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Phase-changing nanodroplets are nanometric sized constructs that can be vaporized via external stimuli, such as
focused ultrasound, to generate gaseous bubbles that are visible in ultrasound. Their activation can also be
leveraged to release their payload, creating a method for ultrasound-modulated localized drug delivery. Here, we
develop a perfluoropentane core nanodroplet that can simultaneously load paclitaxel and doxorubicin, and

release them in response to an acoustic trigger. A double emulsion method is used to incorporate the two drugs
with different physio-chemical properties, which allows for a combinatorial chemotherapy regimen to be used.
Their loading, release, and biological effects on a triple negative breast cancer mouse model are investigated. We
show that activation enhances the drug-delivery effect and delays the tumor growth rate in vivo. Overall, the
phase-changing nanodroplets are a useful platform to allow on-demand delivery of combinations of drugs.

1. Introduction

One of the hallmarks of cancer that make tumors challenging to treat
is acquired resistance to treatments that can occur early on in the
regimen [1]. To address this challenge, the use of multiple therapeutic
treatments, often called “combination therapy,” has been tested and
adopted in several types of cancer [2,3]. Combination chemotherapy
often allows oncologists to reduce the dosage of each drug and achieve
better efficacy than single-agent therapy. In spite of its widespread use,
combination therapy still comes with limitations. Agents have to be
chosen in such a manner that they target different disease pathways and
that their effects towards cancer cells are neutral or synergistic. The
administration of multiple drugs is not straightforward, as their different
properties are bound to result in dissimilar pharmacokinetic and bio-
distribution profiles. Furthermore, optimized dosage is dependent on a
multitude of factors such as drug interactions, presence of certain tumor
biomarkers, potential side effects and others [2,4].

Nanomedicine has emerged as an appealing strategy to control the
ratios and pharmacokinetic profiles of multiple drugs in vivo [3]. By
unifying the pharmacokinetics of the two or more drugs at a particular
predetermined loading ratio, the degree of synergism can be tuned to
achieve improved therapeutic effects [5]. The clinical adoption of

nanomedicine, however, has been slowed by its passive drug release and
overreliance on the enhanced permeation and retention (EPR) effect,
which is heavily impaired by intra-, and inter- tumor heterogeneity
[6,7].

Perfluorocarbon (PFC) nanodroplets are a multifunctional technol-
ogy that have the potential to improve nanotherapeutics via activated
release of cargo. They have been proposed for use in preclinical models
of cancer, atherosclerosis, and tissue ablation [8-10]. These particles
consist of a PFC core stabilized by a surfactant, polymer, or lipid layer,
and dispersed in an aqueous media. benefiting from being biocompat-
ible even at large doses, with no significant toxicity or carcinogenicity,
and a half-life on the order of hours in vivo [11]. When exposed to the
proper stimulus — acoustic energy, optical energy, or magnetic energy —
nanodroplets can be noninvasively disrupted, releasing their cargo
[12-14]. Nanodroplets loaded with doxorubicin [15] and paclitaxel
[16,17] have resulted in effective tumor responses when combined with
ultrasound activation. This demonstrates the benefit of the precise
spatiotemporal control of drug delivery that PFC nanodroplets provide.

In addition to releasing the encapsulated cargo, the vaporization
event can result in additional biomechanical effects. Activation of PFC
nanodroplets has been shown to temporarily or irreversibly permeate
nearby cellular membranes in a process known as sonoporation [18].

Abbreviations: EPR, enhanced permeation and retention; PFC, perfluorocarbon; ADV, acoustic droplet vaporization; DDD, dual-drug loaded nanodroplet.
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This has been applied to disrupt the endothelial barrier, enabling the
delivery of macromolecules into the interstitial space [19-21]. In the
case of acoustic droplet vaporization (ADV), two mechanisms are
thought to be responsible for cell sonoporation: 1) the rapid phase
transition from liquid to gas and bubble evolution and 2) the behavior of
the resulting bubbles under continued ultrasound exposure (i.e., cavi-
tation and displacement)[18]. Factors such as the distance between
bubbles and cells, nanodroplet concentration, and ultrasound intensity
were investigated in vitro [22-24], showing good promise for the
application of such constructs in vivo.

In this work, we aimed to investigate the effects of activation upon
the cytotoxicity of a combination therapy regimen, co-encapsulated in
phase-changing nanodroplets. We developed a dual-drug loaded nano-
droplet (DDD) platform with the ability to load versatile combinations of
hydrophobic and hydrophilic drugs. Here, we used doxorubicin and
paclitaxel, drugs that are commonly used together in the clinic due to
their different mechanisms of action and ratio-dependent synergistic
effects [5,25,26]. The DDDs can be externally activated with pulsed
focused ultrasound and release the loaded therapeutics. Loading both
these drugs in nanodroplets bypasses the issue of different pharmaco-
kinetic profiles [27], ensuring the co-delivery at the same time and
place. The biological effects of acoustical activation of the DDDs are
investigated in vitro and in a triple negative breast cancer xenograft
mouse model. The results show that the active drug release is more
effective than simply relying on passive DDD accumulation through the
EPR effect.

2. Materials and methods
2.1. Synthesis of nanodroplets

The DDDs were synthesized by a double emulsion method. The first
emulsion was synthesized by a thin-layer hydration-sonication method.
A mixture of dipalmitoylphosphatidylcholine (DPPC, NOF America),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)-2000] (DSPE-PEG20o, NOF America) and cholesterol
(Alfa Aesar), in a molar ratio of 35:15:50 was added to 3 mL chloroform
(Alfa Aesar) and evaporated under vacuum (250 mbar) with a rotary
evaporator at 38.5 °C and 30 rpm. The solution contained 5 mmol total
lipid mixture. Paclitaxel (2 mg, Fisher Scientific) was dissolved together
with the lipids in chloroform for co-assembly. After the mixture evap-
orated and formed a thin film, 3 mL of 2:3 v/v water: Dulbecco’s
phosphate-buffered saline (Corning) was used for rehydration, and the
mixture was subjected to a 35-kHz sonicating bath (VWR Symphony) for
5 min at room temperature. Next, the mixture was dispersed with a
sonication probe (QSonica, Q700, 1/8-inch microtip) for 30 s continu-
ously, at 27 W/cm? in an ice-bath to prevent the sample from
overheating.

The second emulsion was constituted by aqueous doxorubicin solu-
tion (Advanced ChemBlocks) in perfluoropentane (PFP, Fluoromed).
The doxorubicin solution (0.25 mL, 7.0 mg/mL) was added to a mixture
of PFP (1.5 mL) and emulsifier (Krytox™ FSL, Chemours, 20 pL) and
sonicated with the ultrasonic probe under the same conditions described
before. A volume of 200 pL of this emulsion was added to the lipid-
paclitaxel mixture and sonicated for an additional 30 s on the same
settings as above. For empty nanodroplets, this step consisted of only
adding the PFP, followed by the same sonication regimen.

The nanodroplet mixture was centrifuged with an Eppendorf Min-
iSpin centrifuge at 43 rcf for 60 s to remove large aggregates and
unencapsulated components, such as paclitaxel, that settle out of the
dispersion due to poor solubility in water. This was followed by col-
lecting of the supernatant and two more steps of centrifugation at 2100
ref for 60 s each. For each of these steps, the supernatant was discarded
and replaced with 3 mL distilled water to remove micelles and unin-
corporated doxorubicin.

To obtain fluorescent nanodroplets that can be visualized with near-
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infrared (NIR) fluorescence, 40 pL of a 1 mg/mL 1,1’-dioctadecyl-
3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR, Biotium) dye so-
lution in chloroform was added together with the lipids in the synthesis
of the nanodroplets. The doxorubicin in the core was omitted, as was the
paclitaxel in the shell. All the rest of the synthesis and washing steps
were the same as for the DDDs.

2.2. Size and charge characterization

Average nanodroplet diameter and size distribution were determined
by a Malvern Zetasizer Dynamic Light Scattering (DLS) instrument after
100x dilution to ensure the concentration was low enough for single-
scattering events. All samples were subjected to 3 measurements each,
with no delay between measurements, with an automatic number of
runs per measurement, as determined by the instrument. Size is reported
as the intensity-weighted size distribution.

For zeta potential determination, nanodroplets were diluted in a
0.01 M NacCl (LabChem) solution and measured with a Malvern Nano
Zetasizer for 3 measurements with an automatically determined number
of runs/measurement. The zeta potential is shown as an intensity-
weighted distribution.

2.3. Drug loading measurement

The nanodroplets were dissolved in a 50/50 v/v mixture of aceto-
nitrile (ACN, Alfa Aesar) and water and heated to 60 °C for 30 min to
ensure the destruction of all droplets. The paclitaxel concentration was
determined by UV-VIS (Varian Cary® 50, Agilent) absorption at 229
nm, by means of a previously constructed calibration curve. For doxo-
rubicin measurements, the nanodroplets were dissolved in a 50/50 v/v
mixture of ethanol and water and allowed to dissolve completely.
Doxorubicin content was measured by a Horiba FluoroMax spectroflu-
orometer, using an excitation wavelength of 480 nm and emission at
590 nm, against a previously constructed calibration curve. All
doxorubicin-loaded samples were shielded from light between prepa-
ration and measurement to avoid quenching.

The encapsulation efficiency, ee, was determined by the formula:

amountofdrugmeasured, mg

ee, % x 100 (€8]

- amountofdrugaddedinitially, mg

2.4. Drug release study

Nanodroplets were dispersed in distilled water in a 24-well plate and
subjected to acoustic activation by a single-element ultrasound trans-
ducer (Sonic Concepts H-151, 1.1 MHz, 10 pulses of 10 cycles each with
a peak focal pressure of 9.6 MPa) powered by a radiofrequency power
amplifier (E&I 1020L). The transducer was coupled to the bottom of the
plate with polyacrylamide gel focusing cone. The methods for creating
the cone are detailed in our previous paper [28]. Ultrasound gel was
applied to each interface to facilitate acoustic transmission. The 24-well
plate was agitated after each ultrasound pulse to enable activation of a
large population of DDDs. The pressure level and number of cycles were
selected after applying ultrasound to a sample of DDDs and visually
observing bubble generation. The acoustic pressure was previously
calibrated using a needle hydrophone (Precision Acoustics) [29].
Briefly, the hydrophone and ultrasound transducer were submerged in a
degassed water bath. The hydrophone was raster scanned with a 3-axis
linear stage (Thor Labs) to align it with the focal point of the transducer.
The voltage of the transducer excitation waveform was gradually ram-
ped up while measuring the resulting peak pressure for calibration. The
experimental setup for activation is depicted in Fig. 1.

After activation, the samples were centrifuged at 2100 rcf for 60 s,
and both the supernatant and pellet collected. For paclitaxel measure-
ments, both the supernatant and pellet were dissolved in an ACN/water
1:1 mixture and measured with UV-VIS. For the doxorubicin
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24-well plate

Polyacrylamide

/ coupling cone

Ultrasound
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Fig. 1. Experimental setup for activating the nanodroplets for the drug release
and cell cytotoxicity studies.

measurements, supernatant and pellet parts were dissolved in 1:1
ethanol/water mixture and measured at 480/590 nm with the fluo-
rospectrometer as described above. For each of the samples, a non-
activated control was also measured using the same procedure. The
percentage of drug released for each of the drugs was computed by the
formula:

amountofdruginsupernatant, mg

%released =
erefease (amountofdruginsupernatant + amountofdruginpellet), mg

x 100 (3]

2.5. In-vitro cell toxicity studies

MDA-MB-231 cells (ATCC) were used to assess the cytotoxicity of
drug-loaded nanodroplets. Cells were passaged and seeded into 24-well
plates (Corning) in Dulbecco’s Modified Eagle Medium (DMEM, Corn-
ing) with 10% fetal bovine serum (FBS, Hyclone), and 1% mixture of
penicillin/streptomycin (Corning) at a 0.04 x 10° cells/well density.
The cells were left overnight to attach and grow in an incubator at 37 °C
and 5% CO3 concentration, then subjected to various formulations. The
studied groups were: non-treated cells for control, inactivated empty
nanodroplets, inactivated DDDs, free paclitaxel + doxorubicin,
ultrasound-activated empty nanodroplets and ultrasound-activated
DDDs. Nanodroplets were added to a 250x dilution in the total volume
of each well, or approximately 4.56 x 10’ nanodroplets/well. The
concentration of loaded paclitaxel was 1.7 pM and that of loaded
doxorubicin was 0.28 pM with respect to the well volume in the wells
that were subjected to drug-loaded nanodroplets. For the free drug
formulation, the same concentrations of both paclitaxel and doxorubicin
were used. Each group was triplicated. After adding the corresponding
formulation, the cells were allowed to rest for 30 min in the incubator,
followed by the subsequent ultrasound activation with the 1.1-MHz
transducer (Sonic Concepts H-151) was used at a focal pressure of 9.6
MPa. 10 pulses of 10 cycles. The experimental setup in Fig. 1 was used
for ultrasound activation. The cells were then incubated for 4 h, fol-
lowed by washing with phosphate buffer solution (PBS) and a (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT, Alfa
Aesar) assay to assess cell viability. Statistical analysis was performed by
using a Student’s t-test with a Bonferroni correction to account for the
multiple experimental groups. A value of p < 0.05 was taken to indicate
statistically significant differences between the groups.

2.6. Nanodroplets biodistribution and tumor accumulation

To assess the biodistribution of nanodroplets, a Nu/Nu mouse model
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(Charles River) was used and inoculated with bilateral hind flank tumors
by subcutaneous injection. MDA-MB-231 cells (ATCC), a triple negative
breast cancer cell line, was employed. The cells were grown in 10% FBS,
1% penicillin/streptomycin enriched DMEM media, until a 90% degree
of confluence. They were detached using 0.5% trypsin (Corning) and
counted with a hemocytometer (Neubauer chamber, Marienfeld). After
centrifuging the cells, the media was replaced with PBS and the cells
resuspended by gentle mixing. The cell suspension was then mixed in a
1:1 vol ratio with Matrigel (Corning), and injected in the hind flanks of
mice, with each flank receiving approximately 1.5 x 10° cells in a 100-
pL volume. Tumors were allowed to grow for three weeks, until they
reached a size of approximately 20 mm?, as measured by ultrasound
(Visualsonics Vevo 770, 40 MHz transducer).

The DiR-loaded nanodroplets were employed and NIR fluorescence
imaging (Li-Cor Pearl Impulse) was used, imaging the mice prior to
activation, immediately after the activation, and for several timepoints
afterwards. The mice received a tail vein injection of 100 pL fluorescent
nanodroplets dispersion, at a 10x dilution with respect to the stock. The
tumor to be activated was assigned randomly, and a 515-kHz annular
single-element ultrasound transducer (H-204, Sonic Concepts) was used
to activate the tumor, immediately after injection, for a total duration of
10 min, with ultrasound pulses at every 20 s, 10 cycles/pulse and a peak
focal pressure of 5.7 MPa. This transducer was used for in-vivo studies
because it has a hole in the center of its aperture that allows enables
precise alignment of the ultrasound focus with the tumor. The pressure
level and number of cycles were selected after applying ultrasound to a
sample of DDDs and visually observing bubble generation. All imaging,
injection and activation of the tumor were done under anesthesia with
isoflurane (VetOne), at a 2% concentration in oxygen, with a flow rate of
1.5 L/h.

At 2 h post-injection, the mice were sacrificed by cervical dislocation
while under anesthesia and both tumors were excised and fluorescence
images were acquired using the same settings as the whole-body
imaging.

2.7. Dual-drug loaded nanodroplets In-vivo efficacy

The same model of triple negative breast cancer as described in the
previous section was employed. Each mouse was inoculated with two
hind flank tumors by injecting a 1:1 volumetric mixture of MDA-MB-231
cells in Matrigel, with an approximate number of cells of 1.5x10° per
flank. The tumors were allowed to grow for around 3 weeks, or until
they reached a volume of approximately 20 mm?, as measured by the
Vevo 770 system.

Two groups of mice were investigated: DDDs and empty nano-
droplets. For each formulation used, one of the tumors was randomly
selected to be subjected to activation, while the other served as internal
control. This allowed us to discern between effects from the on-demand
activation and passive accumulation/release of the DDDs.

The mice received a tail-vein injection of 100 pL (with a concentra-
tion of 250 pg/mL paclitaxel, and 70 pg/mL doxorubicin, at a 5% v/v
PFP concentration, corresponding to a 5x dilution from as-prepared
DDDs). Following the tail vein injections of the nanodroplets, the mice
were subjected to a series of ultrasound pulses (515 kHz, 5.7 MPa peak
focal pressure, 10 cycles) spaced at 20 s, for a total duration of 10 min
(Fig. 2A). The transducer was acoustically coupled to the mouse with a
custom-molded polyacrylamide cone (Fig. 2B). 3D-printed crosshairs
were attached to the custom-built transducer holder to enable visual
alignment of the ultrasound focus and the tumor. The activation
sequence was started immediately after the tail vein injection. Mice
were anesthetized by isofluorane (VetOne), at a 2% concentration in
oxygen, with a flow rate of 1.5 L/h for all the procedures and
measurements.

The tumor size was measured periodically using the Vevo 770 high-
frequency ultrasound imaging system, together with the weight of the
mice, and animals were sacrificed after 21 days after the nanodroplet
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Fig. 2. A. Schematic of activation and ul-
trasound acquisition regimen showing the
total duration and the spacing of ultrasound

pulses; B. Timeline of tumor size measure-
ments and spacing for the duration of the
study, beginning once both tumors on a
mouse reach at least 20 mm® volume; C. A
mice mouse in the prone position showing the di-

| rections of measuring with the ultrasound

transducer: along the yz axis for the length of
the tumor, and an orthogonal frame of the
tumor, on the xz axis, used to measure the
depth and width of the tumor, respectively.
D The in-vivo experiments used an annular
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injection (Fig. 2B), or when meeting the euthanasia criteria (i.e., loss of
more than 10% body weight or tumor burden larger than 300 mm?). A
40-MHz single-element ultrasound transducer mounted on a motorized
stage was used for tumor size measurements, raster scanning the tumor
across the width (xz axis) across 10 mm, with a step of 0.1 mm. A cross-
section of the tumor was also acquired. The tumor volume was
computed by:

_ 4z averagelength width,  depth
V—B( ) )e( 2 ) ( ) ) ®)

where the average length is obtained by an average of the length across
three slices, and the width and depth are obtained from the orthogonal
slice (Fig. 2C).

3. Results and discussion
3.1. Synthesis and size characterization of nanodroplets

The average hydrodynamic diameters of the nanodroplets as
measured by dynamic light scattering were 332 + 14 nm with a poly-
dispersity index of 0.21 =+ 0.01 immediately following the synthesis and
washing steps (Fig. 3B). This size is within the range of what is
considered acceptable for tumor extravasation, with previous studies
determining the endothelial gap size around 400-600 nm [30,31]. Apart
from size, physico-chemical properties like the surface charge influence
the fate of nanoparticles during circulation, as well as through their
extravasation and distribution through the tumor tissue [32]. In the case
of our nanodroplets, zeta potential measurements indicated slightly
negatively charged nanodroplets, with a z-average of —24 + 1 mV
(Fig. 3C). Moderately negatively charged particles, have been shown to
have better stability in circulation due to reduced interaction with

sis-krztransducer  515-kHz ultrasound transducer. The hollow
center aperture allowed for visual alignment
of the ultrasound focus using 3D-printed

crosshairs.

Polyacrylamide cone
in plastic mold

plasma proteins compared to positively-charged particles [33,34], as
well as better transport through the extracellular matrix within the
tumor issue after extravasation [35].

3.2. Nanodroplets drug encapsulation and release

Encapsulation efficiencies were measured to be approximately
74.6% for paclitaxel and 60.7% for doxorubicin (Fig. 4A), corresponding
to a loading of 416 + 113 pug/mL of paclitaxel, and 108 + 21 ug/mL for
doxorubicin (Fig. 4B). This translates into a loading of 38 mg paclitaxel/
g nanodroplets and 10 mg doxorubicin/g nanodroplets. While this study
kept the parameters constant, as to get the same ratio between loaded
paclitaxel and loaded doxorubicin, the relatively simple synthesis
method allows for this ratio to be modified. This allows for versatility in
the effects of the nanodroplets, as different types of cells have been
shown to have different optimal ratios for maximum treatment efficacy
[27].

The activation of nanodroplets in dispersion, using 1.1-MHz ultra-
sound pulses of 10 cycles each, was undertaken, showing an increase in
the recorded paclitaxel in the supernatant (34% increase relative to
control), as well as doxorubicin (76% increase compared to control),
indicating that a portion of the nanodroplets were vaporized and release
their payload. Due to the focused nature of the sonication, we expect a
relatively small proportion of nanodroplets to be activated. Moreover,
the difference of released drug percentages between the two drugs was
previously investigated in our work focusing on in vitro characterization
of dual-drug loaded nanodroplets [36], concluding that the charge of the
particles plays an important role in the separation procedure involved in
the measurement of DOX, which does not impact the paclitaxel mea-
surement in the same way.

C
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Fig. 3. A. Schematic of dual-drug loaded nanodroplets with a lipid shell and a perfluoropentane core containing paclitaxel (shell) and emulsified doxorubicin (core);
B. Intensity-weighed DDDs size distribution; C. Intensity-weighed DDDs zeta potential distribution. The size and zeta potential distributions represent the average

across 3 samples.
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and standard deviation of 3 samples per experimental group.
3.3. Nanodroplets cytotoxicity

Dual drug-loaded droplets were tested for their cytotoxicity on MDA-
MB-231 cells using an MTT assay. MDA-MB-231 cells are a well-
established triple negative breast cancer cell line, and both paclitaxel
and doxorubicin are used in therapeutic regimens for this type of disease
in combination with one another [37,38] or other chemotherapeutics
[39-41]. We compared the effect of incubating cells with drug-free
nanodroplets against that of DDDs (Fig. 5). Drug-free nanodroplets,
either activated or non-activated, showed no significant cytotoxic effect
compared to the control cell group. There was also no significant dif-
ference between the activated and non-activated empty droplets,
showing the mechanical effects of the expansion experiences during
activation did not considerably affect cell viability. In contrast, activated
DDDs showed lower cell viability than inactivated DDDs (p = 0.032).
Non-activated DDDs did show some instability, recording a statistically
significant cytotoxicity when compared to the cells group (p = 0.0002).
We hypothesize this is due to the prolonged incubation time, which
allowed for the nanodroplets to interact with the lipid membrane of
cells, potentially releasing some of the lipophilic paclitaxel through lipid
transfer [42]. Moreover, compared to cells that were subjected to a
combination of free doxorubicin and paclitaxel in the same concentra-
tions as the DDDs, the activated DDDs showed significantly greater
cytotoxicity (p = 0.0047).

3.4. In-vivo biodistribution

Nu/Nu female mice with two hind-flank tumors were administered

fluorescent DiR-loaded nanodroplets through a tail vein injection, fol-
lowed by activation with high-intensity focused ultrasound of one of the
tumors (515 kHz, pulses with 10 cycles each, spaced at 20 s between
pulses for a total of 10 min).

The fluorescence signal in mice was followed prior to the injection,
as well as post injection and activation at 30 min, 60 min, and 120 min.
The mice included in this study showed relatively localized activated
spots after activation, due to the small focus of the ultrasound trans-
ducer, and a slight increase in the fluorescence signal compared to the
non-activated tumor within the span of the 120 min (Fig. 6A). After
excising and imaging both tumors on all mice, a statistically significant
difference in the signal between the two was observed (Fig. 6A-B, p =
0.0027 with a paired t-test). Although the results show higher accu-
mulation of the DiR dye in the activated tumor, it does not necessarily
indicate that extravasation occurred. A future study using cardiac
perfusion to remove excess dye/nanodroplets in the blood stream could
help confirm the delivery of payload into the interstitial space.

In a small additional study of two mice, the major organs were also
excised and imaged for fluorescence signal (Fig. S1 A, Table S1). This
showed the distribution of the signal in the major organs, with a ma-
jority of fluorescence being in the liver and spleen. The tumors con-
tained 1.5-3.5% of the total fluorescence signal at this timepoint. These
results are strong when compared to other nanoparticle platforms,
which demonstrate tumor accumulation of 1% on average [38].

3.5. In-vivo dual-drug nanodroplets evaluation

To understand the effect that the nanodroplets have in the animal
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Fig. 5. Comparison of the cytotoxic effect on MDA-MB-231 cells of ultrasound alone, empty nanodroplets (non-activated and activated with ultrasound), free
paclitaxel and doxorubicin, and dual-drug nanodroplets (non-activated and activated with ultrasound). For the activated samples, 10 pulses of 1.1-MHz ultrasound,
10 cycles each, at 9.6 MPa focal pressure was applied. N = 3 for each experimental group.
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Fig. 6. A. Overlay of fluorescence and white images of a mouse with two hind leg tumors that received a DiR nanodroplets tail vein injection imaged: immediately
after activation of one of the tumors, 60 min after activation, and 120 min after activation, respectively; B. Example of activated and non-activated tumor excised
from the same mouse; C. Boxplot graph of the fluorescence intensity in excised tumors that were activated vs non-activated counterparts (N = 3). * indicates a p

= 0.0027.

model, a study was setup to compare mice receiving DDDs with mice
receiving non-loaded, or empty nanodroplets. The model was the same
as described in the fluorescent droplets study, with two hind tumors one
of which was activated with focused ultrasound, and the other used as
internal control. The tumor size was followed periodically after the in-
jection and activation for both groups, and the weight of mice was also
recorded at several timepoints to ensure that the treatment was not
negatively affecting the mice. In the case of dual-drug loaded nano-
droplets, a one-dose regimen was used. Empty nanodroplets were
administered at the same PFP concentration.

Over the duration of the study, the dual-drug nanodroplets receiving
mice showed a delay in the tumor growth rate compared to the non-
sonicated counterparts (Fig. 7A-B), as shown by a paired t-test (p =
0.0002). Performing individual paired t-tests between the data for the 5
mice at each timepoint showed a statistically significant difference
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between the tumor volumes at days 2 (p = 0.034), 5 (p = 0.009), 7 (p =
0.0002). This is not unexpected, as the effect of drugs is expected to
occur in the first few days after administration and taper off, with
clinical regimens usually dosing paclitaxel and doxorubicin over an in-
terval from 3 h to 24 h and repeating the treatment every two or three
weeks, depending on the type, location and aggressiveness of the tumors
in question [43,44]. However, with nanoparticles’ efficiency of accu-
mulating in tumors being generally low, concerns about off-target
toxicity can impair the repeated administration. Histology samples
taken from a mouse receiving an intravenous injection of DDDs at the
same dose as the mice in the tumor growth rate study showed no dele-
terious effects on normal tissue in liver, spleen, kidneys, and heart. At
the same time, the tumors presented with regions where cell death was
underway, with the activated tumor also including a hemorrhage,
potentially from the mechanical effects of the activation (Fig. S.2).

B
Empty NDs

-e- Activated Tumor
a - Nonactivated Tumor

Relative tumor volume

o 5 10 15 20 25
days since injection

Fig. 7. A. Aggregate tumor growth rate for activated tumors compared to non-activated counterparts on mice that received a DDDs injection (N = 5); B. Aggregate
tumor growth rate for activated tumors c2ompared to non-activated counterparts on mice that received an empty nanodroplets injection (N = 5); C. Weight evolution
of mice receiving either DDDs or empty nanodroplets injections on day 0, expressed as relative ratio with respect to the mice’s weight on day 0.
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Therefore, we expect that a repeated dosage, of nanodroplet-
encapsulated drugs could be most beneficial, in not only slowing the
rate of growth, but actively reducing the size.

Meanwhile, mice injected with empty nanodroplets showed no dif-
ference in their tumor growth rates (Fig. 7B). This indicates that the
cytotoxic effect noticed in the case of dual-drug loaded droplets is due to
the chemotherapeutics rather than the mechanical effects of the acti-
vation on the tumor tissue. This is an important aspect, particularly in
the case of multiple-dose regimens, as damaging the vasculature of the
tumor in an irreversible way could lead to a decrease in nanodroplets
that reach the tumor in subsequent administrations. All 5 mice in the
study showed the lack of a statistically significant difference, compared
to the DDDs-receiving group, where some variability in the intensity of
the response was recorded (Fig. S.3).

The evolution of the weight of mice in both groups was similar, with
no obvious difference being noticeable between the groups (Fig. 7C),
which correlates with the histology data that did not show damage in the
major organs.

4. Conclusions

In this work, we report the construction and characterization of
phase-changing nanodroplets loaded with both paclitaxel and doxoru-
bicin for ultrasound-triggered drug-releasing capabilities. The two che-
motherapeutics are concurrently loaded into a core-shell nanodroplet
structure, with a PFP core and a biocompatible lipid shell. The activation
results in expulsion of the loaded drugs in the specific region of interest.

We characterized the cytotoxicity of the DDDs, noting an enhance-
ment in the effect of triggered nanodroplets compared to free drug
formulations. Similarly, in-vivo studies showed that ultrasound-
activated DDDs slowed tumor growth compared to tumors that did not
receive activation, and empty nanodroplets recorded no benefit from
activation in terms of tumor growth.

The DDDs combined two synergistic drugs with different pharma-
cokinetic profiles. By using the same nanocarrier, the delivery dynamics
were matched. The platform is versatile and could be modified to carry
other combinations of drugs. Some combinations, however, can be
antagonistic, making it preferable to deliver the drugs at different times
[45]. In this case, it may be a better strategy to use two separate for-
mulations of nanodroplets delivered independently.

However, work remains to be done towards increasing the amount of
nanodroplets that extravasate into the tumor. The ultrasound intensity
was selected to be relatively high in order to ensure DDD vaporization,
but the number of cycles and number of pulses was kept low to prevent
thermal or mechanical damage. Extended sonication duration could
possibly help promote drug delivery beyond the vasculature via stable
and inertial cavitation. In addition, the ultrasound was applied imme-
diately after the injection of the DDDs to activate them while circulating
through the tumor vasculature. It may be beneficial to wait for some
accumulation prior to activation. The center frequency of the ultrasound
transducer also plays an important role in nanodroplet vaporization and
mechanical effects on the tissue [46]. Although we used a different
transducer to facilitate the in-vivo studies, a full characterization of DDD
activation and payload delivery should be performed using multiple
frequencies.

Finally, it will be important to incorporate ultrasound imaging of the
drug release process. We have previously demonstrated that similar
ultrasound stimuli produce gaseous bubbles from similar nanodroplets
that can visualized with ultrasound imaging [47]. Thus, imaging could
be used to estimate the delivered dose. In addition, imaging could pro-
vide more insight into whether acoustic droplet vaporization or some
other destructive mechanism is responsible for the drug release.

Overall, our work proposes a nanocarrier design with on-demand
drug-release for enhanced efficacy combination therapy that can be
activated non-invasively using ultrasound, allowing for more control
over localization of the cytotoxic effect of chemotherapeutics.
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