
Page | 251 
 

 

 

Insights into ultrasonic release from eLiposomes 

Marjan Javadi 1, William G. Pitt 1,* 
1 Chemical Engineering Department, Ira A. Fulton College of Engineering and Technology/ Brigham Young University, Provo, United States of America 

*corresponding author e-mail address: pitt@byu.edu 

ABSTRACT 
A novel nanosized liposomal carrier was prepared consisting of perfluorocarbon emulsion droplet(s) encapsulated inside a liposome, 
which is called an eLiposome. This 200-nm construct is useful for acoustically activated drug delivery because ultrasound causes the 
emulsion droplet to expand from liquid to gas, which expansion ruptures the eLiposome bilayer and releases the internal contents. This 
study focuses on the parameters that influence control of the release of calcein (a model drug), including ultrasound amplitude, 
insonation time, and perfluorocarbon vapor pressure as a function of temperature and composition. The results show that calcein release 
increases as the ultrasound amplitude or insonation time increases. Changing the composition of emulsion droplets from perfluorohexane 
to perfluoropentane increases release, as does increasing temperature. The release of calcein increases as the droplet vapor pressure 
increases, but the correlation with vapor pressure does not appear to be strictly linear. 
Keywords: eLiposome, drug delivery, liposome, ultrasound, perfluorocarbon emulsion. 

1. INTRODUCTION 
 Cancer remains one of the leading causes of death 

worldwide. The best treatment often is the removal of the early 

stage tumor. Chemotherapy and radiotherapy are usually 

supplemental therapies following surgery, or sometimes primary 

therapies for cases in which surgery is not a choice. However, 

patients receiving chemotherapy are afflicted by the adverse side 

effects of many of these cytotoxic drugs. Specialized nanocarriers 

can be very useful in delivering chemotherapeutics to a specific 

part of the body (targeted delivery), compared to conventional 

chemotherapy which usually distributes the drug indiscriminately 

through the body where it may interact with all cells, both healthy 

and cancerous. One helpful strategy is to place targeting ligands 

on the drug carrier to enhance targeting to specific tissues. These 

specialized carriers can be used to deliver various therapeutic 

drugs or nucleic acids. Liposomes and emulsions have been 

studied extensively in drug and gene delivery [1-4], often for 

treatment of cancer [5, 6]. Liposomes can be formulated to be 

biocompatible and biodegradable and also can encapsulate both 

hydrophobic and hydrophilic drugs. In 2012 there were eleven 

liposome formulations of cancer therapeutics that are approved for 

clinical use [7]. 

 To increase the circulation time of liposomes, polyethylene 

glycol (PEG) chains are often attached to the exterior surface of 

liposomes. Furthermore these stealth liposomes can be decorated 

with monoclonal antibodies or other targeting ligands such as 

folate linked to the distal ends of the PEG chains [8, 9]. Optimal 

concentrations of PEG chains and targeting ligands can lead to 

long-circulating yet cell-specific liposomes.  

 Recently, triggered release of payload has been gaining 

much attention in the field of targeted delivery. In triggered 

targeting, a drug action and/or its deposition can be controlled by 

focused application of external energy such as light, magnetic 

field or mechanical energy. Triggered release provides an 

additional level of targeting specificity when the target site is 

known. Carriers that collect at target site can be triggered to 

release their contents, while those that collect elsewhere, via a 

ligand or a non-specific mechanism, will not be trigged to release 

their contents. 

 Ultrasound (US) is a preferred triggering mechanism 

because it can easily penetrate deep into the body and be focused 

on a selected site, such as a tumor [10]. Ultrasound applied at low 

average intensity is often used for imaging, while high intensity 

US is often applied for local heating of tissues [11].  The 

mechanical effects of ultrasound can also increase the 

permeability of cell membrane toward uptake of released drug, 

most probably by ultrasonic cavitation (the oscillation in the size 

of a gas bubble), which mechanically disrupts the cell membrane 

[12]. Another important application of ultrasound in targeted drug 

and gene delivery is its ability to initiate the release of drugs or 

genes from particles that sequester or bind the therapeutics [13, 

14]. The same physical effects of ultrasound that increase 

permeability of cell membranes by mechanical disruption can be 

used to release drugs or genes from micelles, liposomes or solid 

particles. 

 A common source of gas bubbles for cavitation in medical 

applications is ultrasound contrast agents such as Optison and 

Definity, both of which contain perfluoropropane gas. While 

perfluorocarbon (PFC) gas bubbles of can be used to ultrasonically 

trigger drug delivery [15-17], these bubbles are usually too large 

(1-10 µm in diameter) to escape from the circulatory system; and 

thus ultrasound-triggered therapy by pre-formed gas bubbles is 

limited to treating the circulatory system. However, PFC liquids 

can be formed into submicron-sized emulsion droplets.  Similarly 

liposomes can also be made sufficiently small for extravasation; 

but unfortunately they are not as ultrasonically sensitive as are 

microbubbles. To take advantage of both the small size of 

liposomes and the mechanical action of cavitating bubbles, our lab 

has developed a very small liposome that also contains at least one 
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small PFC liquid droplet (≤100 nm) encapsulated within the 

liposome that will expand to gas during ultrasonically trigged 

targeting. These liquids have vapor pressures sufficiently high that 

ultrasound triggers their transformation from liquid to gas, a 

phenomenon called acoustic droplet vaporization (ADV) [18-22]. 

Our preferred liquid is perfluoropentane (PFC5) which has a 

normal boiling point of 29°C. Despite this low boiling point, 

nanosized droplets remain liquid at 37°C, due to high Laplace 

pressure, but are easily triggered to transform to gas upon 

insonation [21]. 

 In a previous publication [23] ultrasonically triggered 

rupture was studied using eLiposomes that were prepared by a 

very different and rather cumbersome method that employed the 

unfolding and refolding of liposome in presence of emulsion 

droplets.  Fortunately we have more recently developed a much 

easier method of preparation [24] and demonstrated delivery of a 

model drug and DNA plasmids [25]. Because folate receptors are 

often overexpressed in cancer cells and binding induces 

endocytosis, we attached folate via a PEG chain to the exterior of 

the eLiposome so that upon binding to a folate receptor on the cell 

surface, the eLiposome is quickly endocytosed. When the 

endocytosed eLiposome is fractured by acoustic droplet 

vaporization, the endosome is also ruptured and the therapeutic is 

released directly to the cell cytosol [25]. 

 While we have released therapeutics to the cytosol of cells, 

we had not yet systematically studied some of the experimental 

parameters controlling release.  The goals of the present 

experiments were to identify some of the physical and chemical 

factors that can affect the responses of eLiposomes to low 

frequency ultrasound. These include observing the effect of 

ultrasound intensity, insonation time, temperature, and PFC 

compositions in releasing calcein, a water-soluble model drug that 

allows facile quantitation of the amount released. A quantitative 

understanding of the physics and chemistry of ultrasonically 

targeted release can assist in designing optimal ultrasound-

activated drug carriers. 

2. EXPERIMENTAL SECTION 

2.1. Chemicals. 

 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 

[amino(polyethylene glycol)-2000] (DSPE-PEG(2000)-amine) 

was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 

1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA) and DMPC were 

purchased from Echelon Biosciences Inc. (Salt Lake City, UT). 

Folic acid and perfluorohexane (PFC6) were purchased from 

Sigma-Aldrich (St. Louis, MO).  PFC5 was purchased from 

SynQuest Labs, Inc. (Alachua, FL). Phosphate buffered saline 

(PBS) solution and Triton X-100 were purchased from Fisher 

Scientific (Fair Lawn, NJ).  Chloroform was purchased from 

Mallinckrodt Baker Inc., (Phillipsburg, NJ). Calcein was 

purchased from MP Biomedicals (Aurora, OH). These reagents 

were used without further purification. 

2.2. Synthesis of DSPE-PEG-Folate. 

 Folate was attached to a DSPE-PEG(2000)-amine) by 

adaptation of published methods [26]. Briefly, folate was 

dissolved in dimethyl sulfoxide (DMSO). DSPE-PEG-amine and 

pyridine were added to mixture along with of N,N'-

dicyclohexylcarbodiimide (DCC).  The reaction proceeded for 4 

hours. Pyridine was removed by evaporation. Then water was 

added to the solution. Membrane dialysis removed the unreacted 

folic acid, DCC, byproducts, and DMSO. An equal volume of 

chloroform was added to extract the product (DSPE-PEG-folate). 

NMR was used to confirm attachment of the folic acid to DSPE-

PEG-amine. 

2.3. Emulsion preparation. 

 As described in previous papers [24, 25] emulsions were 

prepared using liquid PFC5 or PFC6 and DPPA as the stabilizing 

surfactant. Briefly, DPPA was dried from chloroform onto a glass 

flask under vacuum (10 mg/mL).  The lipid layer was hydrated 

with 1 mL of distilled deionized water (DDW) or with PBS. Next 

PFC5 or PFC6 was added to the solution and 20-kHz ultrasound 

was applied. Sonication of PFC6 was done at room temperature 

while sonication of PFC5 and its mixtures was done in an ice-

water bath to reduce evaporation of PFC5. Sonication was applied 

3 times, each a 30-second burst at 1.25 W/cm2 using a sonicating 

probe (Sonics and Materials, CVX400, Newtown, CT). Then the 

emulsion was extruded through a 100-nm filter to homogenize the 

emulsion droplet size. Droplet size was measured by dynamic 

light scattering (DLS) with a 90 Plus Particle Sizer (Brookhaven 

Instruments Co., Holtsville, NY). 

2.4. Conventional liposome preparation. 

 50 mg of DMPC lipid in 1 mL PBS was prepared using a 

standard hydration procedure. Briefly, 50 mg of DMPC was 

dissolved in chloroform in a glass flask and the chloroform was 

evaporated by vacuum. PBS was added to the dried lipid and the 

system was heated above the transition temperature of lipid. 

Ultrasound was applied to make liposomes smaller. The DMPC 

liposomes were extruded through a 200-nm filter. 

2.5. eLiposome preparation. 

 The 200nm liposomes were mixed with the 100-nm 

perfluorocarbon droplets. The mixture was sonicated on ice at 20 

kHz, 1.5 W/cm2 for 3 times, 30 s each time with a 1 min pause 

between each sonication (see Fig. 1). After sonication the resulting 

eLiposomes were extruded again through a 200-nm filter.  

 
Figure 1. Schematic representation of preparation of eLiposomes.  
DMPCliposomes, calcein solution and perfluorocarbon emulsion 
(nanodroplets stabilized with DPPA) were prepared separately and mixed. 
Then 20 kHz ultrasound was applied at 1.25 W/cm2 to transiently break 
liposomes and allow entry of nanodroplets and calcein. Later separation 
(not shown) purified the resulting eLiposomes.  

 

 Micelles formed from DSPE-PEG-2000-folate (see 2.2) 

were prepared and added to conventional liposomes or 

eLiposomes at a lipid concentration of approximately 1.2 mole %. 
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The liposomes mixed with DSPE-PEG2000-folate micelles were 

incubated at room temperature for one hour, allowing time for the 

folate to insert itself into the outer leaflet of the eLiposome 

bilayer. DLS was used to measure the size distribution of 

nanoparticles. 

2.6. Preparation of eLiposomes containing calcein. 

 To quantify the ultrasonically-triggered release, 

eLiposomes or 200-nm liposomes containing calcein were 

prepared by combining 2 mL of 30 mM calcein solution with 1 

mL emulsion droplets and 1 mL DMPC liposomes. Sonication 

(see above) of this mixture produced eLiposomes with 15 mM 

calcein both inside and outside the eLiposomes. Most of the 

external calcein was removed by two rounds of centrifugation at 

500 x g for 5 min and washing. Because calcein is anionically 

charged, it will not enter the emulsion droplets or pass through the 

lipid bilayer; it can only escape when the eLiposome membrane is 

ruptured.eLiposomes were separated from free external emulsions, 

empty liposomes and residual calcein using a density gradient 

described previously [24, 25]. 

 Calcein fluorescence (excitation at 488 nm and emission at 

525 nm) was measured with a QuantaMaster fluorometer (Photon 

Technology International, Birmingham, NJ). To quantitate the 

amount of released calcein, all fluorescent measurements were 

conducted in the linear region of the calcein concentration curve. 

Calcein has linear fluorescence intensity at concentrations less 

than 20 µM, has a maximum fluorescent at about 50 µM and is 

totally self-quenched at concretions above 10 mM.  

 To calculate the release from eLiposomes, the baseline 

fluorescence was collected for 10 s using the fluorometer. An 

eLiposome suspension was exposed to ultrasound at various 

intensities, insonation time and temperature. Aliquots from the 

insonated samples were diluted into the linear fluorescence range 

for measurements. Calcein that had been released (by membrane 

rupture) was diluted (unquenched) and thus fluoresced, while non-

released calcein remain entrapped in the eLiposome and was not 

diluted and thus not measured. Following release measurement, 

the total amount of calcein (released and non-released) was 

measured after lysing all vesicles with Triton X-100, diluting to 

the linear region, and quantitating Dox fluorescence [27].  The 

percent release was calculated from the amount released by 

ultrasound divided by the total calcein present. Experiments at 

each set of experimental parameters were repeated 3 to 5 times. 

2.7. Transmission Electron Microscopy. 

 Emulsions, liposomes and eLiposomeswere imaged by 

cryogenic transmission electron microscopy (cryoTEM) using a 

FEI Tecnai F30 transmission electron microscope (Hillsboro, OR) 

at 300 kV. To verify encapsulation of the emulsion droplets inside 

the bilayer, microscope stage was rotated and the sample was 

viewed at -45°, 0°, and +45° [23]. 

3. RESULTS SECTION 
3.1. Characterization of eLiposomes Containing Calcein. 

 The eLiposomes formulated for this research contained 

self-quenched calcein, which enabled quantitation of release [23, 

24]. Figs 2A-Bare schematic cartoons of emulsion droplets inside 

liposome bilayer envelopes while Fig 2C and 2D are the 

corresponding cryoTEM images.  Of the eLiposomes imaged 

those containing only 1 droplet are most common (~80%), those 

with 2 droplets are less common (~19%) and those with 3 droplets 

are rare ~1%). 

 
Figure 2. Schematic of eLiposomes with A) one, and B) two emulsion 
droplets inside. Cryo-TEM images of eLiposomes with C) one, and D) 
two perfluorocarbon droplets inside. Bar indicates 100 nm. 

 

3.2. Effect of Ultrasound Intensity on Release from 

eLiposomes. 

 The effect of acoustic intensity was examined by applying 

20-kHz ultrasound from 0.5 W/cm2 to 5 W/cm2 for 200 

milliseconds (ms), following which the percentage of release was 

measured. It was hypothesized that increasing the ultrasound 

intensity should increase the calcein release.  As Fig. 3 shows, 

increasing the intensity acoustic increases the release of calcein 

from eLiposomes which is generally at least 3-fold greater than 

the release from conventional liposomes (without PFC droplets). 

At 0.5 W/cm2 the percentage of release from eLiposomes is about 

10%, and increases to 60% when the intensity increases to 5 

W/cm2. This is a remarkably high percentage of release for this 

short time of insonation (200 ms). The release increases fairly 

linearly with intensity up to 3 W/cm2, after which point there is 

less change in release as intensity increases. 

 
Figure 3. Calcein release from conventional liposomes (▲) and 
eLiposomes (●). Error bars indicate the standard deviation of repeat 
experiments (n≥3). Ultrasound was applied for 200 ms. The eLiposomes 
and conventional liposomes were about 200 nm in diameter and had PEG 
in their bilayer.   

3.3. Effect of Insonation Time on Release. 

 Fig. 4 shows the effect of insonation time and temperature 

on release from eLiposomes triggered with 3 different acoustic 

intensities. In this experiment the insonation time was varied from 

A B 

C D 

A 
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200 ms to 20 s and intensity was varied from 0.5 W/cm2 (Fig. 4A) 

to 1.5 W/cm2 (Fig. 4C). As it can be seen in Fig. 4 A-C, increasing 

the insonation time increases the amount of release from 

eLiposomes.  In Fig. 4A, the amount of release increased from 

6.5% to 59% at 23°C and from 20% to 73% at 37°C as insonation 

time reached 20 s.  The maximum release from the negative 

control (conventional liposomes without emulsion droplet inside) 

increased from 11% to 23%, which is less than half of the release 

from eLiposomes at the same condition (37°C) and is statistically 

significant (p < 0.05). The same trend was observed in the data 

shown in Figs. 4B and 4C.   

 

 

 
Figure 4. Calcein release from liposomes (∆) and eLiposomes (o) at 

23°C, and liposomes (▲) and eLiposomes (●) 37°C, and sham (■). The 

eLiposomes and the conventional liposomes were about 200 nm and had 
PEG in their bilayer. Panels A, B, and C show cumulative release at 
various intensities: a) 0.5 W/cm2 b) 1 W/cm2 c) 1.5 W/cm2. Error bars 
indicate the standard deviation of repeat experiments (n≥3). Panels E, F 
and G show the rate of release at various intensities: E) 0.5 W/cm2, F) 1 
W/cm2, G) 1.5 W/cm2. In panels d, e and f, the x-axis position indicates 
the center of the time interval in which the release rate was calculated. 

 

 As was presented in section 3.2, increasing the insonation 

intensity increased the amount of release; in this study it was 

observed that the maximum amount of release was at 1.5 W/cm2 

(both at 23°C and 37°C) and minimum at 0.5 W/cm2. The increase 

in calcein release at each point was statistically significant from 

0.5 W/cm2 to 1.5 W/cm2 (p< 0.05).  

 Sham experiments were also conducted in which 

eLiposomes containing calcein were submitted to the entire 

release procedure, except that no ultrasound was applied. These 

sham experiments showed no evidence of calcein leakage in the 

absence of insonation (see Figure 4 A-C). 

 The rate of release was calculated by taking the numerical 

derivative the cumulative release data shown in Figure 4 A-C.  

These data are presented in panels D-F of Figure 4, and shows that 

the release rate is extremely high in the first 200 ms of insonation. 

A very large amount of calcein is released almost immediately, 

particularly from eLiposomes at 37°C.  The release rate has trends 

with acoustic intensity that match the trend discussed above. 

3.4. Effect of Temperature on Release from eLiposomes. 

 Several experiments were conducted to examine the role of 

PFC vapor pressure in acoustically triggered release. The first set 

of experiments was done to test the hypothesis that more release 

would occur at higher temperature because the PFC5 vapor 

pressure is higher. Insonation at 20 kHz was applied for 200 ms 

from 0.5 W/cm2 to 5 W/cm2 on samples at 23°C and 37°C, and 

the release was measured (Fig. 5). Although increasing the 

temperature increased the release, that increase was not as large as 

would be expected by the 67% increase in PFC vapor pressure 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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from 79.4 kPa at 23°C to 132.3 kPa at 37°C. Nevertheless, at both 

temperatures the amount of release from eLiposomes was more 

than 2-fold higher than the release from conventional liposomes. 

Each point represents the average of at least 3 experiments.  

 Although the higher temperature produces a statistically 

significant increase in release, that increase is not proportional to 

the temperature-induced increase in vapor pressure. Apparently 

the PFC vapor pressure is not the only parameter governing 

release. 

 
Figure 5. Cumulative calcein release from liposomes (∆) and eLiposomes 
(o) at 23°C and liposomes (▲) and eLiposomes (●) 37°C. Error bars 
indicate the standard deviation of repeat experiments (n≥3). Ultrasound 
was applied for 200 ms. The eLiposomes and conventional liposomes 
were about 200 nm and had PEG in their bilayer. 

 

 
Figure 6. Calcein release from 200-nm eLiposomes containing emulsion 
droplets of differing composition and vapor pressure. Ultrasound was 
applied for 500 ms at various intensities. Error bars indicate the standard 
deviation of repeat experiments (n≥3). Top panel: release as a function of 
intensity at various mole ratios of PPFC5/PFC6: 100/0 (●), 75/25 (o), 

50/50 (▲), 25/75 (∆), and 0/100(■). Lower panel: calcein release from 
eLiposomes as a function of the vapor pressure of the PFC mixture in the 
nanodroplets at various ultrasound intensities:  1.25 W/cm2 (●) 2.5 W/cm2 
( ), 3.75 W/cm2 (▲) and5 W/cm2 (■).   

3.5. Effect of Perfluorocarbon Composition on Release.  

 The second set of experiments varied the vapor pressure of 

the emulsion droplets by varying the composition between pure 

PFC5 and pure PFC6 at constant temperature. Previous studies 

showed that different compositions of PFC nanodroplets varied in 

size [28], but in our experiments all emulsions were extruded 

through 100-nm filters so they all had similar sizes. Five different 

mixtures were prepared in mole ratios of PFC5/PFC6: 100/0, 

75/25, 50/50, 25/75 and 0/100. These different formulations of 

emulsion droplets were encapsulated inside the eLiposomes, and 

ultrasound was applied for 500 msec as the intensities were varied 

between 1.25 W/cm2 and 5 W/cm2. Figure 6A shows the calcein 

released from these eLiposomes.   

 As expected, increasing the acoustic intensity increased the 

release for all nanodroplet formulations. Those with highest vapor 

pressure released more calcein than those with lower vapor 

pressure. By increasing the intensity from 1.25 W/cm2 to 5 W/cm2 

the release from PFC6 increased from 10% to 24%. Release from 

PFC5 increased from 29% to 53% over the same intensity range. 

The total amount of release from PFC5 was much higher than 

from PFC6 (29% release from PFC5 compared to 10% release 

from PFC6 at 1.25 W/cm2). Similar trends were observed in the 

various compositions. When the molar percentage of PFC5 was 

increased, the amount of release increased, which is attributed to 

the higher vapor pressure of PFC5. It was also observed that the 

50/50 mixture of PFC5 and PFC6 produced calcein release values 

between those of pure PFC6 and PFC5. The same data are 

replotted in Fig 6B in an effort to reveal any correlations with 

vapor pressure.  While release monotonically increases with vapor 

pressure, the correlations are not linear and do not extrapolate 

through zero, indicating again that factors other than vapor 

pressure influence the acoustically triggered release from 

eLiposomes. 

3.6. Effect of Storage Time on Release.  

 Liposomes are one of the promising candidates for drug 

carrier systems. However, clinical application of liposomes in a 

drug delivery system is dependent upon the stability of the 

vesicles over long time periods during storage. Aggregation, 

degradation and coalescence processes might affect the ability of 

the eLiposomes release drugs after some amount of storage time. 

The stability of eLiposomes was determined by measuring amount 

of calcein released from eLiposomes in the absence of insonation 

over a 7-week period at room temperature and at 4°C (see Fig. 7).  

 The positive observation is that storage at 4°C retains more 

than 85% of the calcein at 7 weeks, and that further release may be 

very slow. Less calcein was released at 4°C compared to 

eLiposomes at 23°C, suggesting that cold temperature increases 

the integrity of the eLiposome.  On the other hand, the most rapid 

release during storage occurs during the first week, and room 

temperature is not conducive to storage.  These issues must be 

addressed in future studies.  

 
Figure 7.  Calcein release (without any insonation) from eLiposomes 
over several weeks at 4°C (▲) and 23°C (●). Error bars indicate the 
standard deviation of repeat experiments (n≥3). 
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3.7. Discussion.  

 The objectives of this study were to examine several 

critical features that affect the release of calcein from eLiposomes 

in an effort to more fully understand and produce ultrasonically 

triggered release.These features include the ultrasound amplitude, 

insonation time, temperature and emulsion composition.  

 eLiposomes were successfully made with PFC5 or with 

PFC6 emulsion droplets encapsulated within; cryo-TEM 

micrographs taken with a tilting stage showed that liquid PFCs 

droplets are inside the liposomes, not above or below the 

liposome’s surface. Dynamic light scattering was used to measure 

the size of emulsions and eLiposomes. In most experiments PFC5 

emulsions were used because of their high vapor pressure, low 

toxicity, low solubility and stability in an aqueous phase [23, 27].  

PFC6 emulsions also have low toxicity and solubility, and appear 

to be stable. However, the vapor pressure of PFC6 is about one 

third that of PFC5. For example the vapor pressure of PFC6 at 

37°C is the same as that of PFC5 at 11°C.  

 CryoTEM showed that the majority of eLiposomes 

contained one emulsion droplet inside, fewer had 2 droplets and 

about 1% had 3 droplets inside. This distribution is consistent with 

our hypothesis that the possibility of 3 droplets finding themselves 

in the same location as a fractured liposome is much less than the 

probability of 2 droplets being in that same location.  

 The concept of putting a droplet of PFC inside the payload 

compartment of a drug carrier does reduce the amount of drug 

delivered, but this reduction is actually fairly small. The volume 

fraction of a spherical PFC droplet within a spherical eLiposome 

can be easily calculated from the ratios of diameters. For example 

if there were one 100-nm emulsion droplet inside a 250-nm 

liposome, then the volume fraction of PFC would be: 

Vol. frac. = (Vemulsion)/(Vliposome) = (100/250)3 = 0.064 

 In this example, only 6.4% of the eLiposome is occupied 

by the PFC droplet, leaving 93.6% of the volume to carry 

therapeutic.The percentage of calcein release was measured for 

eLiposomes and conventional liposomes (no emulsion droplet 

inside). Results suggested that emulsion droplets play an essential 

role in release from eLiposomes, as release from eLiposomes was 

more than three-fold higher than from conventional liposomes 

without nanodroplets (see Fig 3). Our current hypothesis for 

eLiposome release is that during low pressure phase of an 

ultrasonic wave, the local pressure of the liquid droplets falls 

below its vapor pressure, causing the emulsion droplets change 

their phase from liquid to gas. Since a lipid membrane can only 

sustain up to 3% of area expansion [29, 30], the expansion of the 

liquid droplets to gas breaks open the bilayer and releases the 

calcein.   

 Fig. 4 shows that increasing the acoustic intensity increases 

the release from eLiposomes. At 37°C and 20 s of insonation at 

0.5 W/cm2, calcein release was about 73%; this number increases 

to 85% and 98% at 1 W/cm2 and 1.5 W/cm2.  This observation 

suggests that increasing the intensity causes more emulsion 

droplets to vaporize and disrupts more eLiposomes. Similar results 

were observed at 23°C. In all these experiments, the “negative 

control”, consisting of conventional liposomes, showed much less 

release compared to eLiposomes with liquid PFC5 droplets inside. 

Sham experiments without insonation did not show any release, 

suggesting that not only is ultrasound necessary to release calcein 

from eLiposomes, but these vesicles do not leak (during the time-

scale of these experiments) in the absence of ultrasound. 

 It was hypothesized that changes in temperature could alter 

three things: vapor pressure, nucleation of the gas phase and 

membrane stiffness. The effect of temperature on release from 

eLiposomes was examined in this research (see Fig. 5) by 

measuring release at 23°C and 37°C. The normal boiling point of 

PFC5 is 29°C, but because of the high Laplace pressure within 

these very small droplets, they can still be stable at temperatures 

higher than their normal boiling point [31, 32].  This creates a 

metastable PFC5 emulsion droplet that is easily disrupted by 

ultrasound.  Results did not show a large difference between 

release at 23°C and 37°C, indicating that increasing the vapor 

pressure by 66% did not increase the release calcein by this same 

amount.  

 The release from eLiposomes increased from 10% at 0.5 

W/cm2 to 60% at 5 W/cm2 at 23°C. By increasing the temperature 

to 37°C the release increased from 20% at 1 W/cm2 to 65% at 5 

W/cm2. Yet in the absence of emulsion droplets, release in the 

control experiments (liposomes without droplets) at 5 W/cm2 

increased from 17% at 23°C to 35% at 37°C, which presents the 

possibility that at the higher temperature the DMPC phospholipids 

do not form such a structurally rigid membrane as at lower 

temperatures. 

 While membrane rigidity may play a role in the amount of 

release, a more important factor appears to be vapor pressure. Fig. 

6A shows release from different formulations of emulsion droplets 

that have different vapor pressures. It was observed that by 

increasing the fraction of PFC5 in an emulsion formulation, the 

release was increased, which is attributed to the higher vapor 

pressure of the emulsion droplets.  

 However if release was only a linear function of vapor 

pressure, plotting the data as in Figure 6B would generate a series 

of straight lines, with more release at higher acoustic intensities. 

Perfect straight lines are not the case, and the lack of correlation 

between vapor pressure and release suggests that other physical 

phenomena might be involved, such as the rate of nucleation of 

gas bubbles, liposome membrane stiffness, and the presence of 

dissolved non-condensable gases in the formulation, which could 

influence the bubble cavitation. 

 A liquid (such as a PFC nanodroplet) that has a vapor 

pressure above the surrounding local pressure also has a 

thermodynamic driving force to expand to gas. There are some 

reasons that this phase change might not happen immediately 

when the local pressure drops below the vapor pressure. First, a 

phase change from liquid to gas requires energy (enthalpy of 

vaporization); and second, a nucleation event must occur to 

initiate the formation of the gas phase. Nucleation is a stochastic 

event, so even when there is a thermodynamic potential for 

vaporization the liquid droplets may not instantly boil.  We can 

rationalize the observed data by hypothesizing that the rate of 

nucleation of a gas phase might only have a small increase from 

23 °C to 37 °C, so that vaporization and subsequent calcein release 

is not very different at these two temperatures even though the 

vapor pressure has been raised significantly.   
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 The eLiposomes appear to be very stable at 4°C up to 

seven weeks (Fig.7); however the leakage from vesicles at room 

temperature indicates that the DMPC phase change from the 

ordered gel phase to the disordered liquid crystalline phase may 

increase calcein permeability. Studies on ion and glucose 

permeability through DMPC bilayers show a maximum in 

permeability at the Tm, with a slightly higher permeability 10 

degrees above the Tm than 10 degrees below the Tm [33, 34]. 

Although calcein is charged and larger than glucose and ions, it is 

possible that the measurement at 24°C is near the maximum in 

membrane permeability of DMPC. The Tm of pure DMPC is 23°C 

[35]. Having DSPE-PEG in the DMPC may lower the Tm further.  

In any event, these eLiposomes are more leaky toward calcein at 

24° than at 4°.  It is also possible that some very slow formation of 

gas could occur at the higher temperature and spontaneously 

rupture the eLiposomes in the absence of ultrasound.  Of course 

our eventual application of eLiposomes will be to treat tumors 

using ultrasonically-triggered delivery. These eLiposomes were 

constructed to be small enough that in future in vivo studies they 

can extravasate through the leaky capillaries of tumors, unlike 

conventional microbubble contrast agents that are too large to 

extravasate. Likewise, the smaller eLiposome constructs are 

sufficiently small to be endocytosed [36, 37] whereas larger 

bubbles are much more difficult to endocytose; however, bubbles 

may be phagocytosed [38, 39]. In formulating eLiposomes, drugs 

and plasmids can be encapsulated within. On the exterior of the 

eLiposomes folate (or other targeting ligands) can be attached for 

binding to the folate receptors of cells that are the targets of drug 

delivery. Other targeting ligands could include antibodies, 

transferrin or more [40, 41]. Polyethylene glycol (PEG) also can 

be added to increase the circulation time of the droplets. We 

anticipate that eLiposome will find a niche for targeted delivery of 

very potent therapeutics that should be sequestered until they are 

released by focused insonation at the desired tumor or tissue site. 

4. CONCLUSIONS 
 Ultrasound sensitive eLiposomes were made which 

encapsulate emulsion droplets and calcein. These exhibited more 

calcein release when insonated than conventional liposomes 

without internal emulsion droplets. Release from eLiposomes was 

measured, and the data revealed that increasing the insonation 

time and intensity increased the release from eLiposomes. Some 

experiments were done to test the hypothesis that changes in vapor 

pressure due to temperature change or droplet formulation has a 

linear correlation with calcein release. Surprisingly increasing 

temperature did not produce an effect that was proportional to the 

increase in vapor pressure. To test the hypothesis that vapor 

pressure is the only driving force, a set of experiments were done 

using mixtures of perfluorocarbons; it was concluded that other 

factors such as nucleation may also play a role in the phase change 

of emulsion droplets. The results from this study show the 

importance of the factors of insonation intensity, insonation time, 

vapor pressure, temperature and composition upon the release of 

calcein from eLiposomes. 
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