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A B S T R A C T

Objective: Perfluorocarbon nanodroplets (NDs) have been widely investigated as both diagnostic and therapeutic
agents. There remains, however, a challenge in generating NDs that do not vaporize spontaneously but can be
activated at ultrasound pressures that do not produce unwanted bioeffects. In previous work, it has been shown
that phospholipid-coated perfluorobutane (PFB) NDs can potentially overcome this challenge. The aim of this
study was to investigate whether these NDs can promote drug delivery.
Methods: A combination of high-speed optical imaging and passive cavitation detection was used to study the
acoustic properties of the PFB-NDs in a tissue mimicking phantom. PFB-NDs were exposed to ultrasound at fre-
quencies from 0.5 to 1.5 MHz and peak negative pressures from 0.5 to 3.5 MPa. In addition, the penetration depth
of two model drugs (Nile Red and 200 nm diameter fluorescent polymer spheres) into the phantom was measured.
Results: PFB NDs were found to be stable in aqueous suspension at both 4°C and 37°C; their size remaining
unchanged at 215 ± 11 nm over 24 h. Penetration of both model drugs in the phantom was found to increase
with increasing ultrasound peak negative pressure and decreasing frequency and was found to be positively corre-
lated with the energy of acoustic emissions. Extravasation depths >1 mm were observed at 0.5 MHz with pres-
sures <1 MPa.
Conclusion: The results of the study thus suggest that PFB NDs can be used both as drug carriers and as nuclei for
cavitation to enhance drug delivery without the need for high intensity ultrasound.
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Introduction

Superheated perfluorocarbon (PFC) nanodroplets (NDs) are a type of
stimulus-responsive nanoparticle that have garnered significant atten-
tion for their potential in ultrasound-based diagnostic imaging and drug
delivery [1,2]. Multiple studies have shown that PFC NDs can be vapor-
ized by exposure to ultrasound. The resulting gas microbubbles can be
easily imaged and the rapid phase change taking place during vaporiza-
tion can be used to trigger the delivery of therapeutic agents at a target
site, by the release of drug molecules encapsulated within or conjugated
to the ND surface, and/or to promote localised vascular permeabiliza-
tion [3,4]. The oscillation of the resulting gas microbubble can also
enhance penetration of the drug into the extravascular tissue. The
smaller size and greater stability of PFC NDs compared with pre-formed
gas microbubbles allows them to more efficiently perfuse the smallest
capillaries in the circulatory system, to circulate for longer, and poten-
tially to extravasate through compromised and/or leaky vessels [5,6].
Despite these advantages and the relatively substantial literature
already demonstrating the potential of PFC NDs across multiple applica-
tions (Table 1), challenges still remain in formulating NDs that can be
vaporized at sufficiently low ultrasound pressures to avoid undesired
bio-effects in the surrounding tissue. Perfluoropentane (PFP) and per-
fluorohexane (PFH) have been widely used to form the core of NDs, but
these both require substantial acoustic pressure amplitudes to achieve
vaporization. Sheeran et al. [7] proposed a method whereby perfluoro-
butane (PFB), which is gaseous at 20°C at atmospheric pressure, can be
used to produce liquid NDs by a gas microbubble condensation tech-
nique. They found that NDs produced in this way require significantly
lower acoustic pressures to undergo vaporization and subsequent iner-
tial cavitation than PFH or PFP NDs, and that these pressure levels are
not substantially higher than those used in therapeutic applications of
microbubbles. Indeed, recent studies have used PFB NDs for drug deliv-
ery at specific target regions of the brain for non-invasive neuromodula-
tion and localized anesthesia [8]. Despite brain being a highly
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Table 1
US-mediated nanodroplet delivery

Study Core Shell Mean Size (nm) Model System Bioactive Agent US Frequency (MHz) Pressure/ Intensity

Zhao et al. 2023 [28] PFH Fluoro-surfactant 302 ± 12 In vivo −mouse Paclitaxel / L-arginine 1.0 1.5 W/cm2

Xiao et al. 2023 [29] PFH Polymer 146 ± 11 In vivo −mouse Mn-protoporphyrin IX 3.0 1.5 W/cm2

Samani et al. 2023 [30] PFH Polymer 26.7 ±1.5 In vivo - mouse Folic acid-methotrexate 1.0 1.0 W/cm2

Yamaguchi et al. 2023 [31] PFH Lipid 66.8 In vitro β-galactosidase 5.0 4.6 MPa
Hou et al. 2022 [32] PFH Polymer 256 ± 3 In vivo −mouse Dextran sulphate 1.0 2.5 W/cm2

Zamani et al. 2022 [33] PFH Polymer 162 ± 2 In vitro Doxorubicin 0.028 / 1.0 0.34 / 2 W/cm2

Shar et al. 2022 [34] PFH Protein 200 ± 50 In vitro Cathepsin K siRNA 1.0 3 W/cm2

Wang et al. 2022 [35] PFH Lipid 266.2 In vivo −mouse Hydroxychloroquine 1.0 1.5 W/cm2

Gao et al. 2021 [36] PFH Polymer 133 ± 2 In vivo −mouse Doxorubicin 12 MI = 0.8
Xie et al. 2023 [37] PFP Lipid 199 ± 8 In vivo −mouse Glucose oxidase Not mentioned 1.6 W/cm2

Spatarelu et al. 2023 [38] PFP Lipid 332 ± 14 In vivo −mouse Paclitaxel / Doxorubicin 0.515 5.7 MPa
Huang et al. 2023 [39] PFP Lipid 440 ± 25 In vivo −mouse Fe3O4 NPs / Doxorubicin 1.0 3 W/cm2

Xi et al. 2022 [40] PFP Lipid 287 ±8.1 In vivo −mouse Hematoporphyrin (HMME) 1.0 3 W/cm2

Yang et al.2022 [41] PFP Polymer 216 ± 63 In vivo −mouse Doxorubicin Not mentioned 3 W/cm2

Yang et al. 2020 [42] PFP Lipid 337 ± 70 In vivo −mouse Hematoporphyrin (HMME) 1.0 1.5 W/cm2

Dong et al. 2020 [43] PFP Lipid 271 ± 70 In vivo −mouse Pre-miRNA plasmid 1.2 6.5 − 8.5 MPa
Zhang et al. 2019 [44] PFP Lipid 354 ±156 In vivo −mouse IR780 0.65 0.8 − 4.0 W/cm2

Ho et al. 2018 [45] PFP Lipid 382 ± 4 In vivo −mouse Camptothecin 2.0 12 MPa
Lee et al. 2017 [46] PFP Polymer 258 ± 11 In vitro Cell death control siRNA 0.5 1.0 MPa
Wang et al. 2012 [47] PFP Lipid 480 ± 44 In vitro Doxorubicin 3.5 11 MPa
Lee et al. 2015 [18] PFP Protein-Polymer 416 ± 25 In vitro Paclitaxel 1.85 0.265 MPa
Gouveia et al. 202313 PFB Lipid 210 ± 80 In vivo −mouse Pentobarbital 1.78 2 ± 0.2 MPa
Lea-Banks and Hynynen 2021 [48] PFB Lipid 206 ± 6 In vivo − rat Nile Red 1.66 0.2 − 3.5 MPa
Lea-Banks et al. 2020 [49] PFB Lipid 210 ± 80 In vivo − rat Pentobarbital 0.58 0.5 − 1 MPa
Wu et al. 2018 [50] PFB Lipid 182 ± 3 In vivo −mouse 40 kDa FITC-Dextran 1.5 0.75 − 0.9 MPa
Honari et al. 2021 [51] OFP Lipid 652 ±120 In vivo −mouse Fluorescein Liposomes 7.0 2.0 MPa
Fix et al. 2019 [52] OFP Lipid 170 ± 20 In vitro 70 kDa FITC-Dextran 1.0 0.3 − 0.6 MPa
Wu et al. 2018 [50] OFP Lipid 171 ± 3 In vivo −mouse 40 kDa FITC-Dextran 1.5 0.15 − 0.45 MPa
Fix et al. 2017 [53] OFP Lipid NR In vitro Bleomycin 1.0 0.4 MPa
Choi et al. 2022 [54] PFD Polymer 219.6 In vitro Nile Red 1.0 3.0 W/cm2

PFH, Perfluorohexane; PFP, Perfluoropentane; PFB, Perfluorobutane; OFP, Octafluoropropane; PFD, Perfluorodecalin.
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mechanosensitive organ, no signs of toxicity in histological analyses nor
oedema and red blood cell extravasation could be observed following
ND-based treatment. Previous work, however, has suggested that NDs
may not be as effective at promoting the extravasation of drug molecules
and/or therapeutic particles as other types of cavitation agent [9]. This
is of particular importance for applications involving poorly vascular-
ized tissue such as some types of solid tumour and bone fracture sites.
The aim of this study was to investigate whether PFB NDs could be used
to promote the extravasation of model therapeutics in a tissue mimick-
ing phantom and to evaluate their loading capacity, release characteris-
tics and cytotoxicity in vitro.

Materials and methods

Materials

The following compounds were purchased from Sigma-Aldrich Inc.:
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-PEG2000), phosphate-buffered saline (PBS), Nile red, 3,3′-
Dioctadecyloxacarbocyanine perchlorate (DiO), ethanol, and dimethyl-
sulfoxide (DMSO). These compounds were used without further purifica-
tion. 200 nm amine-modified yellow-green fluorescent spheres
(ThermoFisher, Waltham, MA, USA), UltraPure Agarose-1000 (Invitro-
gen, Paisley, UK), CellTiter 96 AQueous One Solution Cell Proliferation
Assay (MTS, Premega Corporation, USA) and perfluorobutane (PFB, Flu-
oroMed, L.P. USA) were also used without further purification. Ultra-
pure deionized water was obtained from a Millipore Milli-Q plus system
(Millipore S.A.S., France).

Synthesis of NDs

Firstly, 20 mg of 90 mol% DSPC and 10 mol% DSPE-PEG2000 were
dissolved in chloroform (total lipid concentration: 25 mg/mL), followed
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by evaporation to form a thin dry film. Then the resulting lipid films
were hydrated in 4 mL of PBS/propylene glycol/glycerol (16:3:1 volume
ratio) solution. To generate fluorescently labeled NDs, DiO was added to
the chloroform solution to achieve a final molar concentration of 10 μM.
For the model drug release experiments, Nile red was added to the chlo-
roform solution to achieve a final molar concentration of 0.4 mM. To
generate the NDs, PFB gas was condensed by injecting it into a scintilla-
tion vial cooled at −12 °C in an ethanol/ice bath. 100 µL of the resulting
PFB liquid was added to the lipid suspension. The mixture was sonicated
using a probe sonicator (tip diameter 3 mm, Q125, QSonica, LLC., USA)
in an ethanol ice bath maintained between -7 ◦C and -12 ◦C at 50%
amplitude for 3 minutes (125 W, 20 kHz, pulsed mode: 2 s on and 4 s
off). To remove excess free lipids, the resulting ND emulsion was centri-
fuged at 10,000 rpm (11,292 g) for 6 min and resuspended in fresh PBS.
The centrifugation and washing steps were repeated three times. The
prepared NDs were stored at 4 °C for later use.

Characterization of NDs

The hydrodynamic diameter of the PFB NDs was first measured using
dynamic light scattering (DLS) with a Zetasizer Nano ZS instrument
(Malvern Panalytical, Malvern, UK) at a temperature of 20°C. Three
independent samples for each batch were analyzed. The morphology
and size of the NDs were further characterized by cryogenic transmis-
sion electron microscopy (Cryo-TEM) using a Talos Arctica TEM
machine (Thermo Fisher Scientific, Hillsboro, Oregon; USA). The ND
sample was transferred to lacey carbon grids, which were frozen using a
Thermo Fisher Vitrobot Mark IV prior to imaging. The size of the NDs in
the TEM images was measured by ImageJ software (National Institutes
of Health, Bethesda, MD, USA). The concentration and size of PFB NDs
dispersed in PBS were also quantified using nanoparticle tracking analy-
sis (NTA) on a NanoSight LM-20 instrument (NanoSight, Wiltshire, UK)
with NTA software (Version 3.0, Build 0066, Malvern Instruments, Mal-
vern UK).
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Stability of NDs

The stability of PFB NDs was measured in PBS at storage temperature
(4°C) and physiological temperature (37°C) by monitoring changes in
ND size and concentration at each time point using DLS and NTA,
respectively. PBS was used as the suspending medium for consistency
with previous studies.
Acoustic response of NDs

The acoustic response of PFB NDs was evaluated using a modified
version of the experimental set up described by Wu et al. [10] and
shown in Figure 1. Briefly, NDs were drawn through a 1.2 mm inner
diameter and 0.2 mm wall thickness polyethylene tube (Advanced Poly-
mers, Salem NH, USA) at a constant volumetric flow rate of 0.3 mL/min
(corresponding to a 4.42 mm/s mean velocity) using a low-pulsatility
peristaltic pump (Minipulse Evolution, Gilson, Middleton, WI, USA) at a
concentration of 109 particles/mL in degassed PBS. The NDs were acous-
tically stimulated using a single-element spherically focused ultrasound
(FUS) transducer (0.5 MHz and 1.5 MHz center frequency, H107, Sonic
Concepts, Bothell, WA, USA). A second single-element spherically
focused FUS transducer with a center frequency of 1.0 MHz (H102 Sonic
Concepts, Bothell, WA, USA) was also used to stimulate the NDs in this
setup. Both transducers’ aperture and geometric focus were 64 and
63.2 mm, respectively. A third ultrasound transducer, characterized by
central frequency of 7.5 MHz, element diameter of 12.5 mm, and focal
length of 75 mm (V320 Panametrics, Olympus, Waltham, MA, USA),
was employed in the capacity of a passive cavitation detector (PCD).
This transducer was strategically positioned by inserting it through a cir-
cular aperture in the FUS transducer, ensuring precise alignment
between the foci of both transducers. The transducer employed for ND
stimulation was driven by a programmable arbitrary waveform genera-
tor (33220 A, Agilent, Santa Clara, CA, USA) and the US field was
focused on the polyethylene tube. The signal was amplified with a
300 W radiofrequency power amplifier (A-300, ENI, USA) and sent to
the FUS transducer via a 50 Ω matching network. The tube and trans-
ducer were placed in a degassed and deionized water tank. All experi-
ments were performed at 37°C. The PCD signal was filtered using a
5 MHz high-pass filter (F5081-5 P00-B, Allen Avionics, Inc., River
Grove, IL, US; 20-dB bandwidth of 3.125 MHz) to eliminate strong
reflections from the tube at the fundamental FUS frequency and lower
harmonics resulting from non-linear propagation. The filtered signal
was amplified five times using a low-noise amplifier (SR445 A, Stanford
Research Systems, Sunnyvale, CA, USA) and recorded using a 14-bit PCI
Figure 1. Schematic diagram of the experimental setup employed for simulta-
neous optical and acoustic measurements, containing the focused ultrasound
transducer (FUS), PCD transducer, high speed camera.
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oscilloscope (PCI-5122, National Instruments, Austin, TX, USA) at a rate
of 100 MHz. The frequency spectra of the emissions captured by the
PCD were analysed to determine the PFB NDs’ response to ultrasound.
MATLAB (Mathworks, Natick MA, USA) was utilized for all data analy-
sis. A high-speed camera (HPV-X2, Shimadzu, Tokyo, Japan) coupled
with an objective lens with a numerical aperture of 0.45 and working
distance of 8.2−6.9 mm (S Plan Fluor, Nikon Instruments Europe BV,
Amsterdam, Netherlands) was focused on the tube’s midplane. The
high-speed camera was triggered by the waveform generator output
after a delay of 40 μs to allow sufficient time for ultrasound pulse propa-
gation to the focal region. A high-intensity light source (SOLIS-445 C,
Solis High-Power LEDs, Thorlabs LTD. Ely, UK) provided illumination in
the setup. The camera recorded 256 frames at a rate of 5 million frames
per second (Mfps), with an exposure time of 200 ns per frame, providing
a temporal resolution of 0.2 μs. Digital images were obtained at a resolu-
tion of 0.34 μm/pixel, based on calibration with a haemocytometer ref-
erence standard (Bright-Line, Hausser Scientific, Horsham, PA, USA).
The images had a size of 400 × 250 pixels.

Cavitation analysis

For the purposes of inertial cavitation (IC) measurements, a PCD
recording with a duration of 5000 μs was synchronized with the initia-
tion of every fifth pulse generated by the FUS transducer. The frequency
spectra of acoustic emissions, captured by the PCD, were systematically
computed through the implementation of the Fast Fourier Transform
(FFT) method. Separation of harmonic components and broadband noise
was achieved through the application of a comb filter with a width of
300 kHz. This computational analysis was executed using MATLAB (R12
The Mathworks, Natick, MA, USA). Inertial cavitation events were iden-
tified when the mean-squared amplitude of the broadband signal sur-
passed that of the background noise by a minimum factor of 20 (i.e., e3).
The probability of inertial cavitation (PIC) was calculated as the ratio of
instances where IC was detected to the total number of pulses generated.
IC thresholds were defined as the peak negative driving pressures pro-
ducing a PIC > 80%. This threshold was selected for its ability to provide
an acceptable degree of repeatability across experiments based on previ-
ous work [11].

Release of Nile red as a model drug from PFB NDs upon ultrasound exposure

To investigate drug release from PFB NDs, Nile red was used as a
model drug. Nile red-loaded PFB NDs were produced as described
above. The amount of Nile red encapsulated in the NDs was determined
using a fluorescence plate reader (FLUOstar Omega, BMG Labtech, UK).
900 µL of a mixture of ethanol and DMSO (1:1) was added to 100 µL of
ND suspensions diluted in PBS in a 1:20 ratio samples. The quantity of
Nile red was then determined by comparing the fluorescence measure-
ments with a previously constructed standard curve. This curve was gen-
erated by measuring the fluorescence intensity of Nile red in a solution
comprising PBS, ethanol and DMSO at a ratio of 2:9:9, across various
concentrations of Nile red. Encapsulation efficiency (EE, %) was calcu-
lated by the following eqn (1):

EE %� � � The amount of Nile Red encapsulated in PFB NDs
The amount of Nile Red added before sonication

� 100 �1�
The initial Nile red loaded NDs were diluted at a ratio of 1:20 for the

release experiment, to achieve a concentration of released Nile red that
was suitable for measurement using the standard curve. Unloaded NDs
and Nile red loaded NDs were exposed to ultrasound for 15, 30, 60, 90,
120, 180, or 300 s respectively, using an in vitro “SAT2” system previ-
ously described by Gray et al. [12] In this system, a 1.0 MHz centre fre-
quency ultrasound source (Imasonic 8233 A101, 40 mm diameter,
120 mm radius of curvature) is located at the base of a cylindrical water
tank and fed by a radio frequency amplifier (1020L, E&I Ltd., 200 W
power amplifier) that is driven by a waveform generator (33250,
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Agilent). The SAT2 cell exposure compartment is established through
the aseptic assembly of a deformable polydimethylsiloxane (PDMS) lid
onto a designated culture dish (35 mm in diameter, Ibidi, Germany), fol-
lowing a protocol described previously [12]. Notably, the PDMS lid is
designed with a pair of precisely machined 1.2 mm diameter apertures,
specifically positioned to enable priming of the compartment through
an 18-G blunt needle connected to a syringe. NDs were injected into a
culture dish, which was submerged in the water tank at the transducer’s
focus and exposed to ultrasound. The peak rarefactional pressure, num-
ber of cycles and duty cycle were set to 1.5 MPa, 5000 cycles and 10%,
respectively. All experiments were performed at 37°C. After ultrasound
exposure, 100 μL samples were extracted from the dish, transferred into
2 mL Eppendorf tubes and then centrifuged to remove the NDs. Subse-
quently, 900 µL of a mixture of ethanol and DMSO (1:1) was added to
the supernatant and gently shaken. The fluorescence intensity of the
sample was subsequently measured at an emission wavelength of
630 nm, with an excitation wavelength of 530 nm, using the plate
reader. The amount of Nile red released was then calculated via compari-
son with the previously determined standard curve.

In vitro evaluation of drug extravasation

The experimental setup from Figure 1, was modified to test drug pen-
etration in vitro as shown in Figure 2. The polyethylene tube was
replaced by a degassed biocompatible hydrogel composed of 1.25% (w/
v) low melting point UltraPure™ Agarose-1000 (Invitrogen, Carlsbad,
CA, USA). This hydrogel construct was employed as a tissue mimicking
phantom for consistency with previous studies of drug extravasation
[9]. The pore diameter of the gel vessel phantom is approximately
500 nm, a dimension comparable to the endothelial gap found in tumor
tissue [13]. The phantom was fabricated by a controlled heating and
cooling process: a 1.25% (w/v) agarose solution was subjected to micro-
wave treatment in PBS, cooled to 50°C and then poured into a rectangu-
lar container with three cylindrical metallic mandrels of diameter 1 mm
traversing it. The phantom was allowed to solidify at 4°C overnight. Fol-
lowing gel solidification, the metallic mandrels were removed, resulting
in the formation of three flow-through channels approximately 1 mm in
diameter and 50 mm in length. This configuration facilitated the testing
of multiple experimental conditions within the same gel manifold and
thereby reduced experimental variability. The overall thickness of the
phantom amounted to 12 mm.

Three FUS transducers having different fundamental frequencies
(0.5, 1.0, and 1.5 MHz) were used to excite the PFB NDs, while the same
7.5 MHz spherically focused PCD transducer (V320 Panametrics, Olym-
pus, Waltham, USA) was used to record any acoustic emissions. The
same peristaltic pump was used to draw NDs in de-gassed PBS through
Figure 2. Schematic diagram of the experimental setup for in vitro evaluation of
drug extravasation, containing the focused ultrasound transducer (FUS), PCD
transducer, tissue-mimicking phantom and diagnostic ultrasound imaging
device.
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each channel, at a constant rate of 0.3 mL/min. The acquired PCD signal
was processed and recorded as described above. An ultrasound imaging
probe (L12-5 linear array, operated at 7 MHz using an iU22 imaging sys-
tem, Philips, Bothell, WA, USA) was also used to simultaneously record
B-mode images from the channel with the aim of detecting ND vaporiza-
tion. Again, all experiments were performed at 37°C.

To simulate delivery of large macromolecular therapeutics such as
gold nanoparticles or oncolytic viruses, 200 nm amine-modified yellow-
green fluorescent spheres (Ex/Em: 505nm/515nm, ThermoFisher, Wal-
tham, MA, USA) were used as model drug and were added to the PFB
ND suspension prior to each experiment. 1 μL of a 20 mg/mL suspension
of the model drug particles was added into 1 mL of the ND suspension
(109 ND/mL), before injection into the phantom. Each suspension was
checked for possible inter-particle aggregation prior to each experiment,
using DLS to assess whether there was a significant increase in detected
particle size, but none was observed. For comparison, nanospheres
(NPs) were added into degassed water to repeat the experiments with
the same parameters. In addition, Nile red loaded NDs were used to
investigate extravasation of small molecule drugs. Following ultrasound
exposure, the flow channels were flushed with deionized water and the
hydrogel phantom was then sectioned through and along each channel
using a scalpel. The obtained hydrogel slices were placed onto a glass
microscope slide (1 mm thick) for examination using an inverted fluo-
rescence microscope (Eclipse Ti, Nikon Inc, USA). The farthest vertical
distance between detected fluorescent spheres and the upper edge of the
channel in the images was defined as extravasation depth.

Cell culture

Immortalized human alveolar adenocarcinoma cells (A549 cells)
were used as a model cell line to assess cytotoxicity and uptake of NDs.
The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum and maintained in an
incubator with a humidified atmosphere containing 5% CO2 at 37°C.
Cells in logarithmic growth phase were used for these experiments. Cell
concentrations were measured using a Countess® Automated Cell
Counter (Invitrogen, UK). All cell culture reagents were purchased from
ThermoFisher Scientific (UK).

Cytotoxicity of PFB NDs

The cytotoxicity of PFB NDs was evaluated using an MTS assay (Life
Technologies Ltd., UK) according to the manufacturer’s protocol. A549
cells were seeded in a 96-well plate at a density of 5 × 103 cells per well
in medium (100 μL) for 24 hours. The medium was then replaced with
fresh medium (100 μL) containing PFB NDs at different particle concen-
trations (106∼1011 particles/mL). After a further 24 h of incubation, the
cells were rinsed with PBS and treated with MTS reagent (10% in
medium) for 2 h. The absorbance at 490 nm of the medium was mea-
sured using a plate reader (FLUOstar Omega, BMG Labtech, Germany).

Cellular uptake of NDs

The cellular uptake of DiO-loaded PFB NDs by A549 cells was investi-
gated by confocal microscopy. The localization of PFB NDs was visual-
ized and detected by confocal laser scanning microscopy (Zeiss LSM
780, Carl Zeiss AG, Germany), leveraging the intense fluorescence prop-
erty of the DiO dye when incorporated within PFB NDs. A549 cells were
seeded in a 96-well plate at a density of 5 × 103 cells per well in medium
(100 μL) for 24 h. The medium was then replaced with fresh medium
(100 μL) containing PFB NDs at a concentration of 109 particles/mL.
After 2 h of incubation with NDs, the cells were rinsed with PBS and
were finally imaged with the LSM780 confocal microscope using the
Zen software (Carl Zeiss). The imaging utilized a Plan-Apochromat 63×/
NA 1.4 oil objective and a 488 nm laser for excitation. Images at a
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resolution of 1024 × 1024 pixels were acquired and processed using Zen
software.
Statistical analysis

All statistical analysis was performed in R (version 4.3.1). Linear
mixed models (for mean diameter stability) were estimated with the
lme4 package, while nonlinear mixed models (for concentration stabil-
ity) were estimated with the nlme package. In both cases, random effects
on the intercepts were used to account for within-sample correlation.
Confidence intervals (CI) on coefficients and confidence bands on pre-
dictions were obtained by parametric bootstrapping (10,000 resamples).
PIC was fitted to Weibull cumulative distribution functions except for
NDs at 0.5 MHz, which was fitted to a bi-Weibull cumulative distribu-
tion function. Pressure thresholds and the corresponding confidence
intervals were obtained by parametric bootstrapping (10,000 resam-
ples). Extravasation depth was modelled as a log-logistic function of
pressure, fixing the lower and upper bounds to 0 and 5.5 mm (the maxi-
mum depth of the phantom), respectively. A 5-parameter log-logistic
function was used for NDs+Nile red and NDs+Nanospheres at
0.5 MHz, and a 4-parameter log-logistic function was used for the rest.
Pressure thresholds and the corresponding confidence intervals were
obtained with the delta method. Simultaneous confidence bands on
both PIC and extravasation depth were estimated from standard errors
obtained with the delta method and a critical value calculated with the
sup-t method. Cell viability was fitted to an exponential model and the
concentration required to cause a 15% decrease in cell viability (bench-
mark dose, BMD) and its corresponding confidence interval were
obtained with the delta method. Differences between estimates with
non-overlapping 95% confidence intervals or non-overlapping 95%
simultaneous confidence bands were deemed statistically significant (at
an alpha level of 0.05).
Figure 3. Characterization of PFB NDs. (a) The schematic diagram of a drug loaded P
TEM image of PFB NDs, the scale bar is 200 nm; and (e) size distribution of PFB NDs m
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Results and discussion

Characterization of PFB NDs

It has been shown that particle size can affect in vivo pharmacokinet-
ics, as it impacts on circulation time, biodistribution, and cellular
uptake, thereby influencing the feasibility and efficacy of both imaging
and therapy [14]. Furthermore, PFC ND size has been shown to influ-
ence the pressure required for acoustic vaporization [10]. Thus, accurate
measurement of ND size is important. In this study, the size of PFB NDs
was measured using DLS, NTA and Cryo-TEM. Figure 3a shows a sche-
matic of a Nile red-loaded PFB ND. Figure 3b shows the size distribution
of PFB NDs measured by DLS, which indicated a mean diameter of 215
± 11 nm (polydispersity index (PDI) = 0.137). The NTA measurements
returned a mean diameter of 176 ± 19 nm, as shown in Figure 3c. The
mean diameter of PFB NDs measured from the cryo-TEM images was
164 ± 40 nm (Figure 3e). The difference in the measured size distribu-
tions may be attributed to the different measurement principles of these
three techniques. In DLS, the sample is illuminated by a laser beam and
the fluctuations of the scattered light produced by particles moving
under Brownian motion are detected at a known scattering angle by a
fast photon detector. The size distribution of the particles is then calcu-
lated using the Stokes-Einstein relationship. The scattering intensity
fluctuations recorded in DLS are sensitive to skewing by the presence of
large particles. Thus, the mean size can be overestimated if the particle
size distribution is broad and/or multimodal. NTA uses a similar princi-
ple but measurements are less susceptible to skewing by large particles
as light scattering from particles is measured under flow [15]. Both DLS
and NTA measure the hydrodynamic diameter of NDs, which is inevita-
bly larger than the true diameter. In contrast, cryo-TEM directly captures
both the dimensions and morphology of individual particles. Cryo-TEM
images of NDs show a clear distinction between the perfluorocarbon
core, lipid shell, and surrounding medium, as shown in Figure 3d.
FB ND; size distribution of PFB NDs measured by DLS (b) and NTA (c); (d) cryo-
easured from Cryo-TEM images.



Figure 4. Stability of PFB NDs: the size (a) and concentration (b) change over time at 4°C; the size (c) and concentration (d) change over time at 37°C. The black solid
lines are fitted concentrations, the shaded areas are 95% confidence bands.
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However, a much smaller number of particles can be practically imaged
by cryo-TEM.

Stability of PFB NDs

The stability of the NDs was assessed by measuring their mean diam-
eter over a period of 24 h at 37°C and one month at 4°C in PBS using
DLS, as shown in Figure 4a and 4b. The results show that the size
remained substantially unchanged for the duration of the investigation
at 4°C (0.2 nm/day, 95% CI -0.4−0.8, p > 0.05) and at 37°C (0.5 nm/h,
95% CI -0.2 to 1.1, p > 0.05).

The concentration of NDs was also measured using NTA. ND emul-
sions stored at 4°C for one month showed a negligible concentration
loss, decreasing by only 3.7% over the storage period, as shown in
Figure 4c. The concentration loss was fitted with a nonlinear mixed
model as an exponential decay with a half-life of 18 mo (95% CI 10
−36). At 37°C (Figure 4d) the concentration loss was 17.4% ± 7.2% after
6 h, with 75.9% ± 9.1% of NDs still detectable after 24 h. At this temper-
ature, the decay is biphasic, with half-lives of 1 h (95% CI 0.5−1.7) and
8.6 d (95% CI 2.3−44). The stability of these nanodroplets is influenced
by multiple factors including environmental temperature, droplet diam-
eter, and the composition of the droplet shell. The lower stability of per-
fluorobutane nanodroplets at 37°C is due to the temperature
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dependence of the bubble nucleation rate in superheated liquids. The
biphasic decay observed at this temperature is likely due to the size
dependence of vaporization rates, with a population of smaller droplets
remaining stable, and a population of larger droplets more likely to
undergo vaporization due to their larger volume (the nucleation rate
within a single droplet being proportional to its volume) and, if the
interfacial tension is not negligible, lower liquid pressure. Consequently,
this effect explains the observed reduction in the concentration of PFB
NDs at 37°C compared to 4°C, reflecting the increased rate of vaporiza-
tion at the higher temperature.

Acoustic properties of NDs

Acoustic emissions and high-speed videos were captured simulta-
neously to determine whether the appearance of visible gas bubbles
coincided with a change in the acoustic radiation, and hence to evaluate
the utility of the latter as a means of detecting ND vaporization. Figure 5
shows representative time traces (first column), their corresponding fre-
quency content (second column), and optical images (third column) at
different peak negative driving pressures. The ultrasound frequency,
pulse length and pulse repetition frequency (PRF) were 0.5 MHz, 1000
cycles and 10 Hz, respectively. The experimental temperature was set to
37°C and the concentration of PFB NDs was 109 particles/mL. The



Figure 5. Representative acoustic emissions (first column), their corresponding frequency content (second column) and optical images (third column) from the high-
speed videos for NDs exposed to different peak negative pressures. The frequency, pulse length and pulse repetition frequency (PRF) were 0.5 MHz, 1000 cycles and
10 Hz respectively. Scale bar = 20 μm.
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amplitude of the acoustic emissions and their broadband noise content
similarly increased with increasing pressure. Only a small number of
bubbles appeared in the images when the driving peak negative pressure
was lower than 1 MPa; but much larger numbers formed at pressures of
1.5 MPa and greater (representative video files are provided in the sup-
plementary materials). The dynamics of bubbles generated from ND
vaporization has been detailed in our previous research [10]. Briefly
summarized, at the outset of several initial cycles at 1.5 MPa, NDs begin
to vaporize and expand during the rarefactional half-cycle, consequently
forming a bubble that achieves its maximum size. During the compres-
sional half-cycle, the bubble visibly compresses and ultimately vanishes
from detection at the peak of compression. Due to the optical resolution
limit (∼400 nm), it remains uncertain whether recondensation occurs at
these pressures. In comparison, the condensation pressure for PFB
microbubbles is around 500 kPa [16], suggesting that recondensation
might take place at 1.5 MPa during the compressional half-cycle. Subse-
quently, the bubble undergoes volumetric oscillations, maintaining a
roughly spherical shape across several cycles, yet the bubble’s size grad-
ually increases. After several cycles, several bubbles appear in a cluster
and these are highly non-spherical, either because of fragmentation and
coalescence of the original bubbles or nucleation of additional droplets,
and these bubbles expand and contract.

Previous studies have correlated “inertial” cavitation, as indicated by
the detection of broadband acoustic emissions, with the extravasation of
both molecular and nanoparticulate therapeutics into tissue [9]. Accord-
ingly, the probability of inertial cavitation (PIC) was calculated as the
fraction of total pulses for which IC was detected. Figure 6 shows the
measured PIC of water and NDs as a function of peak negative pressure
at 0.5 MHz (Fig. 6a), 1 MHz (Fig. 6b), and 1.5 MHz (Fig. 6c).

In this study, very low cavitation was observed in degassed water
with any method, over the range of ultrasound frequencies and pressures
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tested, with PIC never exceeding 20%. The dependence of PIC on pres-
sure was fitted to Weibull cumulative distribution functions and the
pressure required to achieve 5% PIC was found to be 1.07 MPa (95% CI
0.94-1.22) at 0.5 MHz, 1.76 MPa (95% CI 1.71−1.80) at 1 MHz and
2.82 MPa (95% CI 2.71−2.96) at 1.5 MHz. In contrast, much lower pres-
sures were required to achieve the same PIC with NDs: 0.35 MPa (95%
CI 0.23−0.46) at 0.5 MHz, 0.75 MPa (95% CI 0.70−0.80) at 1 MHz and
1.16 MPa (95% CI 1.11−1.22) at 1.5 MHz. Substantial levels of broad-
band emissions (PIC > 80%) were only observed with NDs, above 1.22
MPa (95% CI 1.20−1.25) at 0.5 MHz, 1.75 MPa (95% CI 1.72−1.79) at
1 MHz and 2.21 MPa (95% CI 2.17−2.25) at 1.5 MHz. As expected,
higher pressure was required at higher frequency.

In vitro release of Nile red from PFB NDs upon ultrasound exposure

Figure 7a illustrates the standard curve depicting the fluorescence
intensity of Nile red at various concentrations. The encapsulation effi-
ciency of Nile red in PFB NDs was determined to be 89.2% ± 3.5 %. The
release of Nile red was quantified by measuring fluorescence intensity
both with and without ultrasound exposure. The initial concentration of
Nile red in the suspension used for release experiments was 18 µM. In
the absence of ultrasound, there was no statistically significant differ-
ence in fluorescence intensity between the loaded and unloaded ND sus-
pensions, as shown in Figure 7b. After 1 min of ultrasound exposure (1.5
MPa, 5000 cycles and 10% duty cycle), 30.8% ± 4.4% of the Nile red
was released from the NDs compared to initial Nile red encapsulated in
PFB NDs, with 78.4% ± 5.3% and 93.4% ± 5.2% released within 2 mins
and 5 mins, respectively. Around 80% of the Nile red was released
within the initial 120 s of ultrasound exposure, after which drug release
plateaued. This rapid release of the majority of the encapsulated drug
within a brief time frame is termed "dumping", a phenomenon discussed



Figure 6. Probability of inertial cavitation (PIC) as a function of peak negative acoustic pressure in perfluorobutane ND (PFB ND) suspensions and water. The fre-
quency, pulse length and pulse repetition frequency (PRF) were 0.5 MHz (a), 1 MHz (b) and 1.5 MHz (c), 1000 cycles and 10 Hz, respectively. The solid lines are fitted
concentrations, the shaded areas are simultaneous 95% confidence bands. Pressure thresholds are shown above (for 80% PIC) or below (for 5% PIC) the plots as points
with horizontal error bars corresponding to their 95% confidence intervals.
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in previous work by Avi Schroeder et al. [17]. Several factors likely con-
tribute to this observed release profile:

1. PFB NDs were transformed into microbubbles upon ultrasound expo-
sure, which induces cavitation. This process generated substantial
mechanical forces that can compromise the integrity of drug delivery
vehicles, facilitating a swift release of the encapsulated drug. Over
prolonged exposure to ultrasound, the intensity of cavitation dimin-
ished, which consequently slowed the rate of drug release.

2. Nile red that is adsorbed or weakly bound to the surface of the carrier
tends to be released more rapidly due to its immediate availability
and direct exposure to the ultrasound. After the release of the sur-
face-associated Nile red, the remaining drug, which is either more
centrally located or more tightly bound within the matrix of the
nanodroplets, is released at a slower pace owing to reduced
accessibility.

3. At the onset of treatment, Nile red tends to diffuse more rapidly out
of the matrix, driven by the high concentration gradient between the
drug in the matrix and the external medium. As this gradient dimin-
ishes, the rate of diffusion and hence drug release decreases.
Figure 7. (a) Standard curve between fluorescence intensity and Nile red concentrat
NDs with varying ultrasound exposure times, and from Nile red loaded PFB NDs with
duty cycle were set to 1.5 MPa, 5000 cycles and 10%, respectively.
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The results suggest that the release of Nile red from Nile red-loaded
PFB NDs is contingent upon ultrasound exposure. Moreover, the release
profile demonstrates a significant correlation with the droplet vaporiza-
tion rate, aligning with previous studies conducted within our research
group [18].

In vitro evaluation of drug extravasation

To assess the potential of PFB NDs to enhance drug extravasation,
they were first co-administered with 200 nm yellow-green fluorescent
nanospheres to simulate a nanoparticulate therapeutic agent. Second,
Nile red loaded NDs were used to simulate NDs carrying a small-mole-
cule hydrophobic drug. In both cases, the NDs were perfused through a
tissue flow phantom and exposed to 1 MHz, 10 Hz, 5% duty cycle ultra-
sound at varying pressure levels for 1 minute. Figure 8 shows examples
of side- and top-view fluorescence images of sections excised from the
phantom around locations exposed to ultrasound. Consistent with the
PIC results above (Figure 10), no detectable extravasation was observed
with a peak negative driving pressure of 1 MPa. The IC threshold
(PIC>80%) was found to be 2 MPa at 1 MHz and Figure 8a shows that
ion. (b) Release profiles of Nile red from Nile red loaded PFB NDs and blank PFB
out ultrasound exposure. The peak rarefactional pressure, number of cycles, and



Figure 8. (a) Representative microscopy images of nanosphere extravasation in the agarose phantom model under different ultrasound pressures at 1 MHz at the same
duty cycle (5%), showing bright field (left), and green fluorescence images of the top (centre) and side (right) view of the channel. (b) Representative microscopy
images of Nile red extravasation in the agarose phantom model under different ultrasound pressures at 1 MHz at the same duty cycle (5%), showing red fluorescence
images of the top (left) and side (right) view of the channel. The scale bars represent 1 mm.
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nanoparticle extravasation started to occur at a driving pressure of 2
MPa and became significant at 2.5 MPa. In the absence of NDs, no
detectable extravasation was observed under the same ultrasound expo-
sure conditions. Similar results were obtained with the Nile red loaded
NDs. As shown in Figure 8b, Nile red extravasation was detected for
driving pressures of 2 MPa and 2.5 MPa.

The effect of ultrasound frequency on ND extravasation was also
examined by repeating the experiment at 0.5 and 1.5 MHz. The 80% PIC
threshold was found to be 1.25 MPa at 0.5 MHz, 5% duty cycle, and
10 Hz and significant extravasation was detected at 1 MPa at this fre-
quency (Figure 9a). The IC threshold for PFB NDs at 1.5 MHz was found
to be 2.5 MPa and correspondingly no extravasation was observed at 1
MPa at this frequency (Figure 9b), although measurable extravasation
did occur once the pressure was increased to 2 MPa. The extravasation
depth increased with increasing driving pressure at each ultrasound fre-
quency, as illustrated in Figure 9c, consistent with the relationship
between PIC and pressure. The lowest pressure required for extravasa-
tion was found to be 0.5 MPa at 0.5 MHz. At 1.5 MPa and a frequency of
1.5 MHz, no extravasation was observed. However, at the same pressure
of 1 MHz, the extravasation depth was 1.2 ± 0.3 mm, and at 0.5 MHz, it
was 5.2 ± 0.2 mm. Upon increasing the pressure to 2.5 MPa, the extrava-
sation depths at 0.5 MHz, 1 MHz, and 1.5 MHz were 5.5 mm (i.e. the
edge of the phantom), 4.9 ± 0.6 mm, and 1.5 ± 0.3 mm, respectively. In
contrast, when nanospheres were subjected to ultrasound in the absence
of nanodroplets at 2.5 MPa, the extravasation depths achieved at fre-
quencies of 0.5 MHz, 1 MHz, and 1.5 MHz were 0.5 ± 0.2 mm, 0.3 ±
0.1 mm, and 0.2 ± 0.1 mm, respectively. Extravasation depth was fitted
to an empirical model using a log-logistic function of pressure. The pres-
sure required to achieve an extravasation depth of 0.3 mm was 2.11
MPa (95% CI 1.97−2.25) at 0.5 MHz, 2.54 MPa (95% CI 2.47−2.62) at
1 MHz and 3.29 MPa (95% CI 3.08−3.50) at 1.5 MHz. However, in the
presence of nanodroplets, a substantially lower pressure was required to
achieve the same extravasation depth (0.40 MPa (95% CI 0.30−0.49) at
0.5 MHz, 1.21 MPa (95% CI 1.12−1.30) at 1 MHz, and 1.62 MPa (95%
CI 1.47−1.76) at 1.5 MHz) indicating that PFB NDs can enhance the
extravasation of nanospheres. The driving frequency significantly
impacts the extravasation depth. The same experiments were conducted
using PFB NDs loaded with Nile red. The extravasation depth of Nile red
increased with escalating driving pressures at each ultrasound fre-
quency, as depicted in Figure 9d. The pressure required to achieve an
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extravasation depth of 0.3 mm was 0.39 MPa (95% CI 0.30−0.49) at
0.5 MHz, 1.14 MPa (95% CI 1.07−1.20) at 1 MHz and 1.46 MPa (95%
CI 1.32−1.60) at 1.5 MHz. These findings paralleled the results observed
when nanospheres were mixed with nanodroplets, with a correlation
coefficient between extravasation depths of 0.994 (95% CI 0.984
−0.998) across all frequencies. It is noteworthy that the maximum
extravasation depth was constrained to 5.5 mm by the phantom thick-
ness. Thus, at 2.5 MPa and 0.5 MHz, the extravasation depth represented
the maximum penetration achievable. Upon further increasing the pres-
sure to 3 MPa, the extravasation depth at 1 MHz reached the maximum
depth, and at 1.5 MHz, it was 2.7 ± 0.5 mm. This is in agreement with
the authors’ previous findings that both vaporization and IC thresholds
increase with increasing frequency. It suggests however that using an IC
threshold defined as PIC>80% overestimates the pressure required to
achieve substantial extravasation. In contrast to the findings of previous
studies involving higher molecular weight PFCs [9], the results of this
study suggest that PFB NDs can act as effective cavitation agents
enabling extravasation of both types of model drug in a tissue phantom
at comparable acoustic pressures to those required by gas microbubbles
and solid nuclei.
Cytotoxicity and cellular uptake of PFB NDs

The cytotoxicity of PFB NDs was assessed using an MTS assay
according to the manufacturer’s protocol. Figure 10a displays the via-
bility of A549 cells measured after incubation with unloaded PFB
NDs at various concentrations. Cytotoxicity, (BMD) was found to be
low, requiring, with a BMD of 9.4 x1010 NDs/ml to produce a 15%
decrease in cell viability (95% CI 5.2 x 1010−1.4 x 1011). No apparent
sign of damage or inflammation was observed by optical microscopy.
Additionally, the cellular uptake of PFB NDs was investigated, reveal-
ing that DiO-labelled PFB NDs (depicted in green in Figure 10(b))
were readily taken up by A549 cells. The mechanism of uptake in
A549 cells is likely mediated through endocytosis, as suggested by
previous research findings [19−25]. It should be noted that the
uptake of nanoparticles by A549 cells was found to be a time-, tem-
perature-, energy- and concentration-dependent saturable event
mediated by endocytic pathways [20,21,24]. This characteristic could
be usefully exploited in drug delivery applications.



Figure 9. Representative microscopy images of nanosphere extravasation in the agarose phantom model under different ultrasound pressures at 0.5 MHz (a) and
1.5 MHz (b) at the same duty cycle (5%), showing green fluorescence images of the top (left) and side (right) view of channel. The scale bar is 1 mm. Effect of ultra-
sound frequency and pressure on cavitation-mediated extravasation using nanospheres (c) and Nile red (d) as model drug. The solid lines are fitted concentrations, and
the shaded areas are simultaneous 95% confidence bands. Pressure thresholds are shown above (for NDs+NPs and NDs+Nile red) or below (for NPs) the plots as
points with horizontal error bars, corresponding to their 95% confidence intervals.
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Limitations of the study

As mentioned above, ND stability was only measured in water and
PBS, and further investigations of ND stability in blood is required to
assess the potential for spontaneous vaporization and any corresponding
risk. For convenience in measuring the stability and drug release of
nanodroplets, highly concentrated formulations were utilized. However,
diluting these nanodroplets to concentrations similar to those used in in
vitro cellular experiments or in vivo studies may reveal more rapid
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destabilization kinetics. Therefore, the concentration-dependent stabil-
ity profiles of nanodroplets necessitate further investigation. Such
research is essential for elucidating the NDs behaviour under conditions
that closely replicate actual experimental or clinical settings.

The type of flow phantom used in this study has been shown to be
predictive of the mechanical behaviour of some tissues [26], but experi-
ments in actual tissue, both healthy and diseased, will be needed to accu-
rately quantify the degree of extravasation that can be expected for
different ultrasound exposure conditions. Similarly, the channel



Figure 10. (a) The viability of cells incubated with different concentrations of PFB NDs ranging from 106 to 1011 particles/mL for 24 h. (The vertical dashed line indi-
cates the BMD, while the shaded area indicates the corresponding 95% confidence interval). (b) Confocal image of DiO-loaded PFB NDs uptake by A549 cells. The scale
bar is 20 μm.
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diameter used in this study was large compared with that of microves-
sels in e.g. a tumour. It is well known that confinement influences bub-
ble dynamics [27] and vessel size would thus also be expected to affect
the relationship between driving ultrasound pressure and extravasation.
The characteristics of different drug molecules and/or other therapeutic
ingredients might also affect their transport in tissue; e.g. liposomes
might behave differently from solid nanoparticles.

Conclusions

This study investigated the potential utility of perfluorobutane (PFB)
nanodroplets (NDs) as cavitation agents to promote drug extravasation.
In a tissue mimicking phantom, extravasation of two model drugs (Nile
Red simulating a small molecule drug and 200 nm polymer beads simu-
lating a larger therapeutic agent) was observed over a range of ultra-
sound exposure conditions corresponding to the frequencies and
pressures typically used in ultrasound mediated drug delivery (0.5
−1.5 MHz and 0.5−3.5 MPa, respectively). Contrary to the findings of
previous studies with higher molecular weight PFCs, PFB NDs were not
found to require substantially higher acoustic pressures than those used
with other types of cavitation nuclei (such as gas microbubbles) to
achieve comparable extravasation. At a driving frequency of 0.5 MHz,
the peak negative pressure required to achieve 80% probability of iner-
tial cavitation (PIC) was 1.25 ± 0.13 MPa at 37°C. This threshold rose
with increasing the driving frequency and was correlated with the num-
ber of vaporization events observed using ultra high-speed imaging, con-
sistent with previous work [10]. Moreover, as an indicator of
extravasation, PIC was found to be a conservative metric. Notably,
extravasation depths of several mm were observed for both model drugs
at peak negative pressures below the 80% PIC threshold. PFB NDs were
found to be stable in water at both 4°C and 37°C in the absence of ultra-
sound exposure. They had no effect on the viability of A549 cancer cells
up to concentrations of 1010 ND/ml and were also readily taken up
intact by this cell line. Further work is needed to assess the stability of
PFB NDs in whole blood and to quantify extravasation in real vessels of
different sizes in tissues having different mechanical properties.
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