
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/324112633

Introducing a nested phase change agent with an acoustic response that

depends on electric field: A candidate for myocardial perfusion imaging

and drug delivery

Article · March 2018

DOI: 10.1016/j.apacoust.2018.03.028

CITATIONS

0

READS

55

7 authors, including:

Some of the authors of this publication are also working on these related projects:

M&S of aprepitant to guide dose selection in HIV-related Neurocognitive Disease View project

Determination of Electric Field Strength and Mechanical Index on Clinical Viability of Ultrasound Contrast Agents View project

Michael Jeffrey Cimorelli

Drexel University

10 PUBLICATIONS   0 CITATIONS   

SEE PROFILE

Brett Angel

Drexel University

9 PUBLICATIONS   0 CITATIONS   

SEE PROFILE

Benjamin Michael Andrien

Drexel University

2 PUBLICATIONS   0 CITATIONS   

SEE PROFILE

Kyle Barrett

Drexel University

6 PUBLICATIONS   10 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Michael Jeffrey Cimorelli on 30 March 2018.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/324112633_Introducing_a_nested_phase_change_agent_with_an_acoustic_response_that_depends_on_electric_field_A_candidate_for_myocardial_perfusion_imaging_and_drug_delivery?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/324112633_Introducing_a_nested_phase_change_agent_with_an_acoustic_response_that_depends_on_electric_field_A_candidate_for_myocardial_perfusion_imaging_and_drug_delivery?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/M-S-of-aprepitant-to-guide-dose-selection-in-HIV-related-Neurocognitive-Disease?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Determination-of-Electric-Field-Strength-and-Mechanical-Index-on-Clinical-Viability-of-Ultrasound-Contrast-Agents?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Cimorelli?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Cimorelli?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Drexel_University?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Cimorelli?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Brett_Angel2?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Brett_Angel2?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Drexel_University?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Brett_Angel2?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin_Andrien?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin_Andrien?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Drexel_University?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Benjamin_Andrien?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kyle_Barrett6?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kyle_Barrett6?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Drexel_University?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kyle_Barrett6?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Cimorelli?enrichId=rgreq-2c7a9693a02b032b7850c5bf4dc1e45c-XXX&enrichSource=Y292ZXJQYWdlOzMyNDExMjYzMztBUzo2MDk5NTA3MTU4OTk5MDRAMTUyMjQzNDk5MTIxNg%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Contents lists available at ScienceDirect

Applied Acoustics

journal homepage: www.elsevier.com/locate/apacoust

Introducing a nested phase change agent with an acoustic response that
depends on electric field: A candidate for myocardial perfusion imaging and
drug delivery

Michael Cimorellia, Brett Angelb, Aaron Fafarmana, Andrew Kohutb, Benjamin Andriena,
Kyle Barretta, Steven Wrenna,⁎

a Chemical and Biological Engineering, Drexel University, Philadelphia, PA, United States
b Cardiology, Drexel University College of Medicine, Philadelphia, PA, United States

A R T I C L E I N F O

Keywords:
Nested droplets
Phase change
Voltage-activated
Ultrasound contrast
Perfluorocarbon
Myocardial perfusion

A B S T R A C T

We present a voltage-sensitive phase change agent comprising an aqueous emulsion of surfactant-coated liquid
perfluorocarbon droplets nested within a negatively charged phospholipid bilayer. The sensitivity to voltage
allows, via exposure to an electric field, acoustic activation of the perfluorocarbon droplets at an ultrasound
intensity that is otherwise insufficient to cause activation. The result is a phase change agent for which activation
depends not on ultrasound intensity but rather on the presence of an electric field. Accordingly, we offer the first
enhanced ultrasound contrast agent (“Electrast”) that takes advantage of the electrical activity of the heart and
leads to selective activation at a fixed mechanical index (MI). Being voltage-sensitive, Electrast activates se-
lectively in the coronary circulation, giving enhanced ultrasound contrast within the myocardium while leaving
other regions largely unenhanced. Specifically, in a closed chest swine study, the contrast enhancement between
the myocardium and the left ventricle increased by 36.4 dB±0.2 upon injection of a charged, nested PCA
formulation at a fixed MI of 0.9 (GE Vivid i). Similar enhancement was observed in rats, and the contrast-to-
tissue ratio increased by nearly 10 dB at an MI of 0.28 upon exposure to an electric field of 1 V/cm in a tissue-
mimicking phantom. Additionally, ultrasound-induced leakage of calcein, a water-soluble fluorescent dye, from
a nested, charged PCA formulation more than doubled at a peak negative pressure of 0.5MPa upon exposure to
an electric field of 0.25 V/cm. These results suggest that Electrast, a voltage-sensitive phase change agent, is a
candidate for myocardial perfusion imaging using ultrasound.

1. Introduction

1.1. Brief history of nesting

We introduced nearly a decade ago a novel microbubble architecture
that comprises coated microbubbles nested within the aqueous core of a
microcapsule [1]. In subsequent years we described how a nesting shell
enables ultrasound imaging that is longer-lasting [2–5] and safer [5,6]
than imaging with conventional (that is, un-nested) microbubbles. The
monolayer coating of a microbubble slows – by decreasing interfacial
tension so as to lower the Laplace overpressure [7,8] and by increasing
resistance to diffusion [9] – but does not prevent gas dissolution [9]; as a
result, microbubbles do not survive exposure to a mechanical index
(MI)> 0.3 [10,11]. When nested inside the aqueous core of a micro-
capsule, however, a microbubble dissolves only partially. This is because
the nesting shell separates the aqueous core from the bulk, and the

aqueous interior of the microcapsule becomes sufficiently concentrated
with the gas it receives from the microbubble that mass transport ceases;
the microbubble, though it shrinks somewhat, persists [3,4]. At MI va-
lues sufficiently low that an un-nested microbubble sustains oscillations,
the monolayer coating of the microbubble influences the oscillations via
dilatational viscosity, which impacts damping, and via area expansion
modulus (Gibbs elasticity), which impacts the natural frequency [12].
The presence of a nesting shell further influences microbubble oscilla-
tions, allowing greater tuning of microbubble acoustic and cavitation
phenomena than is possible with a monolayer coating alone [13,14]. In
particular, a nested microbubble requires a higher ultrasound intensity
(that is, a greater peak negative pressure) for inertial cavitation than
does an un-nested microbubble [13]. In the context of imaging, the
nesting shell improves safety both by increasing the inertial cavitation
threshold pressure and by absorbing the energy of the shock wave
generated by inertial cavitation – thereby protecting nearby cells – if
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inertial cavitation were to occur [6]. Employing a liposomal bilayer as
the nesting shell allows theranostic applications of microbubbles beyond
imaging, including ultrasound-triggered release as might find use in
controlled drug delivery [15,16]. Furthermore, a bilayer nesting shell
offers the possibility of fine-tuning the rate of release by tailoring shell
composition; for example, one can combine cholesterol and phospholi-
pids in a manner that sets the number and sizes of membrane domains
(or lack thereof) [17–19], which in turn prescribes the kinetics and
mechanism of release [1,20,21].

Herein we present a new nesting construct with a novel feature,
namely voltage activation.

1.2. Voltage activation

In place of microbubbles, the new construct nests an emulsion of
phase-change agents (PCAs), which are (typically perfluorocarbon) li-
quid droplets that have the potential to become gaseous microbubbles
(that is, to change phase) once inside the body [22–25]. In the absence
of a nesting shell, an advantage of PCAs over microbubbles is smaller
size; whereas microbubbles have diameters in the micron range and are
therefore limited to the intravascular space, PCAs can be prepared with
diameters of nominally hundreds of nanometers such that they have the
possibility to access the extravascular space [26]. This advantage of
smaller size does not come free; the PCAs require vaporization after
delivery into the body if they are to behave acoustically as micro-
bubbles. Indeed, this was a motivation for developing condensation
methods to produce PCAs that are easier to vaporize [27]by taking
advantage of the fact that the energy required for vaporization depends
on the perfluorocarbon species and droplet size [28].

In our view, the necessity to vaporize PCAs offers an opportunity for
a new class of contrast agent.

Consider the following three facts: (1) a PCA of a given composition,
droplet size, and interfacial coating has a fixed energy for vaporization;
(2) vaporization generates a gaseous bubble that is larger than the in-
itial liquid droplet; and (3) water is largely incompressible.

Taken together, the first two facts above mean that vaporization of a
PCA liquid droplet requires both an energy input and room for ex-
pansion. Now imagine a PCA liquid droplet nested inside the aqueous
core of a vesicle or microcapsule. The third fact then means that the
PCA droplet cannot vaporize unless the nesting shell responds to pro-
vide the necessary room for expansion. In other words, the nesting shell
poses an added resistance to vaporization. On one hand, this added
resistance could be overcome with ultrasound alone simply by using a
higher MI (than is needed to vaporize an un-nested PCA). On the other
hand, one could design a nested PCA that works with both ultrasound
and a second modality to activate PCAs in a selective manner; ultra-
sound of a given intensity would be sufficient to activate only those
liquid droplets in nests acted on by the second modality, which inter-
acts with the nesting shell to allow for acoustic activity.

This article describes the use of an electric field as the second
modality to interact with charged nesting shells. Fig. 1 illustrates the
concept. We demonstrate that a given formulation can be relatively
dark (strictly speaking, silent) or relatively bright (noisy) at a given MI,
the difference being due to the absence or presence of an electric field,
respectively. We call this phenomenon, which occurs with electric field
strengths that are orders of magnitude weaker and at least an order of
magnitude slower (in the case of alternating current) than those asso-
ciated with electroporation, “voltage activation.”

Applications involving voltage activation can proceed anywhere
there is an electric field (e.g., endogenous or applied), need not induce a
phase change to be visible with ultrasound, and need not be limited to
ultrasound theranostics. In fact, one can think of voltage activation
applications that do not use ultrasound; in the case of nested PCAs, a
modality other than ultrasound could supply the energy for the phase
change, and PCAs are not the only entities that could be nested inside a
voltage-activated nesting shell. Still, the potential of using a voltage-

activated ultrasound contrast agent for myocardial perfusion imaging -
where the heart supplies the electric field - did not escape our notice.

1.3. Myocardial perfusion imaging

The idea of using ultrasound contrast agents for myocardial perfu-
sion imaging is not new. Indeed, some echocardiographers with spe-
cialized skills are able to employ commercial microbubbles in an off-
label manner, taking advantage of the aforementioned fact that mi-
crobubbles do not survive MI > 0.3 [11,29,30], some investigators
have used PCAs directly [31], and others have used tethered PCAs and
microbubbles, a construct they refer to as acoustic cluster therapy [32].
Additionally, there have been at least two commercial attempts to de-
velop ultrasound agents for myocardial perfusion imaging [33].

We offer the first agent that utilizes the electrical activity of the
heart.

As a result, ours is the first agent that activates selectively in the
myocardium for a given set of ultrasound parameters, leaving the
ventricle relatively dark while brightening the myocardium. We are
optimistic that our approach has the potential to rival single photon
emission computed tomography (SPECT) and positron emission tomo-
graphy (PET) at lower cost and lower risk without a loss in sensitivity or
specificity. We recognize that “the history of contrast echocardiography
has been characterized by cycles of enormous expectations and sub-
sequent disappointment,” [33,34] yet do not believe that success ne-
cessarily “… starts with the microbubble itself, which must be pre-
dictably destroyed by high mechanical index (MI) ultrasound but
provide stable, high signal-to-noise ratio across a wide range of lower
intensity imaging.” [33] We contend that a single MI suffices and that
what is needed is an agent that takes advantage of the heart’s electrical
activity to allow selective activation.

The voltage-activated phase-change agent described herein satisfies
that need.

2. Theory

There are two key points to bear in mind at the outset. First, the
electrical fields employed in this work are orders of magnitude lower –
even after accounting for particle size – than those associated with
electroporation [35–41], and the applied electric field (alternating
current, ac) frequency employed in this work is at least an order of
magnitude slower than frequencies utilized for ac electroporation
[36,42,43]. Second, the (zeta) potentials reported herein are not
transmembrane potentials.

Voltage activation begins with making the nesting shell charged to
interact with the electrical activity of the heart. The surface potential of
the nesting shell depends on the surface charge density, and the
weakening of this potential with distance away from the nesting shell
depends on the ionic strength of the solution and the radius of the nest.
In the case of a bilayer, it is possible for both the inner and outer leaflets
to be charged and for the ionic strength to be different in the different
aqueous compartments that exist inside and outside the bilayer. The
situation is similar to that of spontaneous vesicles comprising mixtures
of cationic and anionic surfactants [44].

When a charged entity (e.g., an ion, a charged nest, or a charged
molecule or charged domain within a nesting shell) experiences an
electric field, E, that entity can move (e.g., translation or rotation) or
deform, or both. In the case of translation, the entity accelerates until
the viscous drag force matches the force that caused the acceleration.
What is relevant for the current work is that the force due to electric
field depends on charge, whereas the drag force depends on size.
Accordingly, the various charged entities in the system can therefore
experience different accelerations, depending on the charge-to-size
ratio, and this can lead to structural shifts.

The entity eventually reaches a terminal velocity, v, that is pro-
portional to the electric field as described by Eq. (1).
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=v QE
πηR6 (1)

where Q is total charge of the entity, R is radius of the charged entity,
and η is the viscosity of the medium. It is worth noting that the values of
Q and R in Eq. (1) are not, generally speaking, those associated with the
surface of the charged entity. This is because a layer of counter-ions can
move with the charged entity, defining a so-called slipping plane or
plane of shear; the location of the slipping plane is not known a priori,
though it resides outside the Stern layer and within the diffuse double
layer in the case of a charged particle. Common practice is to treat the
charged entity and the layer of carried counter-ions as a unit and to
define a zeta potential, ζ , as the electric potential at the slipping plane.
[45] Solution of the Poisson-Boltzmann equation for spherical geometry
in the Debye-Hückel limit of low potential shows that the zeta potential,
like the terminal velocity, depends on the ratio (Q/R). By invoking the
definition of electrophoretic mobility, U, which is the terminal velocity
divided by the electric field (U= v/E), one obtains the Henry equation

= ∊ ∊U
η

ζf κa( )r o

(2)

where ɛr is the relative permittivity of the medium, ɛo is the permittivity
of a vacuum, κ is the inverse Debye length, and a is the radius of the
entity that moves [46]. Appearing in Eq. (2) is Henry’s function, f(κa),
which ranges from 1 in the Smoluchowski limit of a thin double layer
(κa >300) to 2/3 in the Hückel limit of a thick double layer (κa <0.5).
[46,47]1 Accordingly, one can tailor sizes and charges to achieve a
desired electrophoretic mobility for the nested structure as as a whole.

Depending on the charge-to-size ratios used, the acceleration that gives
rise to this electrophoretic mobility of the nested structure could be the
same or different than the acceleration of the charged entities within
the nested structure. Herein we demonstrate the responses of two
nesting shell chemistries to electric fields of varying strength.

3. Materials and methods

3.1. Materials

Phospholipids, sterols and triglycerides were purchased from Avanti
Polar lipids (Alabaster, AL. USA). Perfluorocarbons were purchased
from FluoroMed, L.P. (Round Rock, TX, USA). Calcein, cobalt (II)
chloride, poly vinyl alcohol (MW=27,000 & 85,000 – 124,000) and
surfactant (polysorbate 20) were purchased from Sigma Aldrich (St.
Louis, MO). All chemical species were used without further purification.

3.2. Methods

3.2.1. PCA nanoemulsion
A perfluorocarbon nanoemulsion comprising perfluoropentane,

surfactants and water, was prepared via probe sonication (Model
UP200S Hielscher – Ultrasound Technology, Teltow, Germany) at
20 kHz and 50% amplitude. A typical batch yielded an average dia-
meter of approximately 350 nm, measured by dynamic light scattering
(NanoBrook Omni, Brookhaven Instruments Corp., Holtsville, NY). An
average diameter of approximately 255 nm was obtained when na-
noemulsions were made with perfluorobutane via microbubble con-
densation. The amounts of perfluorocarbon and surfactant used to
prepare the nanoemulsions were 5.00% v/v and 0.08% v/v, respec-
tively.

Fig. 1. Nested PCA emulsion and voltage activation: Illustration of a nested emulsion construct, in which coated droplets of a phase change agent (e.g., a per-
fluorocarbon) reside within the aqueous interior of a vesicle (or microcapsule). The nesting shell illustrated here depicts phospholipids, though other nesting shell
materials could be used. In the case of phospholipid bilayer nesting shells, the formulation might include additional species (e.g., cholesterol or triglycerides, or
both). Moreover, multiple phospholipid species that differ in chain length and saturation and head group type, size, and charge (cationic, anionic, zwitterionic, or
non-ionic) could be used, and structures other than the ones depicted here can arise from the formulation. The dashes in the illustration indicate negative charges;
(positive) counter-ions are not shown, and zeta potentials in this work should be not be confused with transmembrane potentials. The presence of an electric field
affects the charged nesting shell to allow for acoustic activity. Note that the electric fields used in this work are orders of magnitude less than those associated with
electroporation. The illustration is not to scale and not intended to convey technical details or mechanistic phenomena. Source: Jennifer Bing, Director of Program
Initiatives, Drexel University, College of Engineering, 2017.

1 Some publications report the Henry function as ranging from 1 in the Hückel limit to
1.5 in the Smoluchowski limit, but the function presented in the 1931 paper by Henry
[46] is as described herein.
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3.2.2. Nesting the PCA nanoemulsion
Nesting proceeds via double emulsion, as described previously.[16]

Different membrane components were used here to give desired nesting
shell properties, and, strictly speaking, nesting of PCAs constitutes a
triple emulsion (oil in water in oil in water, or O/W/O/W). A typical
batch involved diluting 500 μL of the first emulsion (that is, the PCA
nanoemulsion, O/W) with 500 μL of PBS (or, in the case of fluorescence
leakage experiments, 1 mM calcein) and adding this first emulsion to
1mL of a lipid mixture in chloroform and homogenizing using a Poly-
tron PT3100 (Kinematica Inc., Lucerne, Switzerland) for 1min at
12,000 RPM to give a double emulsion (O/W/O). The double emulsion
was then added to 8mL of 2% PVA (27,000MW) in water to give a
triple emulsion (O/W/O/W), which was homogenized for 2min (again
at 12,000 RPM with the Polytron PT3100). The extant triple emulsion
was then added to an additional 8mL of 2% PVA (27,000MW) in water
and placed on a magnetic stirrer for 24 h.

Two nesting shell formulations were utilized herein: Formulation I
comprised 20mol% 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),
20mol% 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-1′-rac-glycerol (SOPG),
40mol% cholesterol, and 20mol% triolein; and Formulation II comprised
20mol% 1,2-distearoyl-sn-glycero-3-phospho-1′-rac-glycerol (DSPG),
20mol% 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC), 40mol
% cholesterol, and 20mol% triolein. The size distributions of the two
nesting shell chemistries were measured with a Beckman Coulter counter
(Multisizer 4E); Formulation I gave total count of 3.00×109 particles/mL,
a mean size of 1.66 µm, and a median size of 1.42 µm, and Shell II gave a
total count of 3.13×109 particles/mL, a mean size of 1.67 µm, and a
median size of 1.44 µm.

3.2.3. Fluorescence leakage experiments
3.2.3.1. Home-built (3-D printed) housing for fluorescence
spectrometer. To measure ultrasound-induced or electric field-induced,
or both, fluorescence leakage in real time, a custom housing was
designed using CREO Panametrics 3.0 software (PTC, Boston, MA) and
3-D printed on a Dimension Elite 3D Printer (Stratasys, Eden Prairie,
MN). The home-built housing was printed in Drexel University’s
Machine Shop with 1.78mm thick ABS filament (ABS P430™ Model
(Ivory)) and with a solid internal structure and subsequently exposed to
acetone vapor for 1 h to make the system water-tight. Fig. 2 depicts the
housing, which screws into the base of a steady-state fluorimeter (A-
710, Photon Technology International Inc., Birmingham, NJ) in place of
an existing cuvette holder. The basin that sits atop the pegs holds
deionized water and provides a focal distance of 7.5 cm. The inside of
the basin was coated with 3 layers of epoxy (to ensure that deionized
water could not escape from the basin). A thin sheet of polyvinyl
chloride (PVC) separates the deionized water from the sample; this
sheet is acoustically transparent and does not affect the fluorescence
intensity of calcein.

3.2.3.2. High-frequency ultrasound. Ultrasound was delivered using a
5MHz, 7.5 cm focused ultrasound transducer (Olympus NDT, Waltham,
MA, USA), driven by an 8116A function generator (Hewlett-Packard,
Palo Alto, CA) in series with a +55 dB ENI 3100LA power amplifier
(ENI, Rochester, NY). In this study, the transducer was used to deliver a
desired peak negative pressures (PNP), which was measured using a
calibrated HGL-0200 hydrophone (ONDA Corp., Sunnyvale, CA). The
excitation pulse consists of 10 sinusoidal waveforms with a 40 µs pulse
repetition time, corresponding to a 5% duty cycle. The ultrasound
transducer is submerged into the 3-D printed ultrasound housing shown
in Fig. 2 such that its focal volume is within the light path traced by the
fluorescence spectrophotometer. A 0.8 cm silicone rubber sheet was
placed at the bottom of the quartz cuvette to avoid standing waves.

3.2.3.3. Electric field parameters. Potentials of desired voltage were
applied using an Agilent 33220A function generator (Agilent, Santa
Clara, CA) with a sinusoidal waveform at an alternating current of 1 Hz

to create electric fields of desired strength across the 99.5% titanium
electrodes (Alfa Aesar, Ward Hill, MA) in the cuvette (1 cm width) in
Fig. 2. Care was taken to minimize electrochemical reactions, and
titanium was chosen as the electrode material as it is inert and highly
resistive to common electrochemical reactions at low potentials [48].
Cyclic voltammetry showed that electrochemical reactions were
minimal over the voltage window of interest, and absorbance spectra
confirmed that electrochemical reactions were not appreciable.
Moreover, control studies with calcein and cobalt chloride in the
absence of PCA and nesting shell materials ruled out electrochemical
reactions as a cause for the observed changes in fluorescence intensities.
A hole was punched through the electrode facing the emission
monochromator to allow for transmission of light from the sample to
the detector.

3.2.3.4. Calcein assay. Calcein leakage was measured via standard
protocol [16]. Suspensions of nested PCAs were diluted by a factor of
20× in a cobalt chloride solution. Dilution was necessary to reduce the
optical density to a value less than 0.2 so as to prevent the attenuation
of fluorescence intensities that would otherwise arise from light
scattering via the well-known inner filter effect. The dilution was
performed with cobalt chloride, the concentration of which matched
calcein nearly 1:1 on a molar basis, for two reasons: first, it minimized
osmotic stress owing to variations in ionic strength across the liposomal
bilayer, which could cause leakage and complicate the analysis; and
second, it quenched external calcein. Samples were pipetted into quartz
cuvettes, which were placed into the 3-D printed housing described
above. Samples were exposed to varying (high-frequency ultrasound)
insonation pressures, electric potentials, and combinations of the two,
and fluorescence intensities recorded during exposure to the varying
acoustic and electric field modalities. A sample that was not exposed to
high-frequency ultrasound or electric field served as a control.

Calcein leakage was measured over 40-min intervals using the A-
710 steady-state fluorescence spectrometer (Photon Technology
International Inc., Birmingham, NJ) with 2-nm slit widths, 1.0-s in-
tegration time, and 1-nm step size. Emission spectra (490–540 nm)
were obtained using a 475-nm excitation wavelength. Calcein leakage
(% of maximal) was calculated by Eq. (3), where Ft is the fluorescence
intensity of the sample at time t, F0 is the initial fluorescence intensity
(which defines 0% release), and F100 is the fluorescence intensity at the
conclusion of the experiment after probe sonication at high intensity
and low frequency (20 kHz) (which defines 100% release). The leakage
values reported herein do not capture any passive (meaning the absence
of applied fields) leakage that might occur prior to the measurement of
F0, which means that the assay could potentially under-report the
amounts of leakage that actually occurred. Passive leakage does not
appear to be significant, however, based on observations of control
samples. Specifically, the value of F0, which was measured immediately
(meaning within tens of seconds) after sample preparation, was not
sensitive to time; control samples showed little-to-no change in fluor-
escence intensity for the duration of the experiment, suggesting that
passive leakage, if it did occur, was complete prior to the measurement
of F0. If that were the case, though, then one would expect no additional
leakage upon exposure to high-intensity, low frequency (20 kHz) soni-
cation, yet the same control samples that exhibited little-to-no change
in fluorescence intensity for the duration of the experiment then
showed an approximately fourfold change in fluorescence intensity
when sonicated. Taken together, these observations point to a lack of
appreciable leakage in the absence of applied fields.

= −
−

∗Leakage F F
F F

% 100t 0

100 0 (3)

Data is presented as an average of runs with error bars denoting stan-
dard deviations. Absorbance was measured with a Lambda 40 UV–VIS
spectrometer (Perkin Elmer, Waltham, MA) to confirm that electro-
chemical reactions were not appreciable.
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3.2.4. Electrophoretic mobility
Electrophoretic mobilities were measured on a Brookhaven

NanoBrook Omni (Brookhaven Instruments Corp., Holtsville, NY),
which employs phase Analysis Light Scattering (PALS). The system uses
a 35 mW red diode laser with a nominal wavelength of 640 nm with an
effective scattering angle of 15°. Samples were diluted with DI water,
and electrophoretic mobility was measured at a fixed potential of 4 V
alternating at 2 Hz. Zeta potential was calculated via Eq. (2) in the
Smoluchowski limit.

3.2.5. Tissue phantom experiment
3.2.5.1. Tissue phantom preparation. A poly(vinyl alcohol) (PVA)
cryogel phantom composed of 10 wt% PVA (85,000–124,000MW) is
used as a tissue mimicking phantom, as described by Surry et al. [49].
Briefly, a 1.5 L solution of 10 wt% PVA is heated to 80 °C for 12 h to
allow for the polymer to solubilize. The beaker is covered with
aluminum foil during the heating process to minimize water loss due
to evaporation. Once the solution is fully dissolved, it is poured into a
stainless-steel phantom mold that has a cylindrical sample chamber as
shown in Fig. 3A and is left at room temperature for 24 h to allow air
bubbles to escape.[16] The solution then undergoes three freeze–thaw
cycles so that the PVA aligns into a tight crystal structure.[3] The speed
of sound and tissue density increase with the freeze–thaw cycles; after
three cycles the acoustic properties closely match human tissue, with
the speed of sound in the phantom measured at 1535m/s and the
attenuation coefficients ranging from 0.075 to 0.28 dB (cm MHz)−1

[49]. The PVA cryogel is kept at 4 °C in deionized water to avoid
dehydration of the gel. A razor blade was used to cut out slices that are
5 cm in length and 8 cm in depth to allow for aluminum electrodes to be
placed 6 cm apart as shown in Fig. 3A. This tissue-mimicking phantom
allows for brightness studies in which intensities within the sample
region are compared to intensities within the PVA tissue-mimicking
region for different combinations of ultrasound and electric field
parameters.

3.2.5.2. Contrast-to-tissue ratio (CTR). Brightness (B) mode images
were taken from a GE Vivid i (GE Medical Systems Information
Technologies GmbH, Freiburg, Germany) portable clinical ultrasound
machine to evaluate the contrast-to-tissue ratio (CTR) for different

formulations subjected to a fixed ultrasound intensity with various
electric fields. The GE Vivid i was set to 0.28 MI in the harmonic
imaging mode with frequencies of 2.0 and 4.0MHz (transmit and
receive, respectively) with the use of a 2MHz wide-band phased array
transducer (GE 3S-RS) while the electric field between the electrodes
was varied from 0 V/cm to 3 V/cm. The volume of the sample chamber
within the PVA cryogel was 40mL; in a typical experiment, 2 mL of a
given formulation were added into 38mL DI water. The phased array
transducer was placed horizontally against the front face of the PVA
cryogel with coupling gel, and the phantom was placed on a magnetic
stir plate to allow mixing of the sample contents during experiments.

Fig. 3B shows the type of image obtained during the study and
denotes two regions, the sample contrast region and the tissue-mi-
micking region. These regions remain the same for the entirety of the
experiment. Contrast-to-tissue ratios were calculated from obtained
images using a MATLAB program that digitized the recorded images,
converting them to grayscale intensities ranging from 0 (black) to 255
(white). The brightness of the pixels was averaged, and the CTR value
was calculated from individual brightness values via Eq. (4), where IC
and IT are the grayscale intensities of the contrast and tissue regions,
respectively, as calculated by the MATLAB program [4].

⎜ ⎟= ⎛
⎝

⎞
⎠

Contrast to Tissue Ratio I
I

20log C

T
10 (4)

3.2.6. Animal studies
All animal experiments complied with legal requirements and

guidelines set by Drexel University’s Institutional Animal Care and Use
Committee (IACUC).

3.2.6.1. Small animal. Studies were done with Sprague-Dawley rats
under general anesthesia. A high-frequency, high-resolution digital
imaging platform with linear array technology and Color Doppler
Mode for in vivo high-resolution micro-imaging was used for (closed
chest) echocardiography (Vevo® 2100 Imaging System, FUJIFILM
VisualSonics Inc., Toronto, Canada). To provide appropriate
resolution and depth of penetration necessary, a high-frequency
transducer probe (VisualSonics MS400 with a frequency range of

55 dB

145 mv
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1 V

1Hz

Output Input
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of 1 
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5 MHz PTF 
US Transducer         

Function Generator 
& ENI 3100LA Amp
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with window cut out 
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Excitation beam coincides 
with focal volume Function Generator
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Fig. 2. Custom, 3-D printed housing for live fluorescence measurements in presence of ultrasound or electric field, or both: (Left): Illustration of the fluorescence
assay experimental set-up. The ultrasound transducer is placed into the top of the 3-D printed basin with its focal distance of 7.5 cm located within the cuvette at the
height where the excitation light beam passes through the sample. Titanium electrodes are positioned 1 cm apart, and alligator clips are used to create varying
sinusoidal potentials using a function generator; the electrode facing the emission monochromator has a hole to allow for passage of light to the detector. (Right):
Photograph of the custom, 3-D printed housing inside the A-710 steady-state fluorescence spectrometer (Photon Technology International Inc., Birmingham, NJ).
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18–38MHz; operated at 21MHz and 5% power) was utilized for the
assessment of cardiovascular function and enhancement of the
myocardium. In addition to the VisualSonics transducer used for
imaging, the 2MHz wide-band phased array transducer (GE 3S-RS;
that is, the very same transducer that was used with the GE Vivid i in
the tissue-mimicking phantom studies) was used for excitation
(0.07–0.28 MI).

3.2.6.2. Large animal. Studies were done with swine under general
anesthesia. Imaging (closed chest) and excitation were performed with
the same GE Vivid i and probe that were used for the tissue-mimicking
phantom studies.

4. Results

4.1. In vitro studies

4.1.1. Fluorescence leakage studies
Fig. 4 shows calcein leakage from a formulation of nested PCA

under three conditions: an electric field of 0.25 V/cm applied alone;
ultrasound of 0.5 MPa PNP applied alone; and an electric field of
0.25 V/cm plus ultrasound of 0.5MPa PNP applied simultaneously.
Each modality alone produces measurable leakage, and the two mod-
alities, when used in combination, exhibit a synergistic effect. This is
evident if one compares the result of the combined modalities with
what would be expected by simply adding the results of the individual
modalities, the latter of which is depicted in Fig. 4 as a thin grey line
devoid of symbols.[46]

4.1.2. CTR (Brightness) studies in a Tissue-Mimicking phantom
Fig. 5 shows how ultrasound imaging brightness responds to an

electric field for two nesting shell formulations. The first nesting shell,
which gave a zeta potential of∼−60mV, showed some visual evidence
of brightening upon application of an electric field of 1.0 V/cm but did
not exhibit clearly discernible (to the eye) additional brightening upon
increasing the electric field strength to 3.0 V/cm. The second nesting
shell, which gave a zeta potential of ∼−70mV, showed ample visual
evidence of brightening, both upon application of an electric field of
1.0 V/cm and upon increasing the electric field strength to 3.0 V/cm.
The qualitative visual brightness results were quantified using the CTR
methodology and are given in Fig. 6, which also shows how the voltage
difference between the two metal plates in the tissue-mimicking
phantom was varied throughout the experiment.

4.2. In vivo studies

4.2.1. Rat studies
Fig. 7 shows B-mode images of a rat heart (closed chest) during

diastole. Panel A shows a baseline image obtained prior to adminis-
tration of any agent. Panel B is an image obtained after administering a
nested formulation with nesting shell chemistry II, which gave superior
brightness in the tissue phantom studies. Panel C is an image obtained
after administering a nested formulation with nesting shell chemistry I,
and panel D is an image obtained after administering un-nested mi-
crobubbles of sulfur hexafluoride coated with a saturated phospholipid.
Whereas traditional, un-nested microbubbles brighten the ventricle but
not the myocardium (compare panel D with panel A), the nested PCA
formulations do the converse (e.g., compare panel B with panel A), and
the level of contrast enhancement observed depends on the nesting
shell formulation used (compare panel C with panel B).

4.2.2. Swine studies
Fig. 8 shows B-mode images of a pig heart (closed chest, long axis

view) obtained with a GE Vivid i (the very same unit used for the tissue-

Sample
“Contrast”

Section

Contrast-to-Tissue Ratio    A B

Phantom
“Tissue”
Section  

Fig. 3. Tissue-mimicking phantom: (A)
photograph showing the ultrasound
transducer of GE Vivid i in contact with
the PVA cryogel tissue phantom. The two
aluminum plates are inserted into the
phantom 6 cm apart and span the sample
region that has a diameter of 3 cm. (B)
screenshot of an image generated using
the GE Vivid i, showing the contrast-to-
tissue ratio (CTR) methodology. Both re-
gions chosen for brightness analysis are
approximately 6 cm away from where the
transducer couples to the phantom. The
sample “contrast” (C of CTR) section is
shown within the 3-cm circular sample
cavity, while the “tissue” (T of CTR) sec-
tion is outside the sample cavity.

Fig. 4. Synergistic Calcein release caused by ultrasound plus electric field:
Temporal calcein leakage is shown for samples that were exposed to an electric
field of 0.25 V/cm alone (open circles), ultrasound of 0.5MPa PNP alone (solid
circles), and both an electric field of 0.25 V/cm and ultrasound of 0.5MPa PNP
(circles filled by x’s). The thin line devoid of symbols shows the “Calculated
Additive Effect,” which is the leakage profile obtained by adding the results of
the individual modalities. The fact that the combined modalities give rise to a
leakage profile that is above the “Calculated Additive Effect” indicates a sy-
nergy between ultrasound and electric field. Lines are drawn through data
points to aid the eye.
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mimicking phantom studies) at baseline and after administering the
nested formulation with nesting shell chemistry II, which gave superior
results in both the tissue-mimicking phantom and rat heart imaging
studies. As was the case for the in vitro and rat studies, the nested PCA
formulation showed selective activation within the swine myocardium.

5. Discussion

The ability of applied and endogenous electric fields to influence
cellular physiology is well known, as is the amplification of the electric
field that arises by establishment of a transmembrane potential (across
what is a thin cell membrane) [50]. Indeed, the influence of an electric
field on the cell often correlates with the magnitude of the transmem-
brane potential, which depends not only the strength of the electric
field but also - among other factors - on the radius of the object (e.g., a
cell or a liposome) that the membrane envelops [38,50]. One well-
known impact of an electric field on a cell membrane or vesicle bilayer
is electroporation [51], which occurs when the transmembrane poten-
tial is sufficiently large to achieve dielectric breakdown and enable
current flow (and other molecular transport) across pores that interrupt

Fig. 5. Voltage-activated ultrasound brightness in a tissue-mimicking phantom: The influence of an electric field on ultrasound imaging (GE Vivid i, 0.28 MI, 2.0/
4.0MHz) brightness is shown for nesting shell chemistries I and II, which resulted in zeta potentials of ∼−60mV (top row) and ∼−70mV (bottom row), re-
spectively. Panels A and E are images taken before the samples were added, at which point the sample chamber contained just DI water, in the absence of an electric
field. Panels B and F are images taken immediately after 2mL of sample were added to the phantom and before application of an electric field. Panels C and G are
images taken when the electric field was 1.0 V/cm; image G exhibits enhanced brightness when compared with image F, whereas brightening in panel C relative to
panel B is more difficult to discern. Panels D and H are images taken when the electric field was 3.0 V/cm; image H exhibits enhanced brightness relative to image G,
whereas brightening in panel D relative to panel C is not evident. These qualitative brightness results are quantified via the CTR methodology and shown in Fig. 6.

Fig. 6. Voltage-activated ultrasound brightness in a tissue-mimicking phantom
quantified by CTR: The results of Fig. 5 were quantified using the CTR meth-
odology and presented as CTR versus time. The inset graph shows how the
voltage difference between the two metal plates in the tissue-mimicking
phantom was varied throughout the experiment.

Fig. 7. Voltage-activated ultrasound contrast in rat heart: B-mode images of a rat heart (closed chest) during diastole are shown for the following conditions: (A) at
baseline prior to administration of any agent; (B) after administering a nested formulation with shell chemistry II; (C) after administering a nested formulation with
shell chemistry I; and (D) after administering un-nested microbubbles of sulfur hexafluoride coated with a saturated phospholipid. LV denotes Left Ventricle, and MC
denotes MyoCardium. Nesting shell chemistry II shows brightening of the myocardium relative to baseline, and shows some evidence of activation within the left
ventricle (compare panels B and A). However, the brightening of the ventricle is far less, and the brightening of the myocardium far greater, than what is obtained
with un-nested microbubbles (compare panels B and D). Nesting shell chemistry I gave a result similar to that of nesting shell chemistry II, though the effect was less
pronounced (compare panels B and C).
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the membrane [39,41]. The upshot in the context of the current work is
that electroporation is not expected to occur, given the electric field
strengths and nest diameters used herein; this means that voltage ac-
tivation likely proceeds via a different mechanism or mechanisms. We
note that electric fields can produce intramembrane effects [50,52].

Although one can imagine applications involving applied external
fields, for which one can control the electric field strength to achieve a
desired effect, this paper addresses an application, namely myocardial
perfusion imaging, that involves an endogenous electric field. In lieu of
controlling the electric field, we take advantage of the electric field the
heart produces, which varies in time and space [53–57].

The results of rat and swine studies demonstrate the feasibility and
clinical relevance of such an approach, showing selective enhanced
ultrasound contrast in the myocardium – where the electric field is
stronger than in other regions showing less enhancement. The swine
study gave the most pronounced selective contrast enhancement, as the
rat study showed some activation within the left ventricle. This result
might be explained in part by differences in attenuation, relating in part
to differences in penetration depths (skin to organ), between the ani-
mals.

The in vitro studies confirm the results of the animal studies and
demonstrate that voltage-sensitivity is tunable with chemistry. In par-
ticular, nesting shell formulation II exhibited a greater propensity to
activate and a greater sensitivity to a change in electric field strength
than nesting shell formulation I. While the two formulations had dif-
ferent zeta potentials, the difference in nesting shell chemistry was not
merely a difference in the fraction of charged species. Thus, the type,
size, valence, and location, in addition to amount, of charged species
can influence the response to an electric field. Although the two shell
chemistries yielded similar size distributions, it is also possible that
some of the variation observed in the two formulations might be at-
tributable to variations in numbers of droplets or bubbles or volumes of
gas, which are known to influence echogenicity.[58]

6. Conclusions

Evidence from in vivo studies shows the feasibility of selective ac-
tivation of a voltage-sensitive ultrasound contrast agent at a fixed MI.
Leakage studies in vitro and brightness studies in a tissue-mimicking
phantom support the in vivo findings and demonstrate that the system is
somewhat tunable. Examples of parameters that influence the sensi-
tivity of the nested PCA architecture to an electric field are nest cur-
vature and charge, including type of charge, size of charged entity,
amount of charge, and location of charge. Chemical composition of un-
charged species also plays a role. The sensitivity to voltage enables
activation of a sub-set of nested liquid perfluorocarbon droplets,
namely those in the presence of an electric field, at a fixed ultrasound
intensity. Reaction of the nesting shell to an electric field facilitates
activation at the prevailing MI, which is otherwise insufficient to pro-
duce detectable acoustic activity. Although an electroporation reaction
is unlikely, given the magnitudes of the electric fields involved, some

other remodeling of the bilayer due to the presence of an electric field is
possible and perhaps probable. Selective activation utilizing an electric
field, regardless of mechanism, makes this voltage-sensitive phase
change agent well-suited for myocardial perfusion imaging. Time will
tell how well.
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