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Abstract

elLiposomes encapsulate a perfluorocarbon nanoemulsion droplet inside a liposome. Ultrasound is then used as a trigger
mechanism to vaporize the perfluorocarbon, break the liposome, and release the desired drug to the tumor tissue. The purpose
of this research is to show that eLiposomes synthesized using perfluoropentane are stable above the normal boiling point of the
perfluoropentane and at body temperature and thus has potential for use in vivo. Experiments involving the release of fluorescent
calcein molecules were performed on eLiposomes to measure the release of calcein at various temperatures in the absence of
ultrasound. Results showed that eLiposomes are stable at body temperatures and that as the temperature increases above 40°C,

calcein release from these novel nanocarriers increases.
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Introduction

A novel delivery vehicle for cancer treatment is an eLipo-
some.! Inside a liposome, these carriers encapsulate a small
perfluorocarbon (PFC) nanoemulsion droplet that can be chan-
ged to gas using acoustic droplet vaporization.>* Ultrasonic
pressure waves produce negative pressure fluctuations in the
nanoemulsion droplet, causing it to vaporize, burst the lipo-
some open,” and release its contents only at the site where the
ultrasound (US) is focused (ie, the tumor tissue).”

Liposomes and eLiposomes have many advantages as drug
delivery systems. (1) They can carry hydrophilic therapeutics
in their aqueous interior and hydrophobic drugs in their mem-
branes or in the emulsion droplets of eLiposomes.'*® (2) Lipo-
somes retain their structural integrity in physiological
conditions. (3) Their size can be controlled to be small enough
to extravasate at the tumor site and large enough to escape renal
excretion. (4) Their surface can be modified to reduce opsoni-
zation and increase their circulation time in blood (by reducing
their clearance by cells of the reticuloendothelial system). (5)
Since they are composed of phospholipid bilayers similar to
cell membranes, they are both biocompatible and biodegrad-
able. A noninvasive triggering stimulus, such as US, can be
used to release liposomal drug contents only at a focused spot,
that is, malignant tissue,” while reducing the agent’s interaction
with healthy cells.

The eLiposomes were designed to be activated by acoustic
droplet vaporization (ADV), a process involving the phase
change of a nanoemulsion droplet (encapsulated inside a

liposome), from a small liquid droplet to a gas bubble about
125-fold larger in volume (the expansion for submicron-sized
droplets may be smaller in size). Acoustic droplet vaporization
occurs when US is focused on these emulsion-containing drug
delivery vehicles, and the vaporization of the PFC droplet
bursts the liposome carrier and releases the encapsulated drug.
Perfluorocarbons (especially perfluoropentane [PFCs]) can be
used to form eLiposomes because they are nontoxic,® have a
low-boiling point (that will require a minimal amount of sub-
pressurization to produce the change phase),” and have low
solubility in blood.'®

Lattin et al'' synthesized eLiposomes encapsulating both
calcein and different size droplets of perfluorohexane (PFCyg)
or PFCs emulsions. The group studied the effect of applying
20-kHz US to these carriers. Results were promising as it was
shown that eLiposomes released 3- to 5-fold more calcein than
conventional liposomes (liposomes that did not have emulsion
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droplets). As with micelles and liposomes, the released amount
increased with the power intensity of US. The calcein release
was higher when using large (400 nm) emulsion droplets than
when using the small (100 nm) ones, and when PFCs was used,
compared to PCFg, indicating that vapor pressure and Laplace
pressure played a strong role in ADV.

Javadi et al also studied eLiposomes as drug and gene deliv-
ery vehicles.'* In a recent article, they synthesized eLiposomes
with PFCs emulsions and then chemically conjugated a folate
moiety to the carrier’s surface, which induced binding and
endocytosis. Then they studied the effect of several US para-
meters on the delivery of calcein and DNA plasmids into HeLa
cells.” Their study supports the hypothesis that exposure to low
frequency US vaporizes the liquid emulsion droplets, forcing
the rupture of the eLiposome and thus the release of calcein.
The folate targeting strategy also paid off, as eLiposomes were
observed inside the HeLa cells, and calcein and plasmids were
delivered to the cell cytosol.

But the question remains unanswered as to whether these
eLiposomes would be stable in the blood stream of the patient
at physiological temperatures, given that the boiling point of
PFCs is 29°C. We suspected that the Laplace pressure would
prevent the droplets from boiling at 29°C, but we did not know
how stable the droplets would be at physiological temperatures.
Would there be a spontaneous generation of gas that would
prematurely permeabilize the eLiposomes before US was
applied at the target site?

The purpose of this note is to show that PFC5 nanoemlusions
encapsulated inside eLiposomes are stable above the PFC boil-
ing point (up to 37°C) and may have potential for in vivo
applications. We performed experiments to measure the release
of a fluorescent molecule (namely calcein) from our eLipo-
somes at various temperatures up to 59°C.

Materials and Methods

Materials

Lipids dipalmitoylphosphatidylcholine (DPPC), cholesterol,
and 1,2-distearoyl-sn-glycero-3 phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG(2000)-
amine) were purchased from Avanti Polar Lipids, Inc (Alaba-
ster, Alabama). Calcein was purchased from Sigma-Aldrich (St
Louis, Missouri). Perfluoropentane was purchased from Syn-
Quest Labs, Inc (Alachua, Florida). Sucrose was obtained from
Avantor Performance Materials (Phillipsburg, New Jersey) and
United Biochemical Corp. (Cleveland, Ohio). Other chemicals
were reagent grade from Sigma-Aldrich.

Nanoemulsion Formation

Nanoemlusions of PFCs were made by placing 0.1 mL of ice-
cold 1,1,1,2,2,3.3,4,4,5,5,5-perfluoropentane (with a normal
boiling point of 29°C) in a cold flask previously coated with
a layer of DPPC and sonicating on ice with a 20-kHz US probe
at 1 W/em? for 1 minute. The resulting droplets have a size

range between 100 and 200 nm. They were then extruded
through a 100-nm filter to decrease their size distribution.

Liposome Formation

The liposomes were made as follows. Lipids (DPPC, choles-
terol, and DSPE-PEG (2000)-amine in a 3:1:1:0.004 molar
ratio) were dried onto a glass flask and then hydrated with
buffer, forming liposomes of various sizes. The mixture was
extruded through a 200-nm filter to produce a uniform size
distribution of unilamellar liposomes.

eliposome Formation

The eLiposomes were made by mixing 1 mL of 100-nm PFCs
emulsions with 1 mL 200-nm of liposomes and added these to 2
mL of 30 mmol/L calcein in phosphate-buffered saline (PBS)
at the same osmolarity as the liposomes and emulsions. Then,
the mixture was sonicated on ice 3 times for 30 seconds to give
a calcein concentration of 15 mmol/L. The sonication transi-
ently breaks open a liposome and the emulsion droplet enters
inside the drug delivery vehicle before the liposome membrane
reseals. External emulsions (not captured inside the eLipo-
some) are removed by centrifugation on a sucrose/glucose/
NaCl density column with a resultant eLiposome having an
average diameter of 200 nm.> The size distribution of the
eLiposomes was measured by dynamic light scattering on a
Brookhaven 90Plus Particle Sizer (Brookhaven Instruments,
New York). Inside the resultant eLiposomes, a 100-nm PFCj;
droplet was imaged using cryo transmission electron micro-
scopy.'? The calcein concentration of 15 mmol/L was in the
self-quenched region and thus has minimal fluorescence inside
the carrier. The fluorescence then increases upon the rupture of
this drug delivery vehicle during the application of US when
the emulsion vaporizes causing the liposome bilayer to break
open and the drug concentration to decrease, which in turn
increases its emitted fluorescence.

To measure the amount of calcein released from these
eLiposomes, 30 pL of the calcein-loaded nanocarriers were
mixed in 2 mL of PBS (pH = 7.4) and placed in a cuvette in
a fluorometer. Excitation and emission wavelengths were set at
488 and 520 nm, respectively, and the fluorescence level con-
tinuously recorded.

Results and Discussion

Our goal was to show that PFCs eLiposomes are stable above
the normal boiling point of PFCs and even stable at 37°C.
Therefore, we performed fluorescence experiments on our
freshly synthesized eLiposomes at various temperatures. We
have previously shown low calcein (encapsulated in eLipo-
somes) uptake by cancer cells after 2 hours of incubation.” Here
we examine the release of the model drug at various tempera-
tures to determine whether any nonacoustically activated
release occurs using these novel drug delivery vehicles.
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Figure |. Fraction of calcein release from eLiposomes incubated, not
insonated, at various temperatures (n = 3 for experiments at 25°C
and 37°Cand n = 5 at 49°C and 59°C). Error bars are 95% confidence
intervals.

Figure 1 shows the release of calcein over a period of 1 hour.
Rapid release was observed at 49°C and 59°C. At 37°C and
25°C, there was very little release. There was no statistically
significant difference at temperatures above and below 29°C
(PFC;s boiling point; P value = 0.44). However, the release was
statistically significant at 49°C and 59°C when compared to
release at physiological temperatures with P values of .0029
and .00001, respectively. (P values were calculated using a
student 7 test on the maximum release percent reached in each
experiment).

These results suggest that eLiposomes could be stable in the
blood stream of a patient at normal physiological temperatures.
The release observed at higher temperatures could be due to either
thermal vaporization of the droplets or increased lipid permeabil-
ity due to a thermal phase transition of the lipids used in liposomal
shell (the transition temperature [T,,] of DPPC = 41°C).

Cancer drug delivery is concentrated on treating patients
with cancer and improving their lives. There are 3 principle
categories of drug delivery techniques involved with nanocar-
riers, namely passive, ligand, and triggered targeting. Our
eLiposomes appear to be an important chemotherapeutic vehi-
cle and once labeled with a targeting moiety and used in con-
junction with US, eLiposomes can employ all 3 targeting
mechanism.

Passive targeting occurs naturally if the particle size is small
enough; the ideal drug delivery vehicle should be below 0.5 pm
in diameter to escape from the circulatory system and collect in
tissues of tumors with malformed capillaries. Ligand targeting
is also heavily researched in drug delivery. The essential aspect
of this type of targeting is the proper selection of the moiety/
ligands that have the ability to deliver the carrier to the target
site and then induce uptake via endocytosis. Once inside the
lysosome/endosome, the drug needs to be released into the
cytosol which can be achieved using fusogenic peptides/lipids
and proton sponges. However, the use of these drug release
activators into the cytosol is limited due to their toxicity which
prompts researchers to find other ways to burst the carrier and
the endosome when needed. An external trigger mechanism
can be useful here.

Ultrasound appears to be an ideal trigger for this type of
drug delivery system because it can be easily focused on the
cancerous site. In order to make these drug delivery vehicles
echogenic, several strategies can be utilized, including the use
of microbubbles that are decorated with the drug-encapsulated
carriers or by inducing a phase change inside the carrier. The
latter can be achieved by encapsulating a liquid nanoemulsion
inside the delivery vehicle. The phase change can be induced
by a small acoustic nudge using US.'*'* Here, PFCs appears to
be an ideal compound to form these nanoemulsions because it
has a low boiling point and it is nontoxic.

Once at the desired tissue, physicians will have the ability to
control the temporal release of the drug from these nanocar-
riers. If drug delivery is not adequately controlled, the drug
may be either quickly released upon arrival at the desired loca-
tion or we may observe a sustained slow release over time. The
latter is problematic because the drug may never reach the
needed concentrations to achieve the desired therapy which
in turn may expedite the development of multidrug resistance
in the tumor. Therefore, in most cases, it is highly desirable to
release the drug instantly and simultaneously to achieve a rapid
high and lethal concentration. Here, US appears to be a viable
trigger mechanism.

Conclusion

The results reported in this technical note validate the use of
PFCs as the main ingredient in making nanoemulsions and
encapsulating them inside liposomes to form ideal chemother-
apeutic nanocarriers. The eLiposome will not rupture prema-
turely at body temperature and hence can be activated using US
once it reaches the desired malignant location.
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