determined by confocal microscopy (Section 2.8).
2.1.2. Effect of Hydrocarbon Chain Length. Equation 9 indicates

that the transfer of lipid molecules with shorter hydrocarbon chain
into the cell membrane should reduce the energy required for pore
formation by lowering the average lipid chain length. Mismatches in
lipid chain lengths in a lipid bilayer that alter local hydration and
membrane curvature can also act to destabilize the membrane. A-549
cells were therefore incubated with concentration-matched suspen-
sions of phosphatidylcholines (PCs) of different chain lengths (from
10 to 22), and changes in membrane lipid order were again measured
by spectral imaging. Further investigation was then carried out into
the effect upon A-549 cell sonoporation of the PC (1,2-dilauroyl-sn-
glycero-3-phosphocholine, DLPC) most likely to nontoxically
decrease the lipid order of the cell membrane in the time scales of
a practical sonoporation experiment (<10 min).
2.1.3. Effect of Lipid Molecule Shape. Equation 9 also indicates

that as a lipid becomes more conical (either as ah is increased, l is
decreased, or both, for the same chain volume), it will have greater
potential to promote and stabilize membrane pores. Indeed, this
concept has been employed in the design of thermosensitive
liposomes that use conical lyso-PCs to stabilize pores in the liposome
upon exposure to mild hyperthermia, enabling triggered drug
release.23 It was therefore hypothesized that saturated lysophospha-
tidylcholines (lyso-PCs) might be more effective than short-chain
phospholipids in promoting sonoporation. The effects of lyso-PC on
cell membrane lipid order and permeability were evaluated as above,
and, due to the widespread permeabilizing effects of free lyso-PC,
lyso-PC-loaded MBs (lyso-MBs) were then developed for the
ultrasound-triggered release of lyso-PC. Lyso-MBs were then assessed
for their ability to potentiate sonoporation.
2.2. MB Manufacture. MBs were produced using a previously

reported batch sonication protocol.24 For the purposes of this study, it
was important to be able to produce populations that were consistent
in terms of size distribution, concentration, stability, and acoustic
response. While sonication has several shortcomings as a fabrication
process in terms of the polydispersity of the microbubbles, it does
meet the above requirements. Moreover, it is still widely used in the
manufacture of commercial agents and in the research literature25,26

and thus enables comparison of microbubble characteristics with
those reported in other studies. Briefly, the relevant lipids (Avanti
Polar Lipids Inc.) and polyoxyethylene (40) stearate (PEG40S,
Sigma-Aldrich, U.K.) were dissolved in chloroform (Sigma-Aldrich,
U.K.) and mixed in a glass vial at the molar ratios given in Table 1
(total weight of constituents = 20 mg). The mixture was subsequently
heated on a hot plate at 58 °C for 12 h, to allow for the chloroform to
evaporate. This lipid film was suspended in 5 mL of filtered
phosphate-buffered saline (PBS, pH 7.4) solution (ThermoFisher
Scientific Loughborough, U.K.) for 1 h on a hot plate at 100 °C under
constant magnetic stirring. Lipids were then homogeneously
dispersed for 90 s using a sonicator (XL 2000, probe diameter 3

mm, 20 W, 22.5 kHz, Misonix) with the tip completely immersed in
the lipid solution (power setting 4). MBs were then formed by placing
the sonicator tip at the air−water interface under a constant sulfur
hexafluoride (SF6) flow (The BOC Group plc, U.K.) and sonicating
for 30 s (power setting 14). Immediately after production, the vial
containing the MB suspension was capped and placed in ice for at
least 10 min. A summary of the different microbubble formulations
used in the experiments is shown in Table 1.

2.3. MB Size, Stability, and Concentration Matching. To
ensure that the microbubbles used in each experiment were matched
in terms of size distribution and concentration, these quantities were
measured by optical microscopy for each sample prior to their use.
MB suspension of 10 μL was transferred onto a Neubauer improved
cell counting chamber (Hausser Scientific Company) under a 24 mm
× 24 mm glass coverslip (VWR International). At least 10 images of
MBs were acquired at a 40× magnification using a Leica DM500
microscope (Leica Microsystems GmbH, Germany) coupled with a
CCD camera (MicroPublisher 3.3 RTV, QImaging, Canada). MB
sizing and counting were performed using a purpose-written code in
MATLAB (The MathWorks Inc., Natick MA).27

Only phospholipid/emulsifier-coated MBs were included in the
present study as these are currently the most commonly used
clinically. Previous authors have used electron microscopy to show
that MBs of this type consist of a gas core surrounded by a surfactant
monolayer.28 The shell “thickness” would thus be expected to be
proportional to the size of the constituent molecules. Whereas it is
possible to image differences in shell thickness for polymer-coated MB
with relative thick shells,29 to the best of the authors’ knowledge, there
is no technique that has sufficient spatial resolution to discern any
differences in thickness for the MB formulations used here, as these
would be of the order of a few angstroms.30 Borden and Longo have,
however, shown that phospholipid chain length does affect micro-
bubble stability and acoustic response.31 These properties were
therefore measured to verify that, between those formulations for
which a difference in sonoporation was observed, there was no
statistically significant difference in acoustic response as a function of
time (SI Sections S5 and S6).

2.4. Removal of Unincorporated Emulsifier.MBs were washed
by centrifugation.32 Briefly, MBs were loaded into a 10 mL syringe
and centrifuged for 5 min at 200 g. Following centrifugation, the
subnatant was discarded and the MBs were resuspended in
phosphate-buffered saline (PBS). It was found that roughly half of
the MBs were lost to centrifugation upon washing. However, MBs
were concentration-matched with unwashed MBs before experimen-
tation, and, as above, it was verified that there was no statistically
significant effect upon the microbubble acoustic response (SI Sections
S5 and S6).

2.5. Cell Culture. Immortalized human alveolar adenocarcinomic
cells (A-549s) were grown in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (P/S). Cells were grown in a temperature- and CO2-
controlled incubator at 37 °C and 5% CO2, respectively. Cells were
removed from T-75 culture flasks at an ∼80% confluence by a ∼2 min
exposure to 0.25% trypsin/EDTA. Cells were then suspended in a 10

Table 1. Overview of the MB Formulations Used in This
Study

formulation
lipids and
emulsifiers molar ratio

i 18:0 PC-PEG40S DSPC, PEG40S 9:1
ii 22:0 PC-PEG40S DBPC, PEG40S 9:1
iii Sonovue(R) DSPC,

PEG4000,
DPPG, palmitic
acid

71:9806:75:46

iv Lyso-MBs (25 μM)/(80 μM) DBPC, PEG40S,
16:0 lyso-PC

9:1:1 or 9:1:4

v PC-MBs DBPC, PEG40S,
16:0 PC

9:1:1 or 9:1:4
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mL culture medium (DMEM with 10% FBS) to deactivate the trypsin
and centrifuged for 5 min at ∼200 g to form a pellet. Cells were then
resuspended in a 10 mL culture medium. Cell concentration and
viability were measured using trypan blue and a Countess Automated
Cell Counter (Invitrogen). Cells were plated at a ∼40% seeding
density in 35 mm Ibidi μ-Dishes for sonoporation experiments and 8-
well Ibidi μ-Slides (Ibidi, Graf̈elfing, Germany) for spectral imaging
experiments and were used in experiments ∼16 h after plating.
Subconfluent cells were employed to improve the reliability of image
segmentation and to reduce uncertainty introduced by the varying
tightness of cell−cell contacts at confluence. All cell culture materials
were purchased from ThermoFisher Scientific, unless stated
otherwise.
2.6. Measuring Cell Membrane Lipid Order Using Spectral

Imaging. Changes in the lateral order of the lipids (revealing how
densely the lipids are packed) due to exposure to ultrasound and/or
MBs were quantified using C-Laurdan, an environmentally sensitive
fluorescent probe with similar spectral characteristics to Laurdan but
with greater photostability. C-Laurdan fluorescence emission spectra
were measured for each pixel at a 63X magnification by spectral
imaging on a confocal microscope equipped with a 32-channel GaAsP
detector array (Zeiss LSM 780, Carl Zeiss AG, Germany), following a
method previously reported.33 C-Laurdan was excited at 405 nm, and
the lambda detection range was set between 415 and 691 nm.
Generalized polarization (GP, ranging from −1 to 1) was employed as
a relative measure of lipid order34 and was calculated as follows

=
−
+

GP
I I
I I

440 490

440 490

where I440 and I490 correspond to the fluorescence intensity at 440 and
490 nm emission wavelengths, respectively. Notably, 440 nm is
associated with lower hydration and polarity, resulting in GP = +1
when only this wavelength is emitted. This indicates higher lipid order
and means that lipids are in the gel phase (ordered). Conversely, 490
nm is associated with greater hydration and polarity, resulting in GP =
−1. This indicates lower lipid order and prevalence of a liquid-
crystalline phase (disordered, or less ordered).
Cells were washed with phosphate-buffered saline (PBS) twice and

then exposed to MBs in PBS for ∼90 s. The MB solution was then
removed, cells were washed again with PBS, and labeled with 400 nM
C-Laurdan in PBS for ∼1 min before imaging. Temperature control
was achieved using the incubation chamber of the confocal
microscope and verified using a thermocouple. PBS was preheated

in a water bath and also transferred into the temperature-controlled
microscope chamber. Samples were measured with a thermocouple
after completing imaging to confirm temperature control to within ±1
°C. A custom-image-processing routine35 for batch-processing
spectral images was then used to obtain a GP value for both the
cells and cell membranes.

2.7. Ultrasound for Sonoporation Experiments. Ultrasound
exposure for the sonoporation experiments was conducted in a water
tank system consisting of a 1 MHz focused ultrasound source (8233
A101, Imasonic, Voray sur l’Ognon, France), a purpose-built sample
holder, and a single element focused transducer used as a passive
cavitation detector (Panametrics V320, Olympus NDT, Essex, U.K.).
For further information on this setup, please see the SI (Section S3).
The acoustic absorber was placed opposite the transducer to attenuate
reflections. The sample holder was designed to hold cell culture dishes
(μ-Dishes, Ibidi) with plastic substrates much thinner (∼100 μm)
than the acoustic wavelength in water enclosed with a custom
poly(dimethylsiloxane) (PDMS) lid (∼1.2 mm thick). Design and
characterization of the acoustical properties of this PDMS “Sonolid”
have been described in detail by Carugo et al.36

In preparation for sonoporation, cells plated in a 35 mm μ-dish
were fitted with a Sonolid.36 The assembly was filled by needle
injection through the Sonolid inlet with a solution containing 40 μL
propidium iodide (PI), 10 mL Dulbecco’s phosphate-buffered saline
(PBS), and 1 mL MBs, ensuring that there were no entrapped air
bubbles. The Sonolid inlet and outlet were then plugged. The dish
was then inverted so that the MBs floated into contact with the cells
and placed into the ultrasound system. The cells were then exposed to
15 s of ultrasound at 1 MHz, a 0.25 MPa peak negative pressure, and
with a 1 kHz pulse repetition frequency at a 10% duty cycle. These
ultrasound settings were found to reliably produce both sonoporation
in around 10% of the cells and negligible cell death by the time the
cells were imaged in each control sample.

2.8. Assessment of Cell Sonoporation. Upon removal from the
ultrasound system, the cells were washed with PBS and incubated
with calcein-AM for 5 min before imaging. PI and calcein-AM staining
were evaluated using dual-wavelength fluorescence microscopy
(Nikon Eclipse Ti, Melville, NY) with multipoint scanning to account
for inhomogeneity of the ultrasound field and other area effects that
may originate from cavitation events. PI is normally cell-impermeant
and thus widely used as a model drug as its uptake indicates
membrane permeabilization.37 Calcein-AM is cell-permeant and
converts to green fluorescent calcein upon uptake by viable cells,

Figure 2. Effect of washing various MB formulations at 22 °C. Unwashed MBs are shown in panels (A−C). Washed MBs are shown in panels (D−
F). A comparison of the normalized size distributions of washed and unwashed MBs is shown in panels (G−I). The columns from left to right
contain SonoVue MB, 18:0 PC-PEG40S MB, and 22:0 PC-PEG40S MB, respectively. Images were taken with a 40× magnification following a 10×
dilution. The scale bar in (A) applies to all panels.
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thus providing a useful indicator of toxicity.38 A purpose-written
MATLAB script was then used to count the number of cells with and
without permeabilized membranes in each image. Further details on
this script can be found in the SI (Section S4).
2.9. Temperature Control during Sonoporation Experi-

ments. For sonoporation at 37 °C, degassed water was heated in a
water bath and poured into the ultrasound system immediately prior
to each sonication. A thermocouple was used to verify the
temperature of a no-cell sample under equivalent preparation each
day of experiments to confirm temperature control to within ±1 °C.
For experiments at room temperature (RT), the measured temper-
ature was 22 ± 1.5 °C.
2.10. Statistical Analysis. A three-way analysis of variance

(ANOVA) was performed for experiments with A-549 cells
conducted in the μ-Slides using MB formulation, temperature, and
washing as factors. A two-way ANOVA with MB formulation and
ultrasound exposure as factors was employed for the analysis of the
sonoporation results. All ANOVAs with α values below 0.05 were
followed with multiple comparisons using Tukey−Kramer tests
(significant for p < 0.01). All calculations were performed using
Matlab.

3. RESULTS AND DISCUSSION
3.1. Microbubble Size Distributions. There were no

statistically significant differences between the size distribu-
tions of the different formulations shown in Table 1. These are
shown together with representative microscope images in
Figures 2 and 3. Figure 2 compares MBs made with a primary
phospholipid of a different hydrocarbon chain length
(formulations i and ii) with the commercial contrast agent

SonoVue(R) (formulation iii). It also demonstrates that the
washing process had no significant impact on the size
distribution.
Lyso-MBs were formed with 22:0 PC, PEG40S, and 16:0

lyso-PC at a 9:1:4 molar ratio such that the lyso-MB solution
contained ∼315 μM of 16:0 lyso-PC (formulation iv). PC-MBs
were also produced as a control for the incorporation of a third
constituent in the lyso-MBs (formulation v). Figure 3
demonstrates that the incorporation of either 16:0 PC or
16:0 lyso-PC had no effect on the size distribution as
compared with that of the control microbubble (formulation
ii).

3.2. Effect of Unincorporated Emulsifier on Cell
Membrane Lipid Order and Sonoporation. Immortalized
human alveolar adenocarcinomic cells (A-549s) stained with
C-Laurdan were exposed to different MB formulations (Table
1) made from saturated phosphatidylcholines (PCs) of varying
chain lengths and an emulsifier, polyoxyethylene (40) stearate
(PEG40s). Changes in the lipid order of the cell membranes
were determined by measuring the fluorescence emissions
from C-Laurdan before and after MB exposure using spectral
imaging and calculating the generalized polarization (GP). The
roles of temperature (22 and 37 °C) and MB washing
(removal of unincorporated emulsifier) upon cell lipid order
were also investigated. In agreement with the previous study,10

the only formulation found to significantly affect the cell
membrane lipid order in the absence of ultrasound comprised
unwashed 18:0 PC-PEG40S MBs (n = 6, ΔGP ∼ 0.05) (Figure

Figure 3. Size distributions and concentrations for MBs used in sonoporation experiments. MB diameters and concentrations for three batches are
shown with representative bright-field microscopy images in (A−C) for control-MB, lyso-MB, and PC-MB formulations.

Figure 4. Effect of microbubbles on A-549 cell membrane and intracellular lipid order (GP). Microbubbles tested include (A) 18:0 PC-PEG40S,
(B) 22:0 PC-PEG40S, and (C) SonoVue with and without washing by centrifugation at RT and 37 °C, respectively. The only statistically
significant result (p < 0.01, n = 6) is from standard 18:0 PC-PEG40S MB at 37 °C, which reduced cell membrane lipid order.
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4). This effect was observed to be temperature-dependent,
occurring at 37 °C but not at 22 °C. As previously found, the
cell lipid disordering effect was inhibited by the removal of free
lipid and emulsifier from the MB solution by washing.
Interestingly, neither SonoVue nor 22:0 PC-PEG40S MBs
had a significant effect on cell membrane lipid order at either
22 or 37 °C, with or without washing. The effect on
sonoporation was then investigated by examining the uptake
of the dye propidium iodide (PI), to which cells are normally
impermeable. However, no difference was observed in cell
sonoporation between washed and unwashed 18:0 PC-
PEG40S MBs (n = 7) (Figure 5).
The l

ah,eq
term in eq 9 can be considered as an analogue to

the lipid order, which describes the flexibility of the lipid
chains, conventionally by the average angle of the C−H bonds
with respect to the bilayer normal. For disordered lipids, the
chains occupy a larger area and ah increases while l decreases,
resulting in a decrease in the energy required for pore
formation. The opposite is true for ordered lipids. Indeed, the
permeability of pure lipid bilayers to water molecules, ions, and
other small molecules is inversely correlated with lipid
order.39,40 As exposure to unwashed 18:0 PC-PEG40S MBs
has previously been observed to lower cell lipid order,10 this
exposure was expected to decrease the energy required for pore
formation and thus enhance sonoporation. The fact that
unwashed 18:0 PC-PEG40S MBs were found to significantly

affect the cell lipid order but not sonoporation suggests that
the decreased cell membrane lipid order produced by PEG40S
alone was insufficient to enhance model drug uptake.

3.3. Effect of PC Chain Length on Cell Lipid Order. A-
549 cells were also exposed to suspensions of different PCs for
∼90 s at a concentration of 5 mM. This concentration and
duration of treatment were chosen as it could be effectively
translated to the sonoporation setup used. While PCs with a
chain length below 16 were expected to affect the thermal
behavior of cell lipids,41,42 only 10:0 PC (DDPC) was found to
induce a significant effect (p < 0.05) on the cell membrane and
intracellular lipid order after 90 s exposure (Figure 6). 10:0 PC
lowered cell membrane GP by nearly the entire physiological
range34 (ΔGP ∼ −0.38), especially compared to that achieved
by 18:0 PC-PEG40S MBs described earlier in this study (ΔGP
∼ −0.05). Furthermore, the change in membrane GP induced
by 18:0 PC-PEG40S MBs was limited to cell membranes,
whereas 10:0 PC was also found to disorder intracellular lipids.
Further investigation of the effect of 10:0 PC on cell
membranes and cytotoxicity is described in the SI (Section
S7).
Unlike longer-chain PCs, only very small quantities of short-

to medium-chain-length (e.g., 10:0−14:0) PCs are found in
biological membranes. These shorter-chain PCs are known to
transfer more readily to cell membranes than their longer-
chain-length counterparts.43 Longer exposure times to 12:0 PC
did result in statistically significant changes in cell membrane

Figure 5. Effect of washing on an 18:0 PC-PEG40S permeabilization efficiency. Permeabilizations for controls (no treatment, ultrasound
(ultrasound) only, and washed or unwashed MBs only), as well as treatment conditions (washed or unwashed MBs exposed to ultrasound), are
shown in (A). (B) and (C) demonstrate no correlation between either the cell density or the harmonic acoustic emissions and the resultant
permeabilization. In (B) and (C), each point is an independent sample. Blue circles represent samples sonoporated with washed MBs, and red
triangles represent samples sonoporated with unwashed MBs. Controls are n = 3. MB + ultrasound conditions are n = 7.

Figure 6. Effect of saturated phosphatidylcholine (PC) lipids of varying hydrocarbon chain lengths of A-549 cell lipid order. Cells were exposed to
5 mM PC at 37 °C for ∼90 s prior to spectral imaging with C-Laurdan (n = 5 each). (A) GP of whole cells and (B) GP of segmented cell
membranes.
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lipid order (Figure 7). Owing to the greater similarity between
12:0 PC and endogenous lipids compared to that of 10:0 PC, it
was posited that this lipid would be capable of altering cell lipid
order with less severe consequences. It was found that 12:0 PC
at 5 mM exhibited a time-dependent lipid disordering effect on
A-549 cell membranes and intracellular lipids (Figure 7A). The
GP relative to controls is plotted instead of absolute GP to
account for drift from repeated exposures of the dye. Using this
method, it was found that a ∼2 min exposure to 12:0 PC
caused a significant disordering of A-549 cell lipids. This effect
increased with exposure time until the end of the experiments

(∼10 min). This was confirmed by a more conventional GP
measurement (Figure 7B), performed on separate samples
exposed to 12:0 PC for 10 min and then washed and labeled
for spectral imaging. Exposure to 5 mM of 12:0 PC for 10 min
lowered cell membrane GP by 0.12 compared to that of
control samples on average. This was more than double the
change in GP induced by 18:0 PC-PEG40S MBs (ΔGP ∼
0.05).

3.4. Effect of PCs on Cell Sonoporation. Of the
cylindrical PCs investigated, 12:0 PC demonstrated the
greatest potential for use in sonoporation experiments. 12:0

Figure 7. Effect of 12:0 PC on A-549 lipid order. A-549 cells were exposed to 5 mM of 12:0 PC at 37 °C for 10 min and measured either
concurrently (A) or at the end of the treatment after washing (B), using C-Laurdan and spectral imaging. (A) Significant (p < 0.05) decrease in
whole-cell lipid order can be observed from a 150 s exposure onwards. (B) At a 10 min exposure with poststaining, cell membrane GP is also
significantly decreased.

Figure 8. Effect of a 12:0 PC pretreatment on sonoporation efficiency. (A) Mean and standard deviation of permeabilization fraction as a function
of a 12:0 pretreatment time (n = 6) (also shown in the main paper). (B) Scatter of the permeabilization data vs the observed cell density indicating
no dependence between the two variables across the experiments. (C) Scatter of permeabilization data vs the measured harmonic energy in
acoustic emissions indicating no dependence between the two variables across the experiments. In (B) and (C), each point represents an
independent sonoporation experiment sample for pre-exposure times to 12:0 PC of 0 min (red circles, e.g., no pretreatment), 5 min (green
squares), and 10 min (blue triangles).

Figure 9. (A) Effect of 16:0 lyso-PC at 80 μM and 37 °C on A-549 cell lipid order. Cells were exposed for ∼90 s (n = 3). (B) Histograms for cell
membrane GP from a sample counterstained with propidium iodide for marking permeabilization after exposure to lyso-PC (without ultrasound)
and spectral imaging with C-Laurdan. Cells permeabilized by lyso-PC exposure had lower GP on average (GPpermeabilized = 0.002 ± 0.034 and
GPnot‑permeabilized = 0.058 ± 0.055).
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PC was found to disorder cell membrane lipids and
intracellular lipids substantially (ΔGP ∼ −0.12) without the
permeabilizing or cytotoxic effects of 10:0 PC. A-549 cells were
therefore pretreated with 12:0 PC for either 5 or 10 min before
exposure to ultrasound. Pretreatment was used instead of
coinjection with MBs to avoid the added complexity of 12:0
PC potentially altering the acoustic behavior of the MBs. MBs,
however, were observed to be stable in the presence of 12:0
PC for the duration of the experiment. Despite the significant
effect on cell lipid order, it was found that pretreatment with
12:0 PC had no significant effect on sonoporation (Figure 8; p
> 0.05, n = 6).
3.5. Effect of Lyso-PC on Cell Lipid Order. The

theoretical analysis above indicated that a different class of
lipids, saturated lysophosphatidylcholines (lyso-PCs), might
have a more significant effect upon pore formation and
stabilization than saturated PCs at the same chain length.
Further experiments were therefore carried out to test this
hypothesis. 16:0 lyso-PC was found to have a significant
disordering effect on cell membrane lipids with ΔGP = −0.058
± 0.038 (Figure 9A). A positive correlation between the
uptake of propidium iodide and reduced membrane lipid order
was also found (Figure 9B), even without ultrasound exposure.
The molarity of 16:0 lyso-PC required for cell membrane
permeabilization was found to be 2 orders of magnitude lower
than that of 10:0 PC.
3.6. Effect of Lyso-MBs on Cell Sonoporation. After the

effects of 16:0 lyso-PC on cell membrane lipid order and
permeability had been evaluated, lyso-PC-loaded MBs (lyso-
MBs) were developed to enable the ultrasound-triggered
release of lyso-PC. Figure 10 shows how the concentration and
diameter of both control-MBs (formulation ii) and lyso-MBs
(formulation iv) changed over time relative to their initial
values. As would be expected, the concentration of both
formulations decreased over time and the diameter increased.
All experiments were conducted within 4 h of microbubble
manufacture when there were no statistically significant
differences in stability. Consistent with this finding, lyso-MBs
and control-MBs produced statistically indistinguishable
acoustic emissions, indicating that their response to ultrasound
was very similar (see SI Section S5).
The lyso-MBs were then assessed for their ability to

potentiate sonoporation. Lyso-MBs with a final lyso-PC
concentration of 80 μM were found to significantly increase
sonoporation efficiency (p < 0.0001), achieving a permeabi-
lization of 39.1 ± 12.7% of cells (n = 7), compared to 6.0 ±

5.2% of cells permeabilized following exposure to control-MBs
(22:0 PC-PEG40S MBs) and ultrasound (n = 7) (Figure 11).

Interestingly, neither 25 nor 80 μM lyso-MBs without
ultrasound significantly increased the percentage of cells
permeabilized when compared to control-MBs without
ultrasound (Figure 12). This, along with the effect of 80 μM
lyso-PC, suggests that lyso-PC was successfully incorporated
into the MB shell rather than forming lyso-PC micelles
exclusively. If 16:0 lyso-PC had not been incorporated into
lyso-MB shells, significant permeabilization would be expected
without ultrasound exposure, as observed in Figure 12.
Separately, it was found that adding 16:0 PC lipids to MBs,

i.e., to form PC-MBs (as a control for adding lipids and
hydrolysis), did not have a significant impact on sonoporation
compared to that of control-MBs, despite the fact that some of
the 80 μM PC-MB samples produced stronger acoustic
emissions (see SI Section S6). That PC-MBs did not achieve
greater sonoporation provides evidence for attributing the
enhancement of sonoporation to the presence of 16:0 lyso-PC
in the lyso-MB formulation and not the addition of a third
component to the MBs. No dependence of sonoporation on
cell density or acoustic emissions was found.

Figure 10. Stability of control-MBs and lyso-MBs as indicated by their diameter and concentration changes over time normalized by their initial
values (n = 3; MBs were stored in a sealed vial at 4 °C in between measurements).

Figure 11. Effect of lyso-MBs and PC-MBs on A-459 cell
sonoporation efficiency. Cell permeabilization results are shown for
concentrations of 25 and 80 μM of 16PC and 16-lyso-PC in the PC-
MBs and lyso-MBs, respectively. Lyso-MBs with 80 μM of 16-lyso-PC
significantly enhance the delivery of a model drug (propidium iodide)
when compared to control-MBs containing lysolipid (p < 0.0001).
Neither of the PC-MB results are significantly different from that of
the control-MBs.
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To further investigate the effect of the lyso-MBs on cell
membrane permeabilization, cells were exposed to either lyso-
MBs, lyso-MBs destroyed by heating and exposure to low-
frequency ultrasound (40 kHz), or control-MBs with lyso-PC
added to the suspending medium immediately prior to
exposure for ∼90 s at 37 °C (see Figure 12). Interestingly,
there was no difference in cell permeabilization between cells
exposed to lyso-MBs and destroyed lyso-MB. These results
again provide evidence that lyso-PC was successfully
incorporated into lyso-MB shells rather than forming lyso-PC
micelles. In addition, the lyso-MB formulation itself does not
appear to be toxic for the exposure conditions tested.
3.7. Potential of Lyso-MBs for Enhanced Ultrasound-

Mediated Therapy. In terms of the expected behavior of
lyso-MBs in vivo, the high lipid transfer rate of lyso-PCs and
the presence of specific enzymes for its clearance could be
beneficial. These factors may enable the rapid delivery of
therapeutic material followed by the enzymatic degradation of
lyso-PCs into innocuous chemical species. Conversely, there is
some risk of toxicity if lyso-PCs transfer from MB shells to
blood cells or the endothelium prior to ultrasound exposure in
vivo. While this must be evaluated experimentally, it is
encouraging that thermosensitive liposomes containing lyso-
PCs have already been used in clinical trials44 and, to the best
of the authors’ knowledge, no evidence of blood toxicity has
been reported.
The 16:0 lyso-PC used in the present study can also likely be

replaced by a number of structurally similar synthetic lysolipids
(alkyl ether lipids), which may provide additional therapeutic
benefit. For example, Edelfosine, similar to lyso-PC but with
better metabolic stability in vivo provided by an ether bond,
has been shown to inhibit tumor cell proliferation.45 Edelfosine
was also the first cancer drug to specifically target the cell
membrane, with a mechanism involving the disruption of lipid
rafts, which ultimately induces apoptosis.46 Similarly, Mitelfo-
sine, which is lyso-PC lacking the glycerol residue, has also
been investigated to this end, but its clinical translation, like
Edelfosine, was hindered due to systemic toxicity.45 Perifosine
has since been developed in which the choline head group on

the Mitelfosine lipid is substituted for a moiety that improves
the stability and half-life of the drug. Perifosine has had clinical
success when orally administered in combination with other
cancer therapies and exhibits selective cancer kill in vitro.45

The clinical potential of alkyl ether lipids, either those
mentioned or less hemolytic alkyl ether lipids under
investigation, potentially could be enhanced when incorpo-
rated into an ultrasound-mediated triggered release delivery
system.
The microbubble fabrication process could also be

improved. As stated above, sonication has a number of
limitations, in particular, the relatively broad size distribution
of the microbubbles produced and inefficient and/or nonuni-
form incorporation of coating components. Alternative
methods include electrolytic,47 electrohydrodynamic,48 laser-
based,49 gyratory,50 microfluidic,51 and hybrid52 approaches,
although these still suffer from relatively low production rates.
Unnikrishnan et al.53 have also recently shown that
amalgamation may provide a more efficient process for
incorporating targeting species into microbubble coatings,
and this might offer a superior method for producing lyso-
MBs.

4. CONCLUSIONS
The aim of this study was to investigate whether the previously
reported transfer of material from lipid-coated microbubbles
into cell membranes would affect their sensitivity to
sonoporation, i.e., permeabilization by ultrasound. The effects
of various commonly used microbubble constituents were
investigated, specifically the emulsifier polyoxyethylene (40)
stearate and phosphatidylcholines (PCs) with varying hydro-
carbon chain lengths. The effects of temperature and washing
by centrifugation to remove unincorporated lipid and
emulsifier were also investigated.
Changes in A-549 cancer cell membrane lipid order

following exposure to ultrasound were quantified in terms of
changes in generalized potential (GP) using spectral imaging.
Permeabilization was measured in terms of the number of cells
showing the uptake of a model drug (propidium iodide) before
and after ultrasound exposure (1 MHz, 250 kPa peak negative
pressure, 1 kHz pulse repetition frequency, 10% duty cycle, 15
s exposure). Of the previously reported microbubble
formulations tested, the only one found to significantly affect
the cell membrane lipid order in the absence of ultrasound
comprised unwashed 18:0 PC-PEG40S MBs (ΔGP ∼ 0.05) at
37 °C. Upon exposing this formulation, with or without
washing, to ultrasound, however, no difference was found in
the number of sonoporated cells. Exposing cells to 5 mM
suspensions of shorter-chain PC molecules also lowered the
membrane lipid order compared to control samples. The
suspension of 10:0 PC produced a reduction in GP of 0.38
after 90 s but was found to be toxic to the cells. The
suspension of 12:0 PC was nontoxic and produced a change in
GP of 0.12 after 10 min. This was more than double the
change in GP induced by 18:0 PC-PEG40S MB, but again, no
effect upon sonoporation was observed.
A different class of lipids, saturated lysophosphatidylcholines

(lyso-PCs), was also investigated that was hypothesized to
transfer more readily into the cell membrane and to promote
both the formation and stability of cell membrane pores, as
compared with PCs. Suspensions of 16:0 lyso-PC were found
to produce a significant reduction in GP (0.058). Although this
change was comparable to that produced by 18:0 PC-PEG40S

Figure 12. Cell membrane permeabilization MBs, destroyed MBs,
and free lysolipid in the absence of ultrasound. Exposure to lyso-MBs,
lyso- MBs destroyed by repeated heating to 85 °C and sonication, or
lysolipid at 25 μM caused cell permeabilization that was not
significantly different from that caused by control-MBs. Exposure to
both 80 μM of 16:0 lyso-PC and control-MBs spiked with 16:0 lyso-
PC, however, significantly permeabilized cells (p < 0.0001). 16:0 lyso-
PC was incubated for 90 s, and cells were kept at 37 °C for all
conditions.
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microbubbles, cell permeability was seen to increase even in
the absence of ultrasound. Microbubbles containing 16:0 lyso-
PC were therefore prepared and found to produce a ∼5-fold
increase in the number of cells permeabilized to a model drug
compared to control microbubbles containing 16:0 PC,
achieving permeabilization of 39.1 ± 12.7% of cells, compared
to that of 6.0 ± 5.2% (n = 7). Importantly, the lyso-PC was
found to be incorporated within the microbubble shell and
only produced a permeabilizing effect upon exposure to
ultrasound. These findings indicate that potential improve-
ments in therapeutic efficacy may be achieved by optimizing
the lipid composition of microbubbles to facilitate delivery.
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