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Direct imaging of cavitation from solid nanoparticles has been a challenge due to the combined
nanosized length and time scales involved. We report on high-speed microscopic imaging of inertial
cavitation from gas trapped on nanoparticles with a tunable hemispherical depression (nanocups) at
nanosecond time scales. The high-speed recordings establish that nanocups facilitate bubble growth
followed by inertial collapse. Nanoparticle size, acoustic pressure amplitude, and frequency influence
bubble dynamics and are compared to model predictions. Understanding these cavitation dynamics is
critical for applications enhanced by acoustic cavitation.
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I. INTRODUCTION

Acoustic cavitation is the nucleation and subsequent
dynamics of a bubble due to an acoustic pressure wave.
It is a key mechanical trigger for biomedical therapy and
diagnosis (e.g., enhanced drug transport and passive
acoustic mapping) [1,2] and industrial applications, such
as sonochemistry [3,4] and surface cleaning [5,6]. In the
specific context of cancer therapy, acoustic cavitation has
been shown in animal and more recently human studies to
be critical in enhancing the delivery of a therapeutic agent
from blood vessels and into tumors [1].
Though acoustic cavitation is crucial for the aforemen-

tioned applications, detrimental off-target effects may occur
due to the large pressure amplitudes required to initiate
cavitation in biological media [7]. For excitation frequencies
in the range 0.5–3 MHz typically used in biomedical ultra-
sound, previous work has shown that micrometer cavitation
nuclei, e.g., microbubbles and solid particles, reduce the
needed pressure amplitudes to below 2 MPa [8–10].
However, several applications are not adequately

addressed by micrometer-sized cavitation nuclei, especially
those where a physical pore size or spatial feature prevents
the delivery of microbubbles to lower the local cavitation
threshold. Such applications may include dental cleaning
[11], biofilm removal, and microbial decontamination
of liquids and surfaces. For biomedical applications,
cavitation-enhanced drug transport into tumors necessitates
a cavitation agent that can cross from the bloodstream into
the tumor mass through endothelial gaps that range in size
between 100–800 nm, delivering sustained cavitation both
in the bloodstream and in the tumor tissue.

Previously, we reported on a stable and biocompatible
formulation of size-controlled submicrometer nuclei that
demonstrated prolonged circulation and exclusively pro-
duced inertial cavitation upon ultrasound exposure [12].
These submicrometer particles have a definitive “cup” shape
(henceforth referred to as nanocups), which traps gaseous
nucleation sites that initiate cavitation. Furthermore, nano-
cups enabled the enhanced delivery of novel therapeutic
agents in tumors, including therapeutic antibodies [12] and
oncolytic viruses [13], achieving as much as a 2-orders-of-
magnitude increase in the dose of therapeutic agent deliv-
ered to tumors.
Though there has been substantial work on the cavitation

behavior of microparticles [14,15], little is known about the
behavior of bubbles nucleated from solid nanoparticles such
as nanocups. The physics of inertial cavitation from nano-
bubbles stabilized on nanoparticles are expected to differ
from those of microparticles for several reasons. First, the
stability of such nanobubbles on surfaces and in cavities
remains poorly understood despite the ample evidence that
they remain stable in cavities [16–18]. Second, for an
acoustically driven bubble, the acoustic pressure required
to drive inertial cavitation is expected to increase with a
decreasing bubble size owing to the increasing effect of
surface tension [19]. Third, compared to the recently well-
studied cavitation of nanobubbles from nanopits on large
solid surfaces [20], cavitation from nanobubbles on nano-
particles is expected to differ by virtue of the fact that the
expanding bubble does not have an effectively infinite solid
surface along which it can grow during rarefaction.
In order to begin to describe these phenomena, we

developed and published [21] a modified Rayleigh-Plesset
model that accounts for the size and geometry of the
nanocup. In the experimental part of this same study [21],*constantin.coussios@eng.ox.ac.uk
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it had only been possible to confirm certain aspects of
the model through indirect observations of the acoustic
emissions produced by the nanoparticles. In particular,
the theoretical model was found to provide an accurate
prediction of the acoustic pressure amplitude thresholds for
the onset of inertial cavitation as a function of nanobubble
size and frequency. However, purely acoustic experimental
methods were unable to confirm the radial dynamics,
maximum expansion diameter, rebound characteristics,
and other cavitation behaviors predicted by the model.
The aim of the present work is to provide direct optical

observations of cavitation initiation and subsequent growth
and collapse of cavitation bubbles from solid nanoparticles,
to enable confirmation of our recently published model
[21], as well as an improved understanding of the effect of
frequency and cavity size on the instigation and subsequent
evolution of cavitation activity from solid nanoparticles.
Validation of the predicted bubble dynamics will enable
optimization of the microstreaming, shear stresses, and
microjetting produced from such particles, enhancing the
safety and efficacy of these systems for a broad range of
biomedical and nonbiomedical applications.

II. MATERIALS AND METHODS

A. Nanoparticle synthesis

We fabricate three differently sized nanocups, as previ-
ously described [12]. In short, a seeded polymerization
technique is used to coat a template polystyrene nanosphere
with a copolymer of methyl methacrylate and divinylben-
zene. Each nanocup suspension is measured three times by
dynamic light scattering (ZetaSizerNano, Malvern). The
average and standard deviations of the cumulative average of
each distribution for the three differently sized nanocups are
174� 2, 425� 6, and 609� 8 nm. The size distribution
widths are 57, 121, and 164 nm (respectively), which
indicates that the distributions aremonodisperse and narrow.
We categorize these particles as small, medium, and large

based on their diameter. Transmission electron microscope
images (TEM; Hitachi H-7650) display a single predomi-
nant depression on the surface of the nanocups (Fig. 1).
Unless otherwise specified, all nanocups are air dried using
an optimized drying and resuspension method developed
previously [12,21]. After resuspension, all particles are
diluted a hundredfold before study, unless otherwise stated.

B. Experimental setup

Figure 1 also shows the setup used to observe cavitation
bubbles nucleated from the nanocups. Nanocups from each
size class are placed in turn into an Opticell® (Thermo
Scientific, UK) with dimensions 70 × 65 × 3 mm in
length, width, and depth (respectively) at concentrations
between 107 and 109 particles per ml. A focused 1-MHz
ultrasound source (Sonic Concepts H107), calibrated with a
needle hydrophone (0.2 mm, Precision Acoustics, UK), are

coaligned with the optical focus of an ultrahigh-speed
imaging system, the Brandaris 128 camera [22]. Unless
otherwise stated, a 5× magnification objective (Olympus)
is attached to the imaging system. The optical focus is
placed roughly 1 mm from the top of the Opticell® wall
facing the magnification objective, thereby minimizing
wall effects that have been shown to dampen microbubble
oscillations and modulate the scattered pressure at distances
below 0.5 mm from a boundary [23,24]. The camera is the
master trigger that initiates an ultrasound pulse timed to the
light source such that the acoustic wave hits the sample at
the time the camera starts recording. For each recording, a
series of six 128-frame recordings are obtained at frame
rates of 10 × 106 frames per second. The first recording in
each sequence is a no-ultrasound control, and the following
five are insonified with a 20-cycle sine wave [25]. The
driving frequencies tested are 0.5, 1.6, and 3.3 MHz.
Acoustic emissions generated by the cavitation bubbles

are recorded with a passive cavitation detector (PCD;
V319-SU, 15 MHz PZT, Panametrics, focal distance
74.5 mm) coaxially and confocally aligned with the trans-
mitting transducer. In order to detect the broadband
emission away from the fundamental ultrasound driving
frequency, the signal is passed through a custom-built
7.5-MHz high-pass filter, amplified 5 times prior to
being stored on a digital storage oscilloscope (DPO3034,
Tektronix). The collected data are postprocessed to obtain
power spectral density curves of the received voltage trace
(Fig. S1, Ref. [25]) to confirm the presence of inertial

FIG. 1. Schematic of the experimental setup. The ultrasound
(US) transducer is confocally aligned to both a passive cavitation
detector (PCD) and the optical focus of the ultra-high-speed
camera Brandaris 128. The nanoparticles are contained in an
optically and acoustically transparent Opticell culture cell. The
light source used was a cool white (CW) lamp. The three images
to the right display transmission electron microscopy (TEM)
images of small (174� 2 nm), medium (425� 6 nm), and large
(609� 8 nm) nanocups are shown.
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cavitation [12,21]. In order to ensure that the nanocups are
the sole cause of cavitation nucleation, 200-nm-filtered
pure deionized water is exposed to two extreme acoustic
parameters (0.5 MHz at 3.5 MPa and 3.3 MHz at 10 MPa).
Neither of these extremes display broadband power exceed-
ing 2 dB above the noise level, as opposed to over 10 dB
when cavitation is observed. Similarly, nondried medium
nanocups do not initiate inertial cavitation.

III. RESULTS AND DISCUSSION

Figure 2 displays representative images of temporal
slices from ultrahigh-speed recordings of nanocups of
different sizes at a 0.5-MHz driving frequency and of
medium nanocups at 1.6- and 3.3-MHz driving frequen-
cies. The peak rarefactional pressures used in this figure at
each frequency always exceed the inertial cavitation thresh-
old of the nanocups, namely 1.5 MPa at 0.5 MHz, 2.5 MPa
at 1.6 MHz, and 3.5 MPa at 3.3 MHz. It is important to note
that the nanocups themselves cannot be resolved optically
and that only imaging of the bubble nucleated from the
nanocup upon ultrasound exposure is possible.
Despite the asymmetry of the nanocup structure, it is

evident that the initial expansion of the bubble is always
spherical, for all frequencies and nanocup sizes, with the
duration of bubble growth being roughly equal to the
rarefactional half-period in all cases. This expansion also
invariably results in a peak diameter that exceeds the initial

bubble radius by 1 to 2 orders of magnitude, crossing the
Blake threshold [26] and suggesting a cavity that predomi-
nantly consists of water vapor. However, as summarized in
Figs. 4(c)–4(e), this maximum diameter only appears to
depend on frequency, but is surprisingly independent of the
initial nanocup and bubble diameter.
Shortly after maximum expansion, Fig. 2 shows that the

bubble inertially collapses during the compressional phase
of the ultrasound wave. In all cases, this collapse is highly
asymmetric across all tested conditions, with its timing and
violence once again unaffected by the initial nanocup
or bubble size, driving frequency, or acoustic pressure
amplitude. A broadband acoustic emission accompanies
the violent collapse of the bubble in all observed instances
of cavitation. Our observations, both optical and acoustic,
confirm our previous assertion that nanocups either exhibit
no response at all (below the cavitation threshold), or
exclusively yield inertial cavitation (above the cavitation
threshold) upon exposure to ultrasound.
We hypothesize that the inertial cavitation of bubbles

nucleated from nanocups occurs in several stages [Fig. 3(a)].
Starting within the cavity of the nanocup, a nanobubble
exposed to ultrasound will extend out of the cavity and
detach as the contact angle of the growing bubble reaches a
critical angle. Optical observations of this growth and
subsequent detachment of a nanobubble from within a solid
nanoparticle have not been previously reported and are
extremely challenging, not least because the nanoparticle
itself is just smaller than the optical resolution, and because
capturing both a nanoparticle and the direction of bubble

FIG. 2. Single images from the ultrahigh-speed recordings. (a)
These snapshots show the response of nanocups exposed to
ultrasound driven at 0.5 MHz and 3.5 MPa as a function of size.
(b) Bubble behavior at constant size exposed to a 1.6- or 3.3-MHz
driving frequency are also shown. The driving pressure ampli-
tudes are 6.0 and 7.0 MPa, respectively. Across all test conditions,
the recordings are dividable into two regimes, the inertial growth
phase and the bubble collapse phase. The initial time point
(0.0 μs) is the frame before the first bubble is observed. The scale
bars in all images are 100 μm.

FIG. 3. Comparison of hypothesized mechanism and exper-
imental observation. (a) An illustration of a surface-trapped
nanobubble undergoing inertial collapse. (b) Evidence for a
(1) nanocup likely with a trapped nanobubble, (2) nucleation,
and (3) detachment from a single large nanocup is shown. Dashed
lines indicate the initial position of the nanocup. Scale bars
represent 100 μm. The arrow points to the 600-nm-diameter
nanocup. The time stamps on the images are based on the onset of
cavitation. The color bar is the difference in pixel intensity (of
arbitrary units) in each frame of the video compared to the same
frame number of the no-ultrasound control video.
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detachment in the same focal plane would require a
serendipitous capture across thousands of recorded events.
Using our largest nanocups (∼600 nm) that are able to

scatter enough light to be detectable by the camera, we are
able to capture such a rare event in Video 1. In order to
separate visual artifacts caused by the camera and video-
processing algorithm from nanocups in view, we subtract
each video frame with the corresponding no-ultrasound
control video frame. Next, we adjust for brightness and

contrast, and later colorize the recordings to emphasize
their location. Images from this video are taken at three
different time points [Fig. 3(b)] and appear to show a single
large nanocup nucleating a bubble that detaches and jets
away from a large nanocup, providing initial evidence in
support of our hypothesis for bubble growth and detach-
ment. The nanocup is immediately engulfed by the bubble
cloud post collapse. Though previous work [15,20,27] has
reported similar phenomena at much larger length scales,
this is preliminary evidence of controlled bubble detach-
ment from a submicron particle.
To verify our previously described Rayleigh-Plesset

crevicemodel [21], we evaluate the bubble dynamics, defined
by RR̈þ ð3=2Þ _R2 ¼ ð1=ρLÞ½PLðRÞ − PacðtÞ − P0�, where
R, _R, and R̈ are the radius, velocity, and acceleration of the
bubble wall. The density of water is ρL, the liquid pressure at
the bubblewall isPL, the acoustic pressure amplitude isPac at
a given time t, andP0 is the ambient pressure. As described in
our crevice model [21], the radius of the bubble depends on
whether the bubble lay within, is on the surface, or has
detached from the nanocup cavity.We have previously shown
that this model adequately describes the cavitation threshold
from solid gas-stabilizing submicron particles [21], but had
been unable to obtain direct validation of the predicted radius-
time curves. In order to enable a comparison of the model
predictions to our optical observations (Fig. 4), the only
model parameter that requires adjustment is the initial cavity
diameter. To achieve this, we iteratively chose an initial cavity
diameter that falls within the range of measured cavity sizes
for this particular nanocup batch (e.g., 200–400 nm for
medium nanocups) to match the peak diameter of the model
to that recorded optically at the particular excitation pressure
and frequency used in the experiment.

VIDEO 1. In this video, the scattering from a large nanocup is
shown to nucleate a microbubble on the order of 100 μm. This
video is background subtracted with the brightness and contrast
adjusted. It is colorized and cropped to emphasize the location of
the nanocup. The large nanocup is exposed to a 20-cycle sine
burst at 6-MPa peak negative-pressure amplitude at 1.6-MHz
driving frequency. The video is recorded with a 20× objective
attached to the microscope at 10 × 106 frames per second and is
being played back at 25 frames per second.

FIG. 4. A comparison between the predicted
and observed cavitation behavior. (a),(b) A
good agreement is found between the
diameter-time curve predicted by the modified
Rayleigh-Plesset crevice model and represen-
tative experimentally observed bubble diameter
at (a) 0.5 MHz [at 2 MPa (black) and 3.5 MPa
(red)] and (b) 1.6 MHz [at 3 MPa (black) and
6 MPa (red)] for medium-sized nanocups. The
dashed line in the location of the time axis break
marks the bubble transition from spherical
collapse (left of the line) to nonspherical col-
lapse (right of the line). (c)–(e) Peak diameters
achieved during inertial expansion for (c) small,
(d) medium, and (e) large nanocups at 0.5 MHz
(black) and 1.6 MHz (red) are shown. Shaded
regions are predicted peak diameters. The
single open square in (e) is from measurements
taken at concentrations 10 times lower than
those for the closed squares. Values without
error bars are due to only a single bubble
captured at that particular acoustic setting.
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This comparison (Fig. 4) yields good agreement between
the modeled and experimentally observed radius-time
curve at two different driving frequencies, 0.5 MHz
[Fig. 4(a)] and 1.6 MHz [Fig. 4(b)], and two different
acoustic pressure amplitudes. The dynamics at 3.3 MHz
cannot be reliably extracted as the bubbles formed are at the
resolution limit of the imaging system during this initial
growth and first collapse (Fig. 2).
Very good agreement is also achieved between model

and experiment in terms of the peak diameter reached by
the nanobubbles at both 0.5 and 1.6 MHz across a range
of excitation pressures [Figs. 4(c)–4(e)]. As expected, the
higher frequency results in consistently smaller peak diam-
eters being reached for a given initial nanobubble size.
However, somewhat surprisingly, rarefactional pressure
amplitude has less of an effect across each nanocup size
as compared to the theoretical predictions. In fact, the main
consequence of increasing the peak rarefactional pressure
amplitude is to increase the number of cavitation events per
frame (Fig. 5) rather than the peak diameter of these events.
We hypothesize that this trend is due to increasing

interactions between bubbles as the incidence of cavitation
increases, and to acoustic shielding of the incident sound
field from nearby and previously nucleated microbubbles
that reduces the acoustic pressure experienced by the
nucleating cup. In order to test this hypothesis, we further
exposed large nanocups diluted by an order of magnitude
(106 particles per ml) to ultrasound at 0.5 and 3.5 MPa.

At this lower concentration, the peak bubble diameter is
in better agreement with that predicted by the model
[Fig. 4(e), open square data point], confirming that the
lower concentration corresponds more closely to the single-
bubble scenario described by the model.
After the inertial growth, Fig. 2 shows that the nucleated

bubbles undergo a chaotic and violent collapse phase. After
the first collapse, the model is unable to predict the
behavior of the bubbles due to asymmetry and breakup
of the bubble, features that are not included in the model.
We also observe that most bubbles remain after collapse
because of the energy supplied by the acoustic wave. These
bubbles rapidly disappear once the field is removed, as we
do not observe that any bubbles carry over to the next
video. This further suggests that although the initial nano-
bubble on the surface is composed of air, the observed
bubbles are likely predominantly made of water vapor.
Jetting always occurs once for every bubble nucleated

with a preferential direction aligned with the propagation
direction of the ultrasound wave (Fig. 2) [28]. However,
local heterogeneities such as other nucleated bubbles
strongly affect jet direction. For example, two bubbles
nucleated near each other result with jets striking each other
[9] and coalesce (Video 2). It is also possible that the walls
of the sample container influence jetting. Jet size is
dependent on the driving frequency, with the largest jet
lengths (up to 100 μm) at 0.5 MHz. The jets also translate
the center of the nucleated bubble in the direction of the jet
itself [27].
Post jet formation, the violent cavitation dynamics that

occur are generally nonspherical. Some bubbles grow to a
size larger than 200 μm in diameter, an increase in volume
of approximately 9 orders of magnitude, taking up nearly

FIG. 5. Recorded number of bubbles per first recording
(Nbubbles) for small, medium, and large nanocups at (a) 0.5-MHz,
(b) 1.6-MHz, and (c) 3.3-MHz driving frequencies. The legend in
(a) is valid for all figures, and LC represents the low concen-
tration (tenfold dilution) of large nanocups.

VIDEO 2. This video illustrates an example of two bubbles
nucleated from large nanocups. Because of the proximity of the
two bubbles, they jet towards each other and coalesce into a larger
single bubble. The sample is exposed to a 20-cycle sine burst at
3.5 MPa peak negative pressure at 0.5 MHz driving frequency.
The video is recorded at 5×magnification and at 10 × 106 frames
per second. It is played back at 25 frames per second.
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the entire field of view in the present setup. Such bubbles
are large enough to observe the rebound of the jet passing
through the center of the bubble (Video 3).
In our measurements, we observe that the first rebound is

generally larger than the initial bubble expansion.We believe
that this phenomenonmay be due to several factors. First, the
presence of air, a noncondensable gas, in the cavitating vapor
bubble will hinder vapor condensation [29] and prevent
complete collapse of the bubble during the compression
phase of the ultrasound wave [30]. We also observe that the
perceptibleminimumbubble size during spherical collapse is
larger [10 to 20 μm at 0.5 MHz—Fig. 4(a)] than the initial
bubble size. This now-larger vapor or gas bubble experiences
the second rarefactional phase of the ultrasound wave,
and grows to a bigger size compared to that of the initial
spherical growth. Furthermore, the first collapse of the
bubble results in a highly asymmetric jet, which suggests
that there is increased energy for the rebound [31].
In addition, the resonant frequency of these asymmetric
bubbles is also closer to the driving frequency. However, the
exact reason for our observations post collapse remains
unknown, and will be explored in future studies.
Bubbles also violently fragment into bubble clouds. These

two modes of collapse dominate most of the lifespan of a
nucleated bubble. This phenomenon, coupled with our
previous observation that bubbles persist in the presence
of the acoustic wave, suggests that these collapses occur
throughout the entire acoustic wave, which is evidenced by
cavitation persisting at larger pressure amplitudes (Fig. S2)
[25]. These collapses likely govern macroscopic effects,
such as microstreaming, that operate in the millisecond time
scales. As a result, our observations on cavitation from
solid nanoparticles may have a substantial impact on

understanding the role of collapse mechanics on transport
phenomena in size-critical biomedical and industrial appli-
cations, such as cavitation-enhanced cancer therapy [1].
Figure 5 shows the concentration of cavitation bubbles

generated for each acoustic setting and sample from the first
video in the series exposed to ultrasound. It is essential to
note that the number of created bubbles is nowhere near the
number of particles present in the medium. For the large
particles, a further tenfold dilution only leads to under a
twofold reduction of the number of observed cavitation
events. This supports the idea that there are complex
interactions between the bubbles and the acoustic field.
The number of bubbles created significantly decreases with
increasing frequency (at constant pressure). Increasing the
frequency also increases the influence of the size of the
nanoparticle: a threefold increase at 0.5 MHz between small
and large nanocups and a 33-fold increase at 3.3 MHz.
Increasing the pressure had a similar effect on the number of
cavitation bubbles with a nearly threefold increase when the
pressure amplitude is increased from 5 to 7MPa, and confers
with previous results from surface nanopits [20].

IV. CONCLUSION

Our understanding of the dynamics and behavior of
cavitation bubbles from gas-stabilizing solid nanoparticles
is critical for their use in both industrial and clinical
applications. In this manuscript, we have successfully
observed the dynamic and violent cavitation behavior of
bubbles nucleated from nanocups of three different mean
diameters at 10 × 106 frames-per-second frame rates using
the Brandaris 128 ultrahigh-speed camera. Nanocups of all
sizes nucleate inertial cavitation at all driving frequencies
studied and only exclusively produce broadband emissions
indicative of inertial cavitation. The nucleated bubble
shows an initial inertial growth phase followed by detach-
ment from the solid nanoparticle and subsequent spherical
collapse, confirming the underpinning hypothesis and
quantitative radius-time predictions of our modified
Rayleigh-Plesset cavity model at two different frequencies.
The peak inertial growth diameter is governed primarily
by the ultrasound driving frequency, and is independent
of the nanocup size or acoustic pressure. Ultrasound
pressure amplitude, however, controls the number of
bubbles nucleated. Nonspherical collapses are consistently
observed, starting with a jet that is followed by continued
growth and/or fragmentation within the observed time
frame. These nanosecond events carry on for a majority
of the bubble lifespan, suggesting that this behavior likely
governs macroscopic time and length-scale phenomena
through microstreaming and translation due to acoustic
radiation forces. Bridging the gaps between the application
and physics of this technology is critical in designing and
utilizing these next-generation cavitation nuclei for both
biomedical and industrial applications.

VIDEO 3. A bubble nucleated from a medium-sized nanocup is
shown to jet and rebound through the center of the cavitation
bubble. The jet involution is visible due to the size of the
nucleated bubble. The sample is exposed to a 20-cycle sine burst
at 3.5 MPa peak negative pressure at 0.5 MHz driving frequency.
The video is recorded at 5× magnification and at 10 × 106 frames
per second. It is played back at 25 frames per second.
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