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ABSTRACT: Phase-changing nanodroplets have been studied as externally activatable in situ microbubble precursors. The
nanodroplets can be triggered to vaporize with an external optical or acoustic energy source, and the resulting microbubbles can be
visualized with high sensitivity using ultrasound imaging. Because of their nanoscale size, this type of construct is attractive for the
encapsulation and on-site, on-demand release of therapeutics. Here, we develop a double-drug loaded nanodroplet platform that can
coencapsulate paclitaxel and doxorubicin, and release them upon external laser activation. Nanodroplets are characterized in terms of
size, stability, protein interaction, and drug release. Their capacity to concurrently release the two drugs and generate ultrasound
contrast is demonstrated in vitro. The efficacy of dual-drug loaded nanodroplets is compared in vitro with that of free drug
formulations, and potential mechanisms of their enhanced cytotoxic behavior are explored. Overall, the results show that the
nanodroplets are a versatile platform for on-demand image-guided drug delivery.
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1. INTRODUCTION

Effective cancer therapy must achieve a localized effect on the
diseased tissues while minimizing systemic toxicity.1 Taking
into account years of research and development into the field
of nanomedicine, it has become clearer that no single
formulation can achieve this feat. Rather, a synergy of
techniques, including but not limited to stratification of
patients and tumors, and personalized treatment plans is a
promising way forward. In this context, the field of image-
guided drug delivery emerged as a way of bringing the
strengths of imaging to optimize drug therapy,2 either by
allowing the visualization of on-site accumulation, the
monitoring of on-target and off-target distribution of carriers,
or the quantification of drug release.3 Each of these functions,
and more, could be employed to gain valuable information for
treatment planning, patient stratification, and therapy response
monitoring.1

As an image-guided drug delivery modality, ultrasound has a
series of advantages that make it preferable over other physical
modalities such as magnetic resonance imaging or positron
emission tomography. It is cost-effective and generally
accessible, while simultaneously being a safe, nonionizing

imaging technique. Ultrasound imaging provides real-time
imaging several centimeters deep in soft tissue with
submillimeter resolution. Diagnostic ultrasound imaging with
contrast agents, such as microbubbles, relies on the acoustic
impedance mismatch between the water-based tissue back-
ground and gaseous microbubbles to create high-contrast
images.4 This status has made microbubbles attractive to drug
and gene delivery applications as well, particularly for image-
guided strategies.5

However, despite their FDA-approved status, in the context
of image-guided drug delivery microbubbles have certain
disadvantages that limit their use.6 Because of their size, they
are confined in the vasculature and not able to extravasate into
the tumor tissue.7 Additionally, the loading of drugs in
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therapeutically relevant quantities remains a challenge.5 Finally,
for drug-loaded microbubbles, the release of the drugs is
correlated to the disappearance of the ultrasound contrast,
which makes it difficult to trace the drugs after sonication. To
address these shortcomings, nanoconstructs that can be
transformed into microbubbles in vivo by external stimuli
were proposed as an alternative.8

Emulsions have long been used in the clinic as drug carriers,
and nanoemulsions of several types have been proposed as
passive drug-delivery systems.9,10 Among them, perfluorocar-
bon nanoparticles (NPs) are a multifunctional theranostic
technology that have been tested in preclinical models of
cancer,8,10 atherosclerosis,11 and tissue ablation.12 These
particles consist of a Perfluorocarbon (PFC) core stabilized
by a surfactant, polymer or lipid layer, and dispersed in an
aqueous media. Perfluorocarbons such as perfluoropentane
(PFP), perfluorooctyl bromide (PFOB), or perfluoro-15-
crown-5-ether (PFCE) have been studied in this context and
make up the active ingredient of FDA-approved contrast
agents. Perfluorocarbon nanodroplets benefit from being
biocompatible at large doses,13 with no observed toxicity or
carcinogenicity,13,14 and a biological half-life that can range
from minutes, in the case of PFP emulsions15 up to days in the
case of PFCE16 and PFOB.17 The half-life of perfluorocarbon
nanoparticles has been shown to depend on the properties of
the core,18−20 such as boiling point, solubility in water,20

molecular weight, the nature of the stabilizing shell,16 and the
size of particles.21 PFC nanodroplets are kept stable by the
Laplace pressure experienced inside the nanodroplets, that
increases the boiling point of the core,22,23 which is necessary
for PFCs with boiling points lower than physiological
temperature, like PFP that boils at 29 °C. As their name
suggests, PFC nanodroplets are nanosized, hence they can
address two of the main issues with the microbubbles system:
they have the potential to extravasate into the tumor tissue
through the endothelial gaps, and have considerably longer
circulation times due to their small size and increased
stability.23

Compared to microbubbles, nanodroplets are not highly
echogenic, as they lack the mismatch in acoustic impedance.
When exposed to the proper acoustic, optical, or magnetic
stimulus, however, the core undergoes a phase transition,
resulting in gaseous microbubbles that can then be clearly
visualized in ultrasound images.10 For optically activated
nanodroplets, such as the ones described in this study, the
stimulus for activation is optical energy in the form of short-
pulsed laser light. The light is absorbed by the encapsulated
chromophore(s) and converted into thermal energy, resulting
in a localized temporary temperature increase and broadband
pressure waves. When the laser is above a threshold fluence,
the perfluorocarbon receives enough energy to transition from
liquid to gas, a phenomenon that is called optical droplet
vaporization.24

In addition to their size advantage over microbubbles, the
drug loading capabilities of single-drug perfluorocarbon
nanodroplet formulations have been previously investigated,25

demonstrating sufficient encapsulation efficiency for in vivo
efficacy.26,27 However, due to the complexity of tumors, single
drug strategies might not be always effective; combination
chemotherapy is accepted as increasingly important for
improved long-term outcomes.28 Unlike monotherapy, using
two or more chemotherapeutics simultaneously can maximize
therapeutic efficacy and overcome drug resistance of certain

cancer cell subpopulations.29 The main motivation for
combination therapy is in the possibility of using drugs with
distinct mechanisms of actions and pathways, that act on
different elements on the cell and potentially at different cell
cycle stages.30 Synergies between the drugs used can lead to
better outcomes,31,32 doxorubicin and paclitaxel being a prime
example of ratio-dependent synergistic effects.33 However,
maintaining a constant ratio of drugs that reaches the tumor
site is a challenge,31 since each drug has a different
pharmacokinetic profile, especially in the case of drugs that
have drastically different solubilities in aqueous media.32

Combining both therapeutic molecules in one platform is
beneficial for controlling their pharmacokinetic profiles, and to
ensure that the ratio between the amounts of the two drugs
reaching the tumor site is the same as the one administered.
Thus, adding multidrug loading capabilities to perfluorocarbon
nanodroplets is needed in order to expand their clinical
potential.
Our work aims to address this need by developing a platform

technology based on perfluorocarbon nanodroplets that can be
employed for combination therapy. Unlike previous studies
that look at the efficiency of single-drug-loaded droplets,34 our
work herein describes a way to achieve on-demand
simultaneous delivery of two compounds with different
hydrophilicities and a method to quantify the concentration-
dependent ultrasound magnitude obtained after drug release.
In this study, we describe a new double-drug loaded

perfluorocarbon nanodroplet platform, capable of encapsulat-
ing both hydrophilic and hydrophobic therapeutics. Doxor-
ubicin and paclitaxel are used as the model drugs in our study
due to their common employment in combination therapy for
a variety of cancers.35,36 The nanodroplets are also loaded with
a near-infrared (NIR) absorbing dye to enable external optical
activation. The release of paclitaxel and doxorubicin from the
nanodroplets upon exposure to a pulsed NIR laser stimulus is
studied in vitro. In addition, the ultrasound image contrast is
evaluated for nanodroplets before and after activation,
correlating the total signal increase with the concentration of
nanodroplets being triggered. Finally, this study investigates
the effect of time of incubation before activation on cell
viability, and explores more complex formulations for multi-
plexed nanodroplets. Our study establishes perfluorocarbon
nanodroplets as a viable platform for coencapsulation and
image-guided release of both hydrophobic and hydrophilic
drugs.

2. EXPERIMENTAL SECTION
Synthesis of Dual-Drug Nanodroplets. The dual-drug loaded

nanodroplets (DDDs) were synthesized by a double emulsion
method. The first emulsion was synthesized by a thin-layer
hydration−sonication method. Typically, a mixture of dipalmitoyl-
phosphatidylcholine (DPPC, NOF America), 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG2000, NOF America) and cholesterol (Alfa Aesar), in a
molar ratio of 35:15:50 was added to 3 mL of chloroform and
evaporated under vacuum (250 mbar) with a rotary evaporator at 38.5
°C. Paclitaxel (2 mg, Fisher Scientific) was dissolved together with the
lipids in chloroform for coassembly. To enable laser activation
capabilities of the nanodroplets, a NIR dye, Epolight 3072 (Epolin)
with a maximum absorbance at 1064 nm was added together with the
lipid mixture in chloroform. After the mixture evaporated 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 sonicating bath for 5 min at room temperature. Next,
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the mixture was dispersed with a sonication probe (QSonica, Q700,
1/8 in. microtip) for 30 s, at 27 W/cm2 in an ice-bath to prevent the
sample from overheating.
The second emulsion was constituted by aqueous doxorubicin

solution (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, 20
μL), and sonicated with the ultrasonic probe under the same
conditions as previously described. Different formulations were tested
before settling for these specific ratios between the drug solution,
PFP, and emulsifier. A volume of 200 μL of this emulsion was added
to the lipid-paclitaxel mixture and sonicated for an additional 30 s. For
empty nanodroplets, this step consisted of only adding the PFP,
followed by the same sonication regimen.
The nanodroplet mixture was centrifuged at 43 rcf, to remove large

aggregates and unencapsulated components, such as paclitaxel or
Epolight, that settle out of the dispersion due to poor solubility in
water. This was followed by collection of the supernatant and two
more steps of centrifugation at 2100 rcf. For each of these steps, the
supernatant was discarded and replaced with distilled water, to
remove micelles or unincorporated doxorubicin.
Extrusion of DDDs. After synthesis and washing steps, the DDDs

were downsized by extrusion through a mini-extruder (Avanti Lipids)
with a 0.4 μm polycarbonate membrane for a total of five passes. The
process was undertaken at room temperature, using a volume of 1 mL
per batch. For cell studies, the sample was filtered through a sterilizing
0.2 μm syringe filter (Whatman Puradisc, poly(ether sulfone)) to
ensure sterility.
Size Characterization. Average nanodroplet diameter and size

distribution were determined by a Malvern Zetasizer Dynamic Light
Scattering (DLS) instrument after 100× dilution to ensure the
concentration was low enough for single-scattering events. All samples
were subjected to three measurements each, with an automatic
number of runs per measurement, as determined by the instrument.
Size is reported as the d-average, together with the standard deviation
of the three measurements. The stability of the nanodroplets that
were kept at 4 °C was estimated by the evolution of size in time, as
reported by DLS.
Drug Loading Measurement. The nanodroplets were dissolved

in a 50/50 v/v mixture of acetonitrile and water and heated in a water
bath to 60 °C for 1 h to ensure the destruction of all nanodroplets.
The paclitaxel concentration was determined by UV−Vis (Varian
Cary 50) absorption at 229 nm, by means of a previously constructed
calibration curve. The absorbance of empty nanodroplets was
recorded to account for any effects from the matrix components,
and the value of absorption at 229 nm was corrected by that
registered in the empty nanodroplets spectra. For the determination
of doxorubicin content in the dual drug nanodroplets, the
nanodroplets were dissolved as described here and measured with a
spectrofluorometer (HORIBA Fluoromax) using a 480 nm/590 nm
excitation/emission against a calibration curve.
The encapsulation efficiency, ee, was determined by the formula:

ee, %
mass of drug measured, mg

mass of drug added initially, mg
100=

The approximate massdrug/massparticle for each of the two drugs was
computed by dividing the mass of drug encapsulated measured as
described above, over the approximate mass of a particle. The mass of
a particle was estimated using the total mass of components/number
of particles in the sample, correcting by the losses during wash steps
that were accounted with by the DLS concentration measurement
before and after the washing steps.
Drug-Release Study. Nanodroplets were diluted 20× in

phosphate-buffered saline (PBS), and samples were incubated in a
water bath at 37 °C under gentle mixing to combat any
sedimentation. Samples were taken at the beginning of the study,
after 0.5 h and after 1 h. At the 30 min time point, the corresponding
samples (noted as “laser-activated”) were activated by 1064 nm
pulsed laser (Opotek Phocus HE) with a fluence of 15 mJ/cm2, for a

total of 5 s at 10 Hz pulse repetition frequency. The samples were
centrifuged and the supernatant was measured for the amount of drug
based on the methods described above. The pellet was similarly
collected to measure the drug left in the droplets. The amount of
unencapsulated drug measured at the initial time point was subtracted
from the following measurements. For each of the measurements, the
same batch of nanodroplets was divided in two partsone that was
not activated to serve as a control, and one that was exposed to the
laser at the 30 min time point. For doxorubicin measurements, the
samples collected from the inactivated nanodroplets were exposed to
laser illumination equivalent to the activated nanodroplets to account
for photobleaching effects.

Drug-Release in the Presence of Protein Corona. To study
the influence of hard protein corona on the release of drugs of
nonactivated compared to activated nanodroplets, three different
media were used: distilled water, 10% fetal bovine serum (FBS)
solution, and 100% FBS. Nanodroplets were incubated in the
respective media for 1 h, at 37 °C, under gentle stirring, followed
by washing and replacement of their suspension media with PBS.
After 10 min in a water bath at 37 °C, nanodroplets from the
“activated” group were illuminated with the pulsed NIR laser. Control
samples followed the same procedure, except for the activation step.
The samples were centrifuged, and the released doxorubicin was
measured in the supernatant.

Ultrasound Imaging. Polyacrylamide gel phantoms were
obtained as previously described.37 Briefly, a 10% polyacrylamide
gel was prepared from a solution of acrylamide:bis(acrylamide)
(29:1) adding up to 1.5% v/v nanodroplets suspension, and
N,N,N′,N′-tetramethylethylendiamine (TEMED) and ammonium
peroxodisulfate (APS) as initiator system. Each phantom was set on
an in-house built platform and imaged with a L22−8v Verasonics
linear array ultrasound transducer connected to a Verasonics Vantage
256 imaging system. Images were acquired using plane-wave
acquisition with five compounding angles (−18, −9, 0, 9, 18 degrees)
before and after the laser pulse(s). Results are presented as the
difference between the average signal after the trigger and the
previous signal, as well as the signal magnitude in the region of
interest of the scan.

To investigate the correlation between the concentration of
nanodroplets in the phantom and the change in signal magnitude
recorded by ultrasound, a series of phantoms with various volumetric
percentages of nanodroplets dispersion were created: 0.1%, 0.25%,
0.5%, 1%, 1.5%. The concentration, expressed as particles/mL, was
determined from the DLS results using the Malvern Zetasizer’s built-
in concentration measurement tool. To avoid any mismatch, the same
sample of nanodroplets was used for the whole series, and four spots
on each phantom were averaged to account for any heterogeneity for
each of the studied concentrations. A 6 mm × 3.25 mm rectangular
ROI was selected for each of the spots on the phantoms, with the
signal being computed as the difference between the average sum of
pixel values in the ROI after activation and the average sum of pixel
values in the ROI prior to activation.

In Vitro Cell Toxicity Studies. FaDu cells were used to assess the
cytotoxicity of drug-loaded nanodroplets. Cells were passaged and
seeded into 24-well plates in Dulbecco’s Modified Eagle Medium with
10% FBS, and 1% mixture of penicillin/streptomycin at a 0.04 × 106

cell density. The cells were left to attach and grow overnight in an
incubator at 37 °C and 5% CO2 concentration, then subjected to
various formulations. The studied groups were nontreated cells for
control, inactivated empty nanodroplets, inactivated DDDs, free
paclitaxel + doxorubicin, laser-activated empty nanodroplets, and
laser-activated DDDs. Nanodroplets were added to a 250× dilution in
the total volume of each well, or around 4.56 × 107 nanodroplets/
well. The concentration of loaded paclitaxel was 1.7 μM and that of
loaded doxorubicin was 0.28 μM 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. The working volume throughout the study
was kept constant at 1 mL in each well. Each group was triplicated.
After adding the corresponding formulation, the cells were allowed to
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Figure 1. Nanodroplets fabrication steps: (A) liposome formation by thin-film formation and rehydration; (B) core emulsion formation by
sonication; (C) combining the two emulsions under sonication to form the double-emulsion construct.

Figure 2. (A) Size change of extruded vs nonextruded nanodroplets stored at 4 °C as a water dispersion; (B) derived count rate change of extruded
compared to nonextruded nanodroplets stored at 4 °C; (C) size evolution of nanodroplets incubated at 37 °C in water and bovine serum albumin
solution; (D) derived count rate change of nanodroplets incubated at 37 °C in water and bovine serum albumin solution40 mg/mL. Error bars
show the standard deviation obtained from triplicate measurements.
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rest for 10 min in the incubator, followed by the subsequent activation
(by laser) of the specified groups in vitro. The cells were then
incubated for 4 h, followed by washing with PBS and a (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay
to assess cell viability.
Cell Sonoporation Experiment. To probe the effect of

mechanical events occurring during the phase transition of nano-
droplets, such as cell sonoporation, FaDu cells were subjected to the
same doxorubicin concentration (0.2 ug/mL) either as a free drug,
together with empty nanodroplets, or formulated in a nanodroplet.
Each formulation was analyzed in the case of laser-activated samples
or inactivated samples. The same protocol to the cell toxicity study
was followed to evaluate the cell viability of the different groups.
In Vitro Time of Incubation Influence. The influence of

exposure time of cells to loaded nanodroplets was studied by
incubating FaDu cells with loaded nanodroplets for 10 min, 30 min,
and 1 h, followed by the replacement of the media and activation of
the internalized/bound nanodroplets, and an MTT assay to assess the
effects on cell viability. For each of the time points, the study included
control wells that were subjected to the same incubation regimen but
not activated with the laser. All samples and controls were performed
in triplicate.
Internalization of Nanodroplets Study. FaDu cells were plated

at a density of 0.5 × 104 cells/mL on a MatTek 35 mm, collagen-
coated 14 mm diameter glass well and left to attach overnight. Cells
were incubated with FITC-labeled empty nanodroplets, obtained by
the procedure described before by replacing 10% of the weight of
DSPE-PEG with a FITC-DSPE PEG (Nanocs). Two samples were
included, one in which cells were incubated with nanodroplets for 10
min, and another in which the incubation time was 1 h. The final
dilution of nanodroplets in both samples was 100× compared to the
stock solution of nanodroplets, and the same batch was used for both
samples. After incubation, the media was aspirated, and cell layer
washed with fresh PBS 3 times. A 300 mM solution of 4′,6-diamidino-
2-phenylindole (DAPI, Thermofisher) was used to stain the nuclei as
described in the supplier’s protocol.38 Next, a Cell Mask Deep-red
membrane stain (Thermofisher) was used to stain the cell plasma
membrane following the supplier’s protocol.39 The staining steps were
followed by washing steps and a final cell fixation procedure with
formaldehyde 3.5% w/v. Confocal images were acquired right after
cell fixation, with a ZEISS LSM 800 laser point scanning confocal
microscope with Airyscan enhanced resolution, at a magnification of
20×.

3. RESULTS AND DISCUSSION

Nanodroplets Synthesis and Characterization. Figure
1 shows a schematic of the steps involved in the synthesis of
DDDs. First, a NIR-dye, paclitaxel containing liposome is
created. Second, the core emulsion of doxorubicin suspended
in perfluoropentane is synthesized. Finally, the preformed
liposomes are combined with the emulsified doxorubicin to
create phase-changing, double-drug loaded nanodroplets. The
synthesis steps shown in the schematic are followed by a series
of centrifugation and washing steps, and finally, an extrusion
process for sizing.
The average hydrodynamic diameters of the nanodroplets as

measured by dynamic light scattering were 195.70 ± 27.38 nm
and 337.40 ± 50.07 nm diameter for extruded nanodroplets,
and nonextruded nanodroplets, respectively, immediately
following the synthesis and washing steps (Figure 2A).
Size was also used as an indicator of nanodroplets’ stability,

with coalescence and aggregation leading to larger sizes. Dual-
drug loaded nanodroplets were dispersed in distilled water,
stored in the refrigerator at 4 °C, and measured periodically
over the course of 8 days (Figure 2A). Nanodroplets stored in
this manner showed good stability over the time of the
experiment, with size slightly increasing in the case of both
extruded and nonextruded nanodroplets. On the other hand,
the derived count rate of the two samples shows more of a
pronounced difference in evolution. In the case of extruded
nanodroplets, the derived count rate showed a 5% decrease
between the day 0 and day 8 time points (Figure 2B), while
the nonextruded sample decreased by 78% compared to the
initial time point. These measurements highlight the need for
the sizing procedure, especially when longer-term storage is
considered. The intensity-weighed distribution of nanodroplets
(Supplementary Figure 1) from both samples showed a
widening of the peaks, as well as the appearance of smaller
peaks, and larger peaks which might indicate a disproportio-
nation process such as Ostwald ripening happening.
To simulate the conditions nanodroplets would be subjected

to during circulation, extruded nanodroplets were incubated
with a 40 mg/mL bovine serum albumin solution at 37 °C,

Figure 3. (A) Schematic of dual-drug loaded nanodroplets and their activation under the action of pulsed laser; (B) brightfield image of droplets
prior to activation (0), 5 min after the initial time point (5-), immediately after activation (5+), and 5 min after the moment of activation (10).
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with DLS measurements taken over the course of 26.5 h. The
size trended upward for both samples, most likely due to the
coalescence or agglomeration of nanodroplets (Figure 2C).
However, the size of nanodroplets after 1 day was still in the
submicrometer range indicating a good potential for
circulation times and accumulation in leaky tumor tissue.40

The different media of incubation did not generate a
statistically significant difference in the mean size of nano-
droplets, due to the rather large variance between measure-
ments. The derived count rate (Figure 2D) shows a large
decrease for the BSA-incubated nanodroplets compared to the
ones dispersed in water. This could be a result of foam formed
during the mixing of the BSA sample, that rises to the top of
the dispersion and is not present in the detection window. One
thing to note is that the BSA solution itself contributes to the
count rate, as micelle or protein agglomerates are detected by
the DLS alongside the nanodroplet peaks, as can be seen in the
intensity-weighed distribution histograms (Supplementary
Figure 2).

Drug Encapsulation and Release. Both paclitaxel and
doxorubicin are common chemotherapeutics that are used
either as monotherapy or in combination in the treatment of
solid tumors. Both drugs have side effects, such as neuro-
toxicity or cardiotoxicity, that limit their systemic use.41

Moreover, the two have different solubilities in aqueous media
and have distinct mechanisms of cytotoxicity42 making them
good candidates for coencapsulation in the same nanocarrier.
Loading both these drugs in nanodroplets bypasses the issue of
different pharmacokinetic profiles,33 ensuring the codelivery at
the same time and place.
Figure 3A presents a cross-sectional view of a liquid

nanodroplet formed by a double emulsion and loaded with
the two drugs. Figure 3B presents the nanodroplets captured
with bright field microscopy before activation (“0”) and 5 min
after sitting on the coverslip without any intervention (“5-”).
The next image shows the same droplets immediately after
activation with a NIR pulsed laser (“5+”), as well as the
progression of the microbubble size after 5 min after activation

Figure 4. (A) Encapsulation efficiency of paclitaxel and doxorubicin in DDD; (B) loading efficiency for paclitaxel and doxorubicin in double-drug
loaded nanodroplets; (C) laser-triggered paclitaxel release from activated DDDs compared to a non-activated control; (D) laser-triggered
doxorubicin release from DDD compared to non-activated control; (E) doxorubicin release comparison of nanodroplets preincubated with FBS
solutions of various concentrations (0−100% volume). Error bars represent the standard deviation of triplicate experiments.
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(“10”). The images showcase the transition of the core from
liquid to gas as microbubbles are formed upon exposure of the
sample to laser. The microbubbles increase in size after a few
minutes, a process that could be explained by the recently
described phenomenon of nanodroplets enhancing micro-
bubble inflation in mixtures of the two.43

Dual-drug loaded nanodroplets were destroyed in acetoni-
trile−water 1:1 vol. mixture to dissolve all loaded drugs.
Encapsulation efficiencies were measured to be approximately
80% for paclitaxel and 60% for doxorubicin (Figure 4A),
corresponding to a loading of 360 ± 67 ug/mL of paclitaxel,
and 40 ± 7.9 ug/mL for doxorubicin (Figure 4B). These
translate into a loading of 0.36 mg paclitaxel/mg particles and
0.04 mg doxorubicin/mg particles. 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.33

The triggered release of paclitaxel upon nanodroplet
vaporization was shown by measuring the release profile with
and without external activation for samples kept at 37 °C
(Figure 4C). The activated sample was exposed to 5 s of
pulsed laser irradiation (with 10 Hz pulse repetition
frequency) at the 30 min time point, a small volume was
taken out to measure drug release, and the rest of the sample
was kept at 37 °C for an additional 30 min, for a total
experiment time of 60 min. While the initial samples showed a
relatively small amount (∼3% with respect the total loaded
paclitaxel) of unencapsulated paclitaxel present in the super-
natant, after 30 min, both the non-activated and the activated
samples had a 10-fold increase in the amount of released
paclitaxel. In the case of the non-activated sample, this might
be from spontaneous droplet activation, from reorganization of
the lipid membrane upon coalescence of droplets, events that
are in line with the gradual increase in size and widening of the
peak in the size-distribution observed in the DLS measure-
ments. On the other hand, the laser-triggered samples released
nearly 50% more paclitaxel than the non-activated control.
After an additional 30 min at 37 °C, both samples continued to

Figure 5. (A) Ultrasound B-scan frame of DDD-laden polyacrylamide phantom prior to activation; (B) ultrasound B-scan frame after 1 laser pulse
with visible microbubbles in the laser focal spot (red circle); (C) graph of total intensity in the selected region of interest against frame number,
showing a sharp increase of signal at the moment of activation (frame #2); (D) ultrasound difference frame between the frame acquired
immediately after activation (#2) and the frame acquired before (#1); (E) graph showing the linear dependency of the differential ultrasound
magnitude in the ROI with the concentration of nanodroplets in the phantom. Error bars represent the standard deviation of 4 replicate
experiments; (F) schematic (a) and US differential frames of insert phantoms containing neighboring regions encapsulating nanodroplets with
different NIR dyes. Activating consecutively by the two corresponding wavelengths shows localized activation of nanodroplets.
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increase the amount of released paclitaxel in a similar fashion,
which is expected due to no additional activation of the
samples being performed.
In the case of doxorubicin, a similar experiment was

performed, with a batch of nanodroplets being divided into
activated and non-activated samples. The “activated” sample
was subjected to laser-exposure at the 30 min time point, at
which point a small volume of it was removed to measure the
released doxorubicin, with the rest of the sample kept at 37 °C
for an additional 30 min. To ensure a fair comparison of the
activated and non-activated samples, after taking samples for
each time point and separating the released doxorubicin in the
supernatant, the non-activated samples were subjected to an
equivalent laser exposure. This is to correct for photobleaching
effects on doxorubicin due to the laser exposure. Figure 4D
summarizes the experiment, showing a relatively slow
evolution of the released doxorubicin for control droplets,
and a jump of over 33% in the amount released from the
activated sample immediately after laser activation.
A third experiment related to drug-release was included,

investigating the influence of protein corona over the release of
drugs (Figure 4E). Doxorubicin was measured in this situation,
due to the ease of measurement compared with paclitaxel given
its solubility in aqueous media. While passive delivery of drugs
has been shown to be impeded by the hard protein corona
formed around nanoparticles,44 we hypothesized that the
nanodroplets would be able to overcome the barrier due to the
relatively strong mechanical forces generated during activation,
that have been shown to be powerful enough to cause cell
membrane permeabilization.45−47 During the experiment,
three different conditions of incubation were tested: distilled
water, 10% FBS solution, and 100% FBS solution. After a 1 h
incubation in their respective media, nanodroplets were
resuspended in water and kept for 30 min at 37 °C. The
passive and laser-activated doxorubicin releases were measured
and compared. The nanodroplets that were kept in water,
therefore forming no protein corona, showed results in line
with the previous experiment (Figure 4), with some
doxorubicin being released passively and a jump in the amount
released after laser activation. The effect was more pronounced
in the 100% FBS solution. Moreover, laser-activation of the
nanodroplets increased the amount of drug release in all cases,
with the greatest effect observed in the 100% FBS case. This
might be an effect of droplets being closer to one another in
dispersion when the protein coronas are larger, allowing for a
more efficient transfer of the energy across the droplet
population in the sample. This might result in the activation
of a higher number of droplets compared to water samples
where movement is unencumbered. Additionally, the increased
interactions between nanodroplets can cause a broadening of
the size of nanodroplets, which relates inversely with the
energy needed for activation.48 Lastly, proteins in the serum
might interact with and destabilize the lipid layer of
nanodroplets, contributing to the increased passive release of
the drug or change the surface charge of the nanodroplets,
decreasing the electrostatic interactions between the released
doxorubicin and the nanodroplets/microbubbles present in
dispersion. Increasing the zeta potential of nanodroplets by
using an amine functionalized DSPE-PEG was shown to
increase the amount of doxorubicin that is measured in the
supernatant after release (Supplementary Figure 3), which
supports the hypothesis that surface charge plays an important
role in the interaction between nanodroplets and microbubbles

and released doxorubicin, impacting the amount of drug that
gets detected. This might also explain the disparity between
the percentages of released drugs for paclitaxel and
doxorubicin.

Ultrasound Imaging. The ultrasound contrast capabilities
of nanodroplets before and after activation were investigated in
tissue-mimicking polyacrylamide phantoms. A custom ultra-
sound imaging sequence which consisted of one frame before
activation and 15 frames immediately after activation was used.
After a single laser pulse, the laser focal spot showed increased
contrast compared to the initial liquid droplet state (Figure
5A,B). This is because of the strong acoustic impedance
mismatch between the gaseous microbubbles and aqueous
background. To obtain the total ultrasound amplitude, a
rectangular area surrounding the laser illumination spot was
selected as a region of interest (ROI) and the magnitude of
pixels in the region was computed as the sum of all pixel values
for each frame and denoted the “signal magnitude”. Further,
the signal magnitude in the ROI was divided by the signal
magnitude of the background to calculate the signal-to-
background ratio. The results show a strong increase in
ultrasound signal-to-background ratio immediately following
laser activation of the nanodroplets (Figure 5C). The ratio
remains relatively constant for the next 14 frames, indicating
that the microbubbles are stable contrast agents for imaging.
To obtain the differential signal magnitude, the ultrasound
frame immediately preceding the laser activation was
subtracted from the ultrasound frame immediately succeeding
activation (Figure 5D), and the sum of all pixel values in the
same ROI was computed and denoted as the “differential
signal magnitude”.
To investigate a dependency of the differential signal

magnitude in the ROI on the concentration of nanodroplets
in the phantom, an experiment was performed using a similar
imaging and processing setup as the one described above. The
main difference was that the laser exposure time was extended
to 5 s to ensure activation of the entire population of
nanodroplets. Dual-drug loaded nanodroplets were dispersed
in polyacrylamide phantoms with concentrations ranging from
0.1% to 1.5% v/v. This corresponds to a 2 × 107 to 1.5 × 108

particles/mL concentration range, as determined from DLS
measurements. The main rationale behind the experiment is to
establish that the differential ultrasound signal magnitude is
linearly correlated to the number of activated nanodroplets.
Thus, the concentration of released drug could be estimated
from the images. In the studied range, the phantoms showed a
linear dependency of the normalized differential signal (Figure
5E). The normalized differential signal was obtained by
computing the differential signal magnitude in the ROI as
described before and dividing it by the area of the ROI. With
the increase of nanodroplets per unit volume in the focal spot,
the normalized differential signal magnitude increases as more
microbubbles are created during the activation. The relation
between the nanodroplets concentration, and implicitly the
concentration of released drugs, and the differential signal is
linear in the studied range (R2 = 0.9490). When increasing the
concentration of nanodroplets in the phantom above 1.5% v/v,
a shadowing effect formed due to the high concentration of
microbubbles blocking the signal transmission and reflection.
This caused the detected differential signal magnitude in the
ROI to drop. Thus, the linearity of the imaging signal is not
reliable for very high concentrations of nanodroplets. It is
worth noting that in order to find the range of linear response
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and obtain a similar accuracy of ultrasound measurement to
the one in our study, a calibration process might be involved.
This calibration would take into account the nanodroplet
characteristics, the ultrasound imaging setup parameters, and
the imaging depth. Moreover, as noted in the drug release
experiments, the amount of drugs being released by activation
is not necessarily 100% of the drugs encapsulated, with other
interactions of the nanodroplets and microbubbles matrix and
the released drug being a possible factor. Additional work is
needed in order to establish the correspondence between the
activated nanodroplets and the amount of drugs being released
in tissue-mimicking phantoms, which would allow the
translation of the ultrasound magnitude to the local
concentration of drugs.
One of the advantages of optically activated droplets lies in

the possibility to change the dye used for activation, and
combine droplets with different dyes for multiplexing.49 Due to
their relatively narrow activation wavelength, we employed two
NIR dyes with a peak absorption at 700 nm (Epolight 6698)
and 1064 nm (Epolight 3072). Each dye was used for a
separate batch of droplets, and an insert polyacrylamide
phantom was created, encapsulating the droplets with each of
the dyes in neighboring regions (Figure 5F). Consecutive
activation with the 1064 nm, and 700 nm at the border of the
two regions, shows localized activation of the droplets with the
corresponding dye, showcasing the possibility of multiplexing.

This could ultimately enable independent timing for the
release of distinct cargo.
Overall, what these experiments show is that within a

specified range of nanodroplets’ concentration, we can use the
differential ultrasound magnitude to evaluate the local
concentration of activated nanodroplets. In the context of
image-guided drug-delivery, this could allow for visualization of
the site-accumulation of droplets, and when accounting for the
connection between concentration of drug released and the
parameters of activation (such as total energy of laser), the
effective local drug concentration. In situations where the local
concentration of each of the drugs needs to be resolved,
multiplex formulations could help disambiguate by individual
activation events each with their corresponding differential
ultrasound signal. Due to the localized, on demand nature of
the activation events, these nanodroplets are a promising and
versatile platform for ultrasound-guided drug-delivery.

Nanodroplet Cytotoxicity. Dual drug-loaded droplets
were tested for their cytotoxicity on FaDu cells using an MTT
assay. FaDu cells are a well-established squamous head and
neck cancer in vitro model, and both paclitaxel and
doxorubicin are used in therapeutic regimens for this type of
disease in combination with one another50 or other chemo-
therapeutics.51 We compared the effect of incubating cells with
drug-free nanodroplets against that of paclitaxel and doxor-
ubicin loaded DDDs (Figure 6A). Drug-free nanodroplets,

Figure 6. (A) Cytotoxicity of activated nanodroplets compared to control, empty nanodroplets, free drugs (paclitaxel, PTX, and doxorubicin,
DOX) and inactivated nanodroplets on FaDu cells. Symbols express the results of student t tests between several groups. (B) Comparison of time
of activation impact on cytotoxicity. Statistically significant differences between the groups as revealed by Student’s t test are indicated. (C)
Maximum intensity z-projection of confocal fluorescence images of FaDu cells incubated with FITC-labeled nanodroplets (green) for 10 min. Cells
were counterstained with DAPI (blue) and CellMask Deep Red (red) for nuclei and plasma membrane, respectively. (D) Maximum intensity z-
projection of confocal fluorescence images of FaDu cells incubated with FITC-labeled nanodroplets (green) for 1 h. Cells were counterstained with
DAPI (blue) and CellMask Deep Red (red) for nuclei and plasma membrane, respectively. (E) Cytotoxicity of various doxorubicin formulations:
free drug, encapsulated in nanodroplets, codelivered with empty nanodroplets to showcase the impact of the activation events on drug
internalization. Statistically significant differences are indicated between the groups when relevant. Error bars represent the standard deviation of
triplicate experiments.
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either activated or non-activated, showed no significant
cytotoxic effect compared to the control cell group. There
was also no significant difference between the activated and
non-activated empty droplets, showing that the mechanical
effects of the expansion experiences during activation did not
considerably affect cell viability. In contrast, activated drug-
loaded nanodroplets showed significantly lower cell viability
than inactivated drug-loaded nanodroplets (p = 0.0019),
supporting the hypothesis that NIR activation enables on-
demand release of the two drugs. Moreover, compared to cells
that were subjected to a combination of free doxorubicin and
paclitaxel in the same concentrations as the loaded nano-
droplets, the activated DDDs showed significantly greater
cytotoxicity (p = 0.0012).
We hypothesized that the difference in cytotoxicity between

free drugs and nanodroplet-encapsulated drugs stemmed from
the release of the drugs in the intracellular space, increasing
their efficacy, especially in the case of doxorubicin, which acts
by intercalation within DNA strands and inhibition of
topoisomerase-II.52 This would imply that the time between
the start of incubation of cells with droplets and their
activation would influence their cytotoxicity based on the
length of time of the internalization of droplets. To test this
hypothesis, the DDDs were activated after either 10 min, 30
min, or 1 h of incubation with FaDu cells. All samples were left
for their respective incubation times, media removed, and
replaced with fresh media, then subjected to pulsed laser
activation, for a total of 10 s at 10 Hz. All groups had a non-
activated counterpart to compare to the effect of passive
release from inactivated droplets. After 10 min of incubation,
the DDDs did not show a significant effect on cells for
inactivated droplets but did show a reduction in the cell
viability in the case of activated droplets (Figure 6B). All other
groups, inactivated and activated, showed statistically signifi-
cant differences with respect to the cell control. As observed in
the previous experiment (Figure 6), all groups showed a
significantly greater cytotoxicity when the laser activation
stimulus was applied. Moreover, there were significant
differences between the activated 10 min group and the
activated 30 min or 1 h groups. This is in line with our
expectations given the above stated hypothesis.
To further support the hypothesis of time-dependent droplet

localization, we studied the internalization of droplets
following a 10 min internalization compared to 1 h
internalization with confocal fluorescence microscopy. Our
results showed a large difference in the number of droplets
present in favor of the 1 h incubated sample (Figure 6C−D).
Even though the nanodroplets seemed to be mostly bound to
the cell membrane for the 1 h incubation time sample, a
fraction of them were situated inside the cytosol, in contrast
with the 10 min sample where no such examples could be
visualized.
Beyond the intracellular localization of nanodroplets at the

time of activation compared to extracellular localization in the
case of cells incubated for 10 min, mechanical effects of the
activation are another factor likely to influence the effect of
drugs on cells. Previous studies have shown that cells
experience permeabilization of the membrane−and potentially
of the nuclear membrane−when exposed to ultrasound waves,
such as the ones arising from the acoustical activation of
nanodroplets.45−47,53 To investigate whether the mechanical
effects of the activation play a role in the case of our
nanodroplets we designed an experiment to compare cells that

were incubated with either doxorubicin, doxorubicin and
empty nanodroplets, or doxorubicin-loaded nanodroplets
(Figure 6E). Doxorubicin was particularly selected as the
drug of choice in this situation due to its mechanism of action
that involves localization in the cell nucleus,52 and due to its
lower concentration in the nanodroplets that allowed us to
increase the number of nanodroplets used in the study without
decreasing the population of cells drastically. This test revealed
that empty nanodroplets alone did not significantly affect cell
viability, while the doxorubicin and empty nanodroplets
mixture slightly improved the cytotoxicity of the drug.
However, the cells in the drug and activated empty
nanodroplets group did not differ significantly from the non-
activated equivalent. This indicates that the mechanical effects
of the activation are not strong enough to make a difference in
this case. In contrast to sonoporation studies,54 which use
minutes-long ultrasound exposure to disrupt cell membranes,
the pressure wave produced during the vaporization event only
persists on the microsecond time scale. Thus, it is unlikely that
drugs external to the cell will be able to experience a strong
increase in uptake with this stimulus. Moreover, the activated
drug-loaded nanodroplets was the most successful formulation
at reducing the cell viability, underlining once more that the
spatial colocalization of the nanodroplets and the drug, but also
the simultaneous drug release and mechanical effects of
activation are needed for an increase in efficacy of the drug.
While the in vitro results for our system are promising, we

recognize our technology might present limitations in vivo,
requiring adjustments to the formulation. One such limitation
would be the depth of activation that is achievable by NIR-
light, which is on the order of a couple tens of millimeters,55

with the energy of the penetrating light dropping drastically
after that. While in preclinical testing this problem could be
avoided, alternative activation mechanisms are possible for
applications in which the depth of activation needs to be
higher. The vaporization of nanodroplets can be achieved by
focused ultrasound, as shown in other studies from our
group.56 Using this technique, depths of several centimeters
can be reached. Second, while the size is well in the nanometric
domain and a good improvement compared to microbubbles,
there are still concerns for systems that rely on passive
accumulation, due to heterogeneity of vasculature leakiness.57

A potential solution to address these concerns could be
including active-targeting by surface modifications of nano-
droplets,58,59 or following the activation of nanodroplets with
sustained acoustic cavitation to elicit sonoporation effects from
the formed microbubbles.60

In terms of drugs or active compounds that can be
encapsulated in our platform, some limitations that could be
related to the structure of the drug are to be expected. In a
previous study from our group, a different chemotherapeutic,
cisplatin, was used as the drug encapsulated in the core, with
results showing that its reduced solubility limited the amount
that could be loaded.61 The choice of hydrophobic compound
might also depend on its solubility in chloroform, to enable
codissolution with the lipids. Our experience in encapsulating
hydrophobic molecules with rather different structures and
characteristics, such as paclitaxel, the Epolight dyes showed in
the study, as well as other lyphophilic dyes such as DiR and
DiD seems promising for the range of compounds that would
be suitably loaded onto this type of constructs.
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4. CONCLUSIONS

In this study, we report the construction and characterization
of phase-changing nanodroplets loaded with both paclitaxel
and doxorubicin for laser-triggered drug-releasing capabilities.
The two chemotherapeutics are concurrently loaded into a
core−shell nanodroplet structure, with a perfluoropentane core
and a biocompatible lipid shell. Due to the incorporation of a
NIR absorbing dye in the shell, the core of the nanodroplet
transitions from a liquid to a gaseous phase when exposed to a
pulsed NIR laser. This activation results in expulsion of the
loaded drugs, and the emergence of microbubbles, which
provide high ultrasound contrast. This contrast can be used as
a spatially resolved estimation of released drug concentration.
In our study, we show that there is a range in which the
dependency of the total ultrasound image amplitude and the
concentration of activated nanodroplets follows a linear
relation. These results contribute toward establishing an
ultrasound-based approach to monitoring chemotherapeutics
delivered to a specific location.
We characterized the cytotoxicity of the DDDs, noting an

enhancement in the effect of triggered nanodroplets compared
to free drug formulations. The relatively low effects of non-
activated loaded nanodroplets indicate a good stability and
control over the drug-release process. The codelivery of two
drugs with the same vehicle overcomes the barriers imposed by
their different pharmacokinetic profiles, especially given their
difference in solubilities.
Overall, our work proposes a nanocarrier design with on-

demand drug-release for enhanced efficacy combination
therapy that can be monitored by ultrasound imaging.
Owing to the accessibility of ultrasound imaging, as well as
its good spatial and temporal resolutions, we believe this could
be a useful alternative to more complex imaging techniques
currently employed.
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