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ABSTRACT: Despite the real-time, nonionizing, and cost-
effective nature of ultrasound imaging, there is a dearth of
methods to visualize two or more populations of contrast agents
simultaneously—a technique known as multiplex imaging. Here,
we present a new approach to multiplex ultrasound imaging using
perfluorocarbon (PFC) nanodroplets. The nanodroplets, which
undergo a liquid-to-gas phase transition in response to an acoustic
trigger, act as activatable contrast agents. This work characterized
the dynamic responses of two PFC nanodroplets with boiling
points of 28 and 56 °C. These characteristic responses were then
used to demonstrate that the relative concentrations of the two
populations of PFC nanodroplets could be accurately measured in
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the same imaging volume within an average error of 1.1%. Overall, the findings indicate the potential of this approach for multiplex
ultrasound imaging, allowing for the simultaneous visualization of multiple molecular targets simultaneously.
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Molecular imaging harnesses targeted contrast agents to
provide cell- or molecule-specific contrast." The ability
to noninvasively image molecular information has promise to
enable the precise application of highly specific therapeutics.
Several molecular imaging techniques have been developed
and applied in preclinical and clinical applications, including
positron emission tomography,2 fluorescence imaging,” mag-
netic resonance imaging,” photoacoustic irnaging,5 and ultra-
sound (US) imaging.’

Ultrasound imaging has the benefit of being a real-time,
nonionizing, and inexpensive imaging modality. Gaseous
microbubbles are commonly used as contrast agents for US
imaging.” The microbubbles typically contain a gaseous
perfluorocarbon or oxygen core and a protein or lipid
stabilizing shell. Importantly, the microbubbles generate
excellent ultrasound contrast; single-microbubble sensitivity
can be achieved. This has led to the development of novel
imaging techniques, such as superlocalization US imaging.’
Targeting molecules, such as antibodies, can be attached to the
surface to confer molecular specificity. Various biological
targets, including the vascular endothelial growth factor
receptor and the @ f; integrin have been successfully imaged
with US.” In spite of the strengths of microbubbles, their large
size (typically 1 to S um in diameter) restricts their
applicability to intravascular targets. In addition, the relatively
low stability of microbubbles limits their lifetime in circulation
to a few minutes.”
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Perfluorocarbon (PFC) nanodroplets have emerged as a
promising alternative to microbubbles.'”'" They contain a
liquid (rather than gaseous) PFC core. Because liquid PFCs
have acoustic properties similar to those of tissue, they provide
negligible inherent contrast. They can, however, be activated
by a burst of acoustic or optical energy to undergo a liquid-to-
gas phase transition, a process known as acoustic droplet
vaporization (ADV)'’? or optical droplet vaporization
(ODV)," respectively. The resulting gaseous bubbles can be
detected with US imaging with single bubble sensitivity.
Depending on the ambient temperature and the boiling point
of the PFC, the bubbles will either persist (low boiling point)
or recondense back into their nanodroplet form (high boiling
point), primed to undergo another vaporization event.'*”"¢

Nanodroplets have many strengths over their microbubble
counterparts. First, their small size and liquid core make them
more stable in biological conditions and more likely to reach
extravascular targets.'” Second, they can be activated on-
demand with externally applied energy.'® This gives an extra
level of control that can be leveraged to boost US contrast.'*
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Figure 1. a) The synthesis procedure of ND,g and NDy, relied on sonication to generate a perfluorocarbon-in-water emulsion, with phospholipids
forming the stabilizing shell. b) A histogram of the hydrodynamic diameter showed an average peak of 340 + 43 nm for the ND,5 and 350 + 47 nm

for the NDg.
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Figure 2. a) The experimental setup allowed for colocalized FUS focus and imaging field of view. Ultrasound images of polyacrylamide phantoms
containing ND,g at b) 0 ms, c) 10 ms, and d) 150 ms show a sustained increase in signal in response to an FUS pulse applied just before 10 ms. e)
The US signal amplitude shows consistent behavior across 8 acquisitions. Ultrasound images of polyacrylamide phantoms containing NDy at f) 0
ms, g) 10 ms, and h) 150 ms show an initial increase in signal in response to the FUS pulse, followed by a gradual decay. i) The US signal
amplitude shows consistent behavior across n = 8 acquisitions. Error bars represent the standard deviation.

Third, they can be loaded with optical dyes, nanoparticles, or
therapeutic molecules for multimodal imaging or image-guided

13,19—21

drug delivery.

Multiplex imaging (the ability to detect and distinguish
between two different formulations of contrast agents in the
same imaging volume) expands the utility of molecular
imaging to simultaneously visualize two markers or to control
for nonspecific accumulation and binding.”*** Multiplex US
imaging has proven to be elusive thus far. In theory, the
resonant frequency of microbubbles could be tuned by varying
their size and shell composition.”* In practice, the polydisper-
sity in their size makes it difficult to achieve two distinct
populations of microbubbles. Alternatively, optical absorbers
with distinct absorption spectra have been loaded in PFC
nanodroplets.25 Then, a tunable laser can be used to activate
only a single population of nanodroplets at a time. The high
attenuation of light in tissue, however, limits the imaging depth

that can be achieved.

In this Letter, we describe a new approach to multiplex US
imaging. We synthesized two formulations of PFC nano-
droplets: one with a perfluoropentane core (bulk boiling point
=28 °C) and the other with a perfluorohexane core (boiling
56 °C). Both populations of nanodroplets can be
vaporized with the same pulse of focused ultrasound (FUS)
energy. When the ambient temperature is 37 °C, the
perfluoropentane nanodroplets (ND,;) undergo a single
vaporization event, whereas the perfluorohexane nanodroplets
(NDg) recondense after forming a transient bubble.'® This

point =

distinct behavior was harnessed to develop an imaging strategy
that can effectively differentiate between the two populations

of nanodroplets. This work demonstrates that the relative ratio

of the concentrations of ND,; and NDgs can be imaged.
Overall, this approach could be applied to enable US imaging
of multiple biomarkers in the same imaging volume.

The perfluorocarbon nanodroplets were synthesized (Figure
la) by first forming a lipid cake from a solution containing a
mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[ (polyethylene glycol)-2000] (DSPE-PEG) in
chloroform with a 90:10 weight ratio using a rotary evaporator.
The lipids were rehydrated with deionized water and dispersed
with a water bath sonicator. Then, either perfluoropentane or
perfluorohexane was added, and a microtip probe sonicator
was applied to produce ND,g or NDs¢, respectively. Excess
lipids were removed via centrifugation washing.

The nanodroplet size was measured via dynamic light

scattering (DLS, Figure 1b). The ND,g had an average peak
diameter of 340 + 43 nm; NDg4 had an average peak diameter
of 350 + 47 nm. The polydispersity index of the nanodroplets
was 0.30 + 0.11 and 0.27 + 0.07 for ND,g and NDg
respectively. The DLS instrument estimated the concentrations
of the two samples to be 2.4 X 10° ND,g/mL and 2.1 X 10°
ND,/mL.

A custom imaging setup was designed that incorporates a 15
MHz linear array ultrasound imaging transducer and a 1.1-
MHz single-element focused ultrasound (FUS) transducer
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Figure 3. a) Simulated time traces for ND,g (top), NDs¢ (middle), and background (bottom). The number and spacing of FUS pulses were tuned
to maximize the orthogonality of the three signals. The product of singular values was used as a metric to evaluate the relative differentiability of
ND and background signal with respect to b) the spacing between FUS pulses 7y, and c) the number of FUS pulses. d) Based on the results from
(a,b), an image acquisition strategy consisting of 6 baseline frames and S FUS pulses was designed for multiplex imaging.

(Figure 2a). The imaging transducer was aligned with the focus
of the FUS transducer by using a 3-D printed stage. The FUS
transducer was coupled to the sample with a custom-molded
polyacrylamide coupling cone with an ultrasound gel applied
to all interfaces. A polyacrylamide gel phantom containing a
homogeneous mixture of nanodroplets was used as the imaging
medium. The FUS and imaging transducers were triggered by
a function generator to allow submicrosecond synchronization
between the FUS transmission and US image acquisition.
Three polyacrylamide phantoms containing a homogeneous
distribution of either ND,g5 or NDy; were constructed with a
concentration of 1.0 X 10° nanodroplets/mL. The phantoms
were imaged to measure the temporal dynamics of the US
signal in response to the FUS activation. An initial increase in
ultrasound signal was observed for both ND,; and NDs4 in
response to the 1.1 MHz, 10-cycle FUS stimulus (Figure 2b—
i). In the ensuing US frames, however, the intensity of the
ND,; signal gradually increased (Figure 2b—e), while the
intensity of the NDgy4 signal decayed back to the baseline
(Figure 2f—i). The increasing ND,; signal is likely attributable
to coalescence of the resulting bubbles, which are less stable
than the nanodroplets, because of their larger surface area. This
results in a lower stabilizing Laplace pressure and poorer lipid
coverage.” Tt is also possible that the gaseous microbubbles
harvest the PFC from nearby liquid nanodroplets, a
phenomenon that has recently been demonstrated.”” The
decaying NDy, signal is attributable to the recondensation of
the nanodroplets after their initial vaporization.'*™'® Our
group has previously shown that NDss can be revaporized
hundreds to thousands of times with repeated FUS stimuli.'®
The US images of ND,g and NDj, (Figure 2) demonstrated
that the two populations of nanodroplets can exhibit distinct
temporal behavior in response to a FUS stimulus. Leveraging
these unique responses, an image acquisition strategy was
developed to differentiate relative concentrations of mixed
ND,g, NDs¢, and background tissue signals. In order to do so, a
matrix with three rows was constructed; each row contained
the characteristic dynamic responses of ND,g, NDg and
background tissue to FUS stimuli (Figure 3a). The number
and spacing of FUS pulses were varied and the product of the
singular values of the matrix containing the idealized signals
was used as a metric for its invertibility and, thus, the

differentiability of the three signals. The product of singular
values was maximized for a longer delay between FUS pulses,
7pys (Figure 3b). This allowed for the NDs4 to decay to a near
baseline signal before a new vaporization pulse was applied. In
addition, increasing the number of FUS pulses beyond 5
yielded diminishing returns (Figure 3c). Based on the results of
this optimization, the image acquisition sequence that used a
Trys of 400 ms and S total FUS pulses was selected. It is
noteworthy that this results in a relatively long image
acquisition time of 2 s. This could result in errors arising
from tissue motion in in vivo settings. It has been shown that
exposure of NDg4 to additional imaging pulses can hasten the
recondensation process.”® Future work will focus on
minimizing the ND,4 recondensation process for faster image
acquisition.

Next, the number of US images needed was reduced as far as
possible, while preserving the differentiability of the three
signals. This was done using an algorithm adapted from our
previous work in wavelength selection for spectroscopic
photoacoustic imaging.”” Briefly, a single column (representing
a single US frame) was removed from the matrix containing
the three signals. Then, the product of the singular values was
calculated. This was repeated for each possible frame. The
frame that led to the largest product of singular values when
removed was deemed to be the least important and discarded.
The process was repeated until only 16 US frames remained.
This led to the image acquisition strategy shown in Figure 3d.
First, 6 baseline frames were acquired, then 5 FUS pulses were
applied, with a pair of US frames acquired 0.5 and 400 ms after
each FUS pulse. This image acquisition sequence was used for
all subsequent experiments.

Polyacrylamide phantoms containing a homogeneous
distribution of either ND,g or NDg¢ were imaged using the
developed imaging sequence. The concentrations of ND,g and
ND;¢ were matched using DLS measurements. Representative
images of the two populations of nanodroplets qualitatively
demonstrated that they can be differentiable using the image
acquisition strategy (Figure 4ab). The images capture the
strong one-time vaporization that ND,s exhibited in response
to the first FUS pulse, followed by a gradual increase in signal.
The NDg,4 exhibited a vaporization signal in response to each
of the five FUS pulses, with recondensation occurring before
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Figure 4. Representative US images of phantoms containing a) ND,,
and b) NDy4 before (left column) and 0.5 ms after (middle column)
each of the 5 FUS pulses using the image acquisition strategy shown
in Figure 3d. The difference image (right column) demonstrates a
single large vaporization event for ND,s and multiple vaporization
events for the NDy4. The signals were acquired from 7 phantoms, and
the average US signal was plotted for ¢) ND,g and d) NDs,. The error
bars represent one standard deviation.

each subsequent FUS pulse was applied. Images from 7
phantoms were acquired to obtain the ground-truth signals of
ND,; and NDg4 (Figure 4c,d) using the imaging sequence
shown in Figure 3d. These signals were then used for multiplex
imaging studies.

Polyacrylamide phantoms containing homogeneous mix-
tures of ND,g and NDy4 with a relative percentage of NDg,4
ranging from 0% to 100% in 10% increments were constructed.
Five locations in each phantom were imaged by using the
developed imaging sequence (Figure 3d). The signals in a
region of interest corresponding to the FUS focal spot were
averaged for each US frame. Then, each of these 16-sample
ultrasound amplitudes was unmixed using non-negative least-
squares to obtain relative contributions of the ND,g, NDyg, and
background to the US signal. Finally, the relative percentage of
ND,¢ was calculated.

The resulting estimate of % of NDss showed a good
agreement with the ground truth (Figure Sa). The average
error in the relative NDy4 concentration was 9.1%, with larger
errors occurring at higher NDss concentrations. A linear
regression demonstrated high linearity of the estimated relative
concentration against the ground truth (R* = 0.996). It is
important to note, however, that the slope of the line was 0.76,
indicating an underestimation of NDg in these samples. This
discrepancy is likely attributable to the fact that the
nanodroplet concentrations were measured using DLS, which
is not the most accurate method for quantifying nanoparticle
concentrations. In future studies, the concentration of the two
nanodroplet populations could be matched using their US
signal, enabling more accurate unmixing. In addition, imaging
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noise and artifacts arising from microbubble shadowing could
have impacted the results.

In order to correct for the nonideal concentration estimate,
the linear fit in Figure Sa was used as a calibration curve for a
second set of experiments. Phantoms containing 0%, 25%,
50%, 75%, or 100% NDss were imaged. The estimated
concentrations were then scaled by a linear fit from the
preceding experiment. The results demonstrated that a much
better agreement between the actual and estimated relative
NDj,4 concentration with an average error of 1.1%, (Figure Sb).
In addition, since the processing was carried out in a pixelwise
manner, images of ND,; and NDgs concentration can be
obtained. Representative images of the relative NDgq
concentration (Figure Sc—g) showed that the two populations
of nanodroplets can be simultaneously visualized in the same
imaging volume. This opens the door to visualizing multiple
molecular targets simultaneously in the same imaging volume.
It also allows for the possibility of using a nontargeted
nanodroplet to help distinguish between contrast agent
delivery and specific binding to the molecule of interest.
This approach has been successfully applied in fluorescence
imaging for highly sensitive detection of a molecule of
interest.” "

In this paper, a new multiplex ultrasound imaging strategy
was described and initially tested, one that leverages the unique
temporal dynamics of two populations of perfluorocarbon
nanodroplets in response to the same FUS stimulus. The
distinct behavior of the two populations was characterized and
used to develop an image acquisition strategy designed to
optimize the separation of ND signals. Finally, the ability to
simultaneously visualize the two different nanodroplets in the
same imaging volume was demonstrated by using tissue-
mimicking phantoms. Future work will explore adding
molecular targeting to the nanodroplets and applying the
technique in vivo.
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