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Abstract—Acoustic Cluster Therapy (ACT�) is a platform for improving drug delivery and has had promising
pre-clinical results. A clinical trial is ongoing. ACT� is based on microclusters of microbubbles�microdroplets
that, when sonicated, form a large ACT� bubble. The aim of this study was to obtain new knowledge on the
dynamic formation and oscillations of ACT� bubbles by ultrafast optical imaging in a microchannel. The high-
speed recordings revealed the microbubble�microdroplet fusion, and the gas in the microbubble acted as a
vaporization seed for the microdroplet. Subsequently, the bubble grew by gas diffusion from the surrounding
medium and became a large ACT� bubble with a diameter of 5�50 mm. A second ultrasound exposure at lower
frequency caused the ACT� bubble to oscillate. The recorded oscillations were compared with simulations using
the modified Rayleigh�Plesset equation. A term accounting for the physical boundary imposed by the micro-
channel wall was included. The recorded oscillation amplitudes were approximately 1�2 mm, hence similar to
oscillations of smaller contrast agent microbubbles. These findings, together with our previously reported prom-
ising pre-clinical therapeutic results, suggest that these oscillations covering a large part of the vessel wall
because of the large bubble volume can substantially improve therapeutic outcome. (E-mail: catharina.
davies@ntnu.no) © 2022 The Author(s). Published by Elsevier Inc. on behalf of World Federation for
Ultrasound in Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Ultrasound contrast agents are stabilized gas microbub-

bles (typically 1�10 mm in diameter). After intravenous

injection, such microbubbles are stable for up to

2�3 min in vivo with no known side effects, other than

potential allergic reactions. Microbubbles in combina-

tion with focused ultrasound have been reported to

improve the delivery of drugs and nanoparticles in solid

tumors in pre-clinical (Yan et al. 2013;

Snipstad et al. 2017) and clinical (Dimcevski et al. 2016)

studies, as well as temporarily increase the permeability

of the blood�brain barrier (Tung et al. 2011;
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Poon et al. 2017). On application of ultrasound, these

microbubbles oscillate volumetrically in the vasculature

and induce biomechanical effects that increase the per-

meability of the vascular wall and improve extravasation

of drugs (Lajoinie et al. 2016; Yang et al. 2020). The

microbubbles interact with nearby cells, probably form-

ing small transient pores in the cell membrane via

mechanical disruption in a process called sonoporation;

microbubbles have even been observed to enter cells in

vitro (Delalande et al. 2013; Yang et al. 2020). This

interaction allows increased intracellular drug uptake in

cells in proximity to the oscillating microbubbles. Fur-

thermore, the oscillating microbubbles improve the pen-

etration of therapeutic agents into the extracellular

matrix (Delalande et al. 2013; Husseini et al. 2014;

Lentacker et al. 2014; Lee et al. 2017; Qin et al. 2018;

Roovers et al. 2019).
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Whereas various drug delivery approaches explor-

ing the use of ultrasound and microbubbles have shown

some promise, several issues hamper the effectiveness.

Being small, the magnitude of the biomechanical work

the microbubble can induce is limited, and being free

flowing, they display limited contact with the endothelial

wall, reducing the level and range of the biomechanical

effects (Delalande et al. 2013; Kooiman et al. 2014). To

produce enough biomechanical work, microbubbles

often need a high ultrasound pressure that could induce

inertial cavitation, with ensuing safety issues

(Goertz 2015). To address the current limitations of

microbubbles for drug delivery, a range of novel micro-

bubble technology platforms are being developed, for

example, cationic microbubbles (Delalande et al. 2017),

monodisperse microbubbles (Pulsipher et al. 2018) and

targeted microbubbles (Wang et al. 2018). A review of

novel microbubbles has recently been published

(Stride et al. 2020).

Acoustic Cluster Therapy (ACT, EXACT Thera-

peutics AS, Oslo, Norway) is a novel concept for ultra-

sound-mediated, localized drug delivery

(Sontum et al. 2015; Myhre et al. 2016). ACT� is a for-

mulation combining negatively charged microbubbles,

stabilized by a monomolecular phospholipid membrane

of hydrogenated egg phosphatidylserine with positively

charged microdroplets containing perfluoromethylcylo-

pentane. A mixture of these microbubbles and micro-

droplets results in small microbubble�microdroplet

clusters held together by the electrostatic forces. These

microclusters can contain a single or a few microdroplets

surrounded by a few microbubbles (Sontum et al. 2015).

The ACT� microcluster dispersion is intended for co-

administration with a therapeutic drug. When ACT�

clusters are insonated with pulsed ultrasound (in the clin-

ical diagnostic regime), the oscillating microbubbles

transfer energy to the microdroplet, initiating vaporiza-

tion and resulting in the formation of larger ACT� bub-

bles (Sontum et al. 2015). This first step in ultrasound-

induced ACT� bubble generation is referred to as the

activation step. In vivo studies have reported that the

transition from microclusters to large ACT� bubbles can

be achieved using ultrasound frequencies of 0.5 to

8 MHz (Healey et al. 2016; van Wamel et al. 2016a;

Kotopoulis et al. 2017; Bush et al. 2020). Although a

small, enhanced drug uptake was observed after this first

step, a subsequent ultrasound exposure resulted in a con-

siderably increased drug uptake, indicating that both the

activation step and the subsequent sonication called the

enhancement step are required (van Wamel et al. 2016a;

Olsman et al. 2021). During the enhancement step, the

ACT� bubbles are exposed to low-frequency (0.3�1.0

MHz) ultrasound at low pressures causing the ACT�

bubbles to oscillate (Sontum et al. 2015; Healey et al.
2016). The ACT� bubbles are reported to have a diame-

ter in the range 10�40 mm and to form ellipsoidal bub-

bles, which are trapped in a small fraction of the

microcirculation of 5�10 min (Sontum et al. 2015;

van Wamel et al. 2016a). ACT� bubbles have a volume

three orders of magnitude larger than that of conven-

tional microbubbles used as contrast agents for ultra-

sound imaging and, therefore, have biomechanical

effects, such as microstreaming and shear stress, on a

larger segment of the capillary wall and have a poten-

tially larger impact on local drug delivery. All constitu-

ents in the ACT� formulation are chemically and

biologically inert; hence the mechanism is fully based on

physical and biomechanical effects. No adverse effects

of ACT� were found in pre-clinical testing in dogs and

rats (Myhre et al. 2016). It should be emphasized that

the ACT� bubbles lodge in a small fraction of the

capillaries. Compared with regular microbubbles and

ultrasound, rather low acoustic pressures are needed to

obtain an enhanced therapeutic effect. The long resi-

dence time of the ACT� bubbles in the vasculature

makes the bubbles powerful imaging agents, and contrast

enhancement has been reported to correlate with thera-

peutic outcome (Bush et al. 2020), hence predicting the

therapeutic performance.

Applying ultrasound toward the trapped ACT�

bubbles in the tumor facilitates a localized delivery

of co-injected drugs. Athymic mice with subcutane-

ously growing prostate tumors were treated with

ACT� together with paclitaxel (Abraxane), and

120 days after treatment, the survival rate was 100%,

compared with 0% in mice receiving Abraxane only

(van Wamel et al. 2016b). Mice with orthotopically

growing triple-negative breast cancer were treated

with ACT� and doxorubicin (Doxil), and 180 days

after treatment, 63% of the mice were in complete

and stable remission, compared with 10% of the mice

receiving Doxil only (Bush et al. 2020). Mice with

subcutaneously growing pancreatic tumors treated

with paclitaxel and ACT� exhibited reduced tumor

growth compared with those treated with paclitaxel

alone (Kotopoulis et al. 2017). ACT� has also been

reported to temporarily increase the permeability of

the blood�brain barrier, allowing polymeric nanopar-

ticles to enter the brain parenchyma (Aslund et al.

2017; Olsman et al. 2021). A clinical study has been

initiated in which liver metastases of colorectal can-

cer patients are being treated with standard chemo-

therapy combined with ACT� (ClinicalTrials.gov

identifier: NCT04021277).

To optimize these successful therapeutic responses,

knowledge of the behavior of ACT� bubbles is needed.

Thus, the dynamics of ACT� bubble activation and volu-

metric oscillations at several frequencies and pressures
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were recorded in microchannel of polydimethylsiloxane

(PDMS), using ultrafast-frame-rate microscopy. To

investigate whether the ACT� bubble oscillations fol-

lowed the classic model for free bubble oscillation, the

recorded oscillations were fitted to the modified Ray-

leigh�Plesset equation (Versluis et al. 2020). A term

accounting for the presence of the wall of the microchan-

nel was included to model the deviation from free space

situation.

METHODS

ACT agent preparation

The ACT� microbubble�microdroplet cluster dis-

persion (PS101) was provided by EXACT Therapeutics

AS. PS101 was prepared by reconstituting a freeze-dried

suspension of microbubbles of perfluorobutane (PFB, F2

Chemicals Ltd., Lea Town, Preston, UK;16 mL/vial) with

a microdroplet emulsion of perfluoromethylcyclopentane

(PFMCP, F2 Chemicals Ltd.; 6.8 mg/mL), dispersed in a

5 mM tris(hydroxymethyl)aminomethane (TRIS) buffer,

forming a 2-mL dispersion (Sontum et al. 2015;

Healey et al. 2016). The microbubbles were stabilized by

a monomolecular phospholipid membrane of hydroge-

nated egg phosphatidylserine (H-EPS), which is nega-

tively charged, embedded in an amorphous sucrose
Fig. 1. Design and dimensions of the microchannels used.
branched
structure. The microdroplets were stabilized by a mono-

molecular distearoylphosphatidylcholine (DSPC) phos-

pholipid membrane containing 3% (mol/mol) stearyl

amine, making the overall surface positively charged. The

reconstituted PS101 formulation consists of a suspension

of small microbubble�microdroplet conjugates (micro-

clusters) at 47 £ 106 clusters/mL, with a median diameter

of 5.6 mm. The content of perfluoromethylcylopentane,

which is defined as the active pharmaceutical ingredient

in PS101, is 6.5 mg/mL PS101, which was diluted in

under saturated normal saline (0.9%) prior to use.
Microfluidic devices

Microfluidic devices were made with PDMS (Syl-

gard 184 Silicone Elastomer Kit, Dow Corning Corp.,

Midland, MI, USA) which provides a reproducible and

optically and acoustically transparent device. Using the

software CleWin 4.0 (WieWeb software, Hengelo, Neth-

erlands), two types of microchannel designs were cre-

ated. Straight channels (200, 400 or 600 mm in width

and 72 mm in height) and a highly branched channel

(ranging from 25 to 600 mm in width and 66 mm in

height). The branched microchannels can provide infor-

mation on bubble behavior at branching points. Sche-

matics of the microchannels are provided in Figure 1.
The microfluidic channels were either straight (A) or
(B).
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The PDMS microchannels were fabricated by a

standard soft-lithography and mold-replica process

(Alrifaiy et al. 2012). An approximately 70-mm-thick

layer of negative m-DWL 100 (Micro Resist Technology

GmbH, Berlin, Germany) photoresist was spin-coated on

top of a silicon wafer (Siegert Wafer, Aachen, Ger-

many). Soft bake was performed to evaporate excess sol-

vents and prepare the resist for UV exposure. UV

exposure was carried out by uploading the mask file to

the software of a MLA150 Maskless Aligner (Heidelberg

Instruments Mikrotechnik GmbH, Heidelberg, Ger-

many), with exposure at a wavelength of 405 nm and

dose of 1200 mJ/m2. A post-exposure bake was per-

formed, and uncrosslinked mr-DWL 100 was removed

using mr-Dev 600 Developer solution (Micro Resist

Technology GmbH) followed by a hard bake. The pat-

tern was transferred as a solid mold on the wafer. The

mixture of PDMS pre-polymer and curing agent in the

ratio of 10:1 was poured onto the photoresist patterned

silicon wafer and cured at 65˚C for 3 h. A 1-mm blunt

needle puncher was used to create inlets and outlets.

Subsequently, the PDMS channels were peeled from the

molds and bonded via oxygen plasma treatment (150 W,

5 min) (Su 2018) to a layer of PDMS, which was dis-

persed on top of a Mylar sheet. Final devices consisted

of patterned PDMS bonded to PDMS on top of a Mylar

sheet, mounted on a custom frame. Twenty-three-gauge

fitted stainless-steel fluidic couplers were used to con-

nect Tygon tubing to the PDMS device (Darwin Micro-

fluidics, Paris, France).

Optical�acoustical setup

Ultrafast microscopy imaging was used to visualize

the ultrasound-induced ACT� bubble behavioral dynam-

ics using the ultrafast microscopy system at University

of Pittsburgh Medical Center (UPMC-Cam)

(Chen et al. 2013). The system can record up to 25 mil-

lion frames per second (Mfps). We recorded the activa-

tion step, visualizing the transition from ACT�

microclusters to ACT� bubbles, as well as the enhance-

ment step, visualizing the oscillation behavior of ACT�

bubbles.

The optical�acoustical set up was similar to those

in previous studies (Helfield et al. 2016a, 2016b).

Briefly, a water tank was constructed to house both a

single-element transducer at an angle of 45˚ from below

and a white light illumination fiberoptic (Fig. 2). The

tank was filled with de-ionized water and placed under

a 10 £ (UMPlanFL N 10 £ /0.30 W, Olympus) or

40 £ water immersion objective lens (LUMPLFL,

40 £ /0.80 W, Olympus), coupled to a 2 £ magnifier

and to the UPMC-Cam (Chen et al. 2013). By use of a

40 £ objective, high-speed recordings were obtained

between 5 and 10 Mfps, capturing bubble responses
during 4- to 8-cycle ultrasound pulse excitations. A

10 £ objective and “regular” video recording (15 fps)

were used to quantify the number of ACT� bubbles

generated by one single pulse of 8 cycles of ultrasound

using a charge-coupled device (CCD) camera.

Experimental protocol

Microscopy of ultrasound-stimulated transition

from ACT� microclusters to ACT� bubble and ACT�

bubble behavioral dynamics was recorded as described

previously (Chen et al. 2013). Briefly, a custom-made

water tank held at 35˚C housed any of three single-ele-

ment transducers employed for this study (f = 0.5 MHz,

focal distance 42.4 mm, Model A301 S-SU-F1.65-PTF;

f = 1 MHz, focal distance 41.4 mm, Model A302 S-SU-

F1.63-PTF; f = 2.25 MHz, focal distance 25.4 mm,

Model C323-SU-F1.0-PTF; Olympus NDT, Waltham,

MA, USA) at an angle of 45˚ from below along with a

port to house the light guide used to deliver constant

(15-fps recordings for 10�20 s) and flash lamp illumina-

tion (107-fps recordings of 128 frames) (Fig. 2). Opti-

cal�acoustical co-alignment was performed with a

pulse�echo approach described by Chen et al. (2013).

The ultrasound transducer was driven by an arbitrary

function generator (AFG3252, Tektronix, Beaverton,

OR, USA) and a gated power amplifier (Model

250A250AM8, Amplifier Research, Souderton, PA,

USA). The ultrasound delivery system was calibrated in

a separate water tank with a hydrophone (HGL-0200,

Onda, Sunnyvale, CA, USA).

The efficiency of the activation step of micro-

clusters was recorded with a standard CCD camera.

The microcluster suspension was prepared per the

manufacturer's instructions, diluted 120-fold in under-

saturated saline at room temperature and injected into

the microchannels. Experiments were performed with

no fluid flow. The activation step was recorded dur-

ing insonication of the microcluster suspension using

a single 8-cycle ultrasound pulse at 0.5, 1 or 2 MHz.

The transmit pulses were sent at a peak negative

pressure from 0.1 to 0.6, 0.2 to 1.0 and 0.1 to 0.8

MPa for 0.5, 1 and 2 MHz, respectively. These expo-

sure parameters are in the same range as used in our

previous pre-clinical studies (van Wamel

et al. 2016b; Aslund et al. 2017).

The enhancement step was recorded with the

UPMC camera. First, ACT� bubbles were activated in

the microchannels using an 8-cycle ultrasound pulse at

1 MHz and 1 MPa. For the enhancement step, the ACT�

bubbles were insonicated with a single 4-cycle ultra-

sound pulse at 0.5 MHz at pressures ranging from 0.063

to 0.60 MPa or an 8-cycle ultrasound pulse at 1 MHz at

pressures from 0.2 to 1.0 MPa. Both frequencies were

generated with the same transducer.



Fig. 2. Schematic of the experimental optical�acoustical setup. CCD = charge-coupled device; UPMC-CAM = ultrafast
microscopy system developed at the University of Pittsburgh Medical Center.
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Analysis of the recorded videos and oscillations

ACT bubble dynamics were extracted from the 128

images recorded at 5�10 Mfps. The diameter�frame

number curves of individual bubbles weremeasured using

image analysis software (MIPAR, Columbus, OH, USA).

The border of the bubble of interest was annotated in the

first frame of the recording and used to radially resample

the bubble and its direct surrounding. The resulting image

was used as an input to the algorithm to find the optimal

path along the contour of the bubble, and the average bub-

ble diameter was determined. This was then used to repeat

the above procedure for the next frame. After running

through all frames, the diameter�time curve of the bubble

was obtained. Spatial calibration was obtained by imaging

a high-resolution calibration target (1951 USAF Glass

Slide Resolution Targets, Edmund Optics Inc., Barring-

ton, NJ, USA) with identical optical settings (Chen et al.
2013). Temporal information (the actual recording speed)

for each video was obtained from onboard information

generated from multiple photodiode detectors and stored

with the video files. The maximum and minimum radii of

each oscillating ACT� bubble were determined.

Simulation of bubble oscillations. To simulate the

radial oscillation of an unshelled gas bubble, the modi-

fied Rayleigh�Plesset equation was used (Ray-

leigh 1917; Plesset 1949):

r R €R þ 3

2
_R
2

� �

¼ p0 þ 2s

R0

� �
R0

R

� �3k

1� 3k
_R
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� 2s

R
� 4m

_R

R

� dtvrR _R� p0 � pac ð1Þ
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where R is the instantaneous radius of the bubble, R0 is

the equilibrium bubble radius; r is the density of the sur-

rounding liquid, p0 is the hydrostatic pressure, s is the

surface tension of the liquid�gas interface, k is the poly-
tropic exponent of the gas, m is the viscosity of the liq-

uid, dt is a dimensionless coefficient for thermal

damping; v is the angular frequency of the acoustic pres-

sure, pac is the driving pressure, where the overdots

denote differentiation with time.

The phase transition of a microdroplet into an

ACT� bubble generates a bubble not encapsulated in a

shell, as the resultant surface area of the bubble is much

larger than the surface area of the microcluster, and

therefore there are not sufficient lipids to cover the large

bubble surface. The shell material of the Sonazoid bub-

ble may partly be in the solution and/or partly along

regions of the gas�liquid interface. Equation (1), there-

fore, does not contain any shell terms which are neces-

sary when simulating the response from commercially

available microbubbles such as SonoVue or Sonazoid.

However, a term accounting for thermal damping is

included. Thermal damping is associated with heating

and cooling of the gas during compression and expan-

sion, respectively, and resulting heat transfer between

the gas and the surrounding liquid. It is challenging to

include thermal damping into the non-linear Rayleigh�-

Plesset equation in a stringent way. In the current work,

this was done in a manner similar to that used by

Eatock et al. (1985), and the dimensionless coefficient

for thermal damping was estimated based on the work

by Medwin (1977):

dt ¼ d

b

� �
fr

f

� �2

ð2Þ

Here, fr is the resonance frequency and f is the driv-

ing frequency. For bubbles with radii around 10 mm,

such as ACT� bubbles, thermal damping is typically the

dominant form of energy loss, and the use of an aug-

mented viscosity is less appealing. For commercial

microbubbles with typical radii of 1�2 mm, thermal

damping is of the same order of magnitude as viscous

damping, and it is therefore common to use an aug-

mented viscosity to account for thermal damping instead

(Van Der Meer et al. 2007).

Because of buoyancy, the bubbles will be situated

close to the top of the microchannel during optical imag-

ing. Equation (1) is valid for a bubble oscillating in free

space without any effects from nearby boundaries. Cavi-

tation bubble behavior has been analyzed near bound-

aries with different elasticities, and it was found that gels

with a Young�s modulus similar to that of PDMS, typi-

cally 1 MPa (Johnston et al. 2014), resemble the case of

a rigid boundary (Brujan et al. 2000). The walls of the
microchannel were therefore considered to be rigid

boundaries where the normal component of the fluid

velocity and the normal gradient of the pressure must be

zero. To account for the effect of such a rigid boundary,

a common approach is to introduce an imaginary image

bubble oscillating in phase with the real bubble that is

placed symmetrically with respect to the boundary plane

(the top wall of the microchannel). Substituting the terms

on the right-hand side of eqn (1) with P, this equation

can then be written as

r R €R þ 3

2
_R
2

� �
¼ P� r R €R þ 2 _R

2
� � R

2d
ð3Þ

which also was suggested by Doinikov et al. (2009).

Here, d is the distance between the center of the bubble

and the rigid boundary, and 2d is hence the distance

between the centers of the real and imaginary bubbles.

The viscous shear stress exerted on a nearby solid

boundary by an oscillating bubble was estimated as

described by Helfield et al. (2016b):

t ¼ m
@V

@Z
� 2ðmrÞ1=2ðpf Þ3=2eR0 ð4Þ

Here, f is the ultrasound frequency, and e is the rela-
tive radial expansion, e ¼ Rmax � R0ð Þ=R0.
RESULTS AND DISCUSSION

Activation step: From microclusters to ACT� bubbles

High-speed recording of activation of ACT� bubble Tagge-

dEnd. The PS101 solution contains approximately twice as

many microbubbles as microdroplets, and because of

this excess of microbubbles, the microcluster will typi-

cally contain a single microdroplet surrounded by two or

more microbubbles (Sontum et al. 2015). The formation

of ACT� bubbles were recorded using high-speed imag-

ing, and from such recordings (Video S1, online only),

the changes in bubble radius as a function of time during

the 17-ms recording are visible (Fig. 3). The high-speed

videos indicate how the microbubble�microdroplet,

forming a microcluster, fused and the gas in the micro-

bubble acted as a vaporization seed for the oil in the

microdroplet, and a precursor ACT� bubble was formed.

This precursor bubble subsequentially grew in size as a

result of inward gas diffusion from the surrounding

medium and became a large ACT� bubble. The transi-

tion of the microclusters into precursor bubbles is a

novel observation, whereas the subsequent growth into

large ACT� bubbles has been described previously

(Sontum et al. 2015; Kotopoulis et al. 2017). The forma-

tion of the large ACT� bubble is in accordance with

observations of bubbles lodging in capillaries in tumor

tissue in mice (van Wamel et al. 2016a).



Fig. 3. A microdroplet�microbubble microcluster was recorded while insonated with one burst of eight cycles of ultra-
sound with a frequency of 0.5 MHz at 0.30 MPa. Changes in bubble radius during insonication for 17 ms resulted in a
growing bubble. Sixteen frames indicating the response at maximum positive and negative pressures were selected.

Imaging was performed at 7.28 Mfps and 40 £ magnification. Bar = 20 mm. ACT = Acoustic Cluster Therapy.
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Fig. 4. Number of ACT� bubbles generated in 140 individual recordings of microclusters insonified with different fre-
quencies at different pressures per microliter of microcluster suspension. The mean is based on two to seven measure-

ments. Bars indicate standard deviations. ACT = Acoustic Cluster Therapy.
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Optimal frequency and pressures for activation. Tag-

gedPThe efficiency in activation of the microclusters was

compared for three different frequencies, 0.5, 1.0 and

2.0 MHz, and pressures in the range 0.1�1.0 MPa

(Fig. 4). For all frequencies, a pressure >0.1 MPa was

needed to create ACT� bubbles. This threshold effect

was seen for all frequencies and is consistent with meas-

urements using a sonometry system (Healey et al. 2016).

There was a large variation in the number of activated

bubbles in the field of view per video acquisition as indi-

cated by the large standard deviations. Because of the

large standard deviation, no statistical differences were

found above the threshold, but some trends in the num-

ber of activated ACT� bubbles as a function of acoustic

pressures were observed.

The maximum number of ACT� bubbles was seen

for 2 MHz when applying 0.6�0.7 MPa, which is consis-

tent with the resonance frequency of Sonazoid, as the

activation depends on Sonazoid to oscillate and initiate

fusion with the microdroplet. Sonazoid has an average

diameter of 2.6 mm; thus, the resonance frequency is

estimated at approximately 2.3 MHz

(Kooiman et al. 2014). Increasing the pressure further

when applying an ultrasound frequency of 1.0 MHz

reduced the number of activated bubbles. The reduction

might have occurred because this high pressure destroys

the Sonazoid microbubbles, fragmenting them rather

than have them oscillating and fusing them with the

microdroplets, or because non-linear oscillations limit

the fusion capabilities to the microdroplet, thereby pre-

venting activation. In line with these explanations,
destruction of contrast agent microbubbles has been

reported at such high pressures (Postema et al. 2004;

Bouakaz et al. 2005; Yeh and Su 2008), and cavitation is

reported within microseconds (Kudo et al. 2002).

A maximum of 630 ACT� bubbles/mL microcluster

suspension was generated using only one burst of 8

cycles of 2 MHz at a pressure of 0.7 MPa. The micro-

cluster suspension consisted of 1.1 £ 106 microbubbles/

mL and 3 £ 105 microdroplets/mL, which translated into

4.7 £ 104 clusters/mL (Certificate of Analysis, EXACT

Therapeutics). Thus, in our experiments, a maximum of

1.34% of the microclusters were activated within the

image frame with a single ultrasound pulse of 4 ms. This

is rather efficient in such a short time, and increasing the

number of pulses will increase the number of activated

bubbles.

Sizes and shapes of activated ACT� bubbles. The

diameters of the spherical activated ACT� bubbles

ranged from 5 to 50 mm (Fig. 5), and most of the bubbles

in the microchannels with widths >25 mm had diameters

of 15�25 mm, as previously reported

(Sontum et al. 2015; Healey et al. 2016). No significant

difference in ACT� bubble size was observed for the dif-

ferent activation frequencies used. For 25-mm-wide

channels, the average bubble diameter was 16 mm.

Increasing the size of the microchannel in the range

50�600 mm provided more space for the ACT� bubble,

but did not increase the diameter of the activated bubble,

indicating a maximum bubble size. The size of the

ACT� bubble depends on the diffusion of gas from the



Fig. 5. (A) Relative number of ACT� bubbles as a function of ACT� bubble diameter in different sizes of microchan-
nels. (B) ACT� bubble diameter obtained in microchannels of increasing width. ACT = Acoustic Cluster Therapy.
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surrounding medium into the bubble, and in the case of

microchannels 25 mm wide, the diffusion of gas might

be limited. In accordance with our observations, ACT�

bubbles in phosphate-buffered saline have been reported

to have diameters up to 40�50 mm, but in serum albu-

min, the ACT� bubbles were smaller and diameters up

to 20 mm were measured. The smaller sizes were

reported to be caused by the breaking up of larger clus-

ters in serum albumin (Healey et al. 2016).

Five different shapes of ACT� bubbles were

observed (Fig. 6). In two dimensions they appeared as

round circles either free floating or probably floating up

and in contact with the top wall of the microchannel

(Fig. 6a) or adhering to the microchannel side wall

(Fig. 6b). The bubbles also formed a half-bubble

(Fig. 6c), were cigar shaped (Fig. 6d) and were square

shaped (Fig. 6a). The circular bubbles were observed in

all microchannels independent of the dimensions of the

channel, indicating that when the space around the

microcluster was “unlimited,” spherical bubbles were

formed. For channels �50 mm, the ACT� bubbles could

stick to one side of the channel, forming a half-bubble.

In smaller channels 25 mm wide, the bubbles predomi-

nantly formed round, square or cigar-shaped bubbles

with a curved surface across the channel. These bubbles

could cover more than tens of micrometers along the

microchannel wall. Although the microchannel is rectan-

gular and rather rigid, the elongated shape of the bubbles

indicates that ACT� bubbles could also cover a larger

segment of the capillary wall in elastic capillaries (tens

to hundreds of micrometers depending on the capillary

diameter) as seen in mesentery microvasculature

(Sontum et al. 2015). Sontum and colleagues observed,

using intravital microscopy, that activated ACT� bub-

bles had an ellipsoidal shape, blocked the capillary and

lodged in the rat mesentery microvasculature for
Fig. 6. Different shapes of ACT� bubbles observed. (A) A circ
a circular bubble adhering to the side wall were observed in all
in channels 200 mm wide and narrower. (D) Cigar-shaped and
channels. In addition to the activated ACT� bubbles, non-activ

mm. ACT = Acoustic C
5�10 min. On comparison of the echo contrast signals

from ACT� bubbles and the commercial Sonazoid, the

echoes from ACT� bubbles were stationary for 2�5 min

and disappeared completely after 15 min, whereas the

signal from Sonazoid microbubbles disappeared from

the vasculature within 1�2 min (van Wamel

et al. 2016a). The long resistance time of ACT� bubbles

makes ACT� bubbles a valuable contrast agent that can

be used to predict the therapeutic outcome

(Bush et al. 2020).

Microbubbles that remain in the vasculature for

long time are an advantage when used clinically for

ultrasound-mediated drug delivery, to avoid repeated

injections or continued infusions of microbubbles. Thus,

there are various approaches making novel microbubbles

designed for drug delivery having long circulation times

(Abou-Saleh et al. 2016; Ingram et al. 2020).
Coalescing and dissolving of ACT� bubbles. The

activated large ACT� bubbles might undergo coales-

cence generating even larger bubbles, and some bubbles

might be dissolved because of gas diffusion, as illus-

trated in Video S2 (online only). Four selected frames

from the video are provided in Figure 7. Four seconds

after the ultrasound is turned on, two ACT� bubbles

close to each other coalesce probably because of second-

ary Bjerknes (1906) forces. The figures also reveal one

activated bubble decreasing in size and dissolving over

time.
Enhancement step: ACT� bubble behavior

Spherical activated bubbles and oscillations. Tagged-

PHigh-speed recordings of ACT� bubbles between 5 and

50 mm and insonified with one burst of 4 cycles at

0.5 MHz and pressures between 0 and 0.60 MPa (n = 80
ular bubble probably in contact with the top wall and (B)
channel sizes. (C) A half-circle�shaped bubble was seen
(A) square adhering bubbles were seen only in 25-mm

ated microclusters and microbubbles were seen. Bar = 25
luster Therapy.



Fig. 7. Four selected frames of creation of ACT� bubbles in a 200-mm channel. (A) Frame just before ultrasound, t = 0.
(B) Frame 2 s (t = 2 s) after the burst of 8 cycles of ultrasound with a frequency of 2 MHz at 400 kPa. Marked by arrows
are three ACT� bubbles, one of which is dissolving and two are coalescing into one. (C, D) Frames at t = 4 s and t = 8 s,

respectively. Bar = 25 mm. ACT = Acoustic Cluster Therapy.
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ACT� bubbles) or at 1 MHz and pressures between 0

and 1.0 MPa (n = 40 ACT� bubbles) were analyzed. A

representative video can be seen in Video S3 (online

only). Maximum and minimum radii were determined

for each ACT� bubble, and the maximum displacement

(Rmax � R0) is plotted against the initial ACT� bubble

radius in Figure 8.

Exposure to 0.5 MHz resulted in larger ampli-

tudes of oscillations than 1-MHz exposure. Bubbles

with an initial radius of 5 mm had the largest increase

in radius. This is in accordance with the expected res-

onance frequency, which is approximately 0.6 MHz

for bubbles with a radius of 5 mm (Kooiman et al.

2014). The change in bubble radius increased with

increasing pressure. For 0.5 MHz, the average radius

increase, that is, displacement, was 1.3, 2.4, 2.7 and
Fig. 8. Maximum displacement (Rmax � R0) as a function of
driving frequency of 0.5 MHz and driving pressures of 127, 1
quency of 1.0 MHz and driving pressures of 200, 400, 500 and 1
2.7 mm for driving pressures of 127, 190, 254 and

500 kPa, respectively. For 1 MHz, the average radius

increase, that is, displacement, was 0.5, 0.9, 1.5 and

1.7 mm for driving pressures of 200, 400, 500 and

1000 kPa, respectively.

The experimental data for the oscillations of ACT�

bubbles presented in Video S3 were compared with sim-

ulations of radial oscillations using eqn (1) for a free

space situation and eqn (3) for a situation when the

microbubble is located next to a solid boundary intro-

duced by the top wall of the microchannel. The follow-

ing parameters were applied in the simulations:

p0 ¼ 1:013 � 105 Pa, r ¼ 1000 kg/m3, m ¼ 1 � 10�3

Pa¢s, s ¼ 0:072 N/m, k ¼ 1:1 and dt ¼ 0:11 and 0:029
for the small and large bubbles, respectively (Medwin

1977). Figure 9A illustrates the drive pulse measured by
initial radius R0 for individual ACT
� bubbles. (A) At a

90, 254 and 500 kPa, respectively. (B) At a driving fre-
000 kPa, respectively. ACT = Acoustic Cluster Therapy.



Fig. 9. (A) Measured drive pulse. (B) Radius oscillations for an ACT� bubble with an initial radius of 12.0 mm. (C)
Radius oscillations for a bubble with an initial radius of 6.1 mm. Dashed lines are obtained by placing the bubble next to

a rigid boundary. Dash-dot lines are obtained using a regular free space situation. ACT = Acoustic Cluster Therapy.

Ultrafast microscopy of Acoustic Cluster Therapy bubbles � A. VAN WAMEL et al. 1851



Fig. 10. Comparison of oscillations at 0.5 MHz of ACT bubbles when touching the top wall versus two walls touching.
(A) Ratio of maximum bubble radius and initial bubble radius as a function of the initial radius. All microbubbles
exposed to driving pressures between 63 and 500 kPa are included. (B) Comparison of relative change in radius as func-
tion of pressure. (C) Ratio maximum compression (R0 � Rmin)/maximum expansion (Rmax � R0) as a function of pres-

sure. ACT = Acoustic Cluster Therapy.
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a hydrophone in a water tank. A transducer with a center

frequency of 1 MHz was driven by a four-cycle excita-

tion pulse of 0.5 MHz, and the resulting acoustic pulse is

therefore somewhat distorted.

In Figure 9B and 9C, the vibration amplitudes for

two different ACT� bubbles with initial radii of 12.0

and 6.1 mm, respectively, are illustrated. The solid lines

represent optical measurements, the dash-dotted lines

are obtained from simulations in a free space situation

and the dashed lines are from simulations with a rigid

boundary placed next to the bubbles to emulate bubbles

oscillating near the top wall of the microchannel. The

presence of a rigid boundary significantly dampens the

vibration amplitude in the simulations, and it can be seen

that simulation and optical measurements correlate

much better when using this rigid boundary condition.

This indicates that the ACT� bubbles probably floated to

the top of the microchannel because of buoyancy and

encountered the ceiling of the channel (top wall). The

agreement between measurement and simulation is espe-

cially good for the larger bubble (radius = 12 mm). Not

accounting for the rigid boundary condition seems to

have a larger impact on the oscillations for the smaller

bubble than the larger bubble, which is consistent with

larger-amplitude oscillations for the 6-mm bubble com-

pared with the 12-mm bubble.

The larger-amplitude oscillations for the 6-mm bub-

ble compared with the 12-mm bubble are probably due

to its resonance frequency being closer to the driving fre-

quency at 0.5 MHz. Larger oscillations will also result in

a stronger interaction with the physical boundaries of the

microchannel. A main limitation of the simulation model

is that spherical bubble oscillations are assumed. This

assumption will be less valid with a stronger interaction

between the physical boundaries and the bubble. A more

pronounced deviation from spherical oscillations may

explain the larger discrepancy between experimental

observations and simulation results for the small bubble

compared with the large bubble.

The observed spherical bubbles were either (i) free

floating or most likely in contact with the top wall of the

microchannel or (ii) touching the top and side walls of

the microchannel (Fig. 6A, 6B). In a blood vessel, the

ACT� bubble will be in contact with the vessel wall or

block the vessel, as illustrated in rat mesentery microves-

sels (Sontum et al. 2015). Thus, understanding the

impact of adhering to a wall is of interest, and the oscil-

lations of an “upward floating” bubble and an “upward

floating” bubble also adhering to the side wall were com-

pared. Figure 10A illustrates the relative changes in

maximal radius as a function of initial radius for all pres-

sures applied at 0.5 MHz. The “upward floating” and

two wall-touching bubbles seemed to have similar bub-

ble response, when microbubbles exposed to all driving
pressures are pooled together. However, by presenting

the relative extension (Rmax � R0)/R0 and compression

(Rmin � R0)/R0 as a function of acoustic pressure applied

(Fig. 10B), it can be seen that for the bubble probably in

contact with the top wall, there were approximately

twice as much relative change as a function of acoustic

pressure compared with the bubble also adhering to the

microchannel side wall. The bubble radius increased

with increasing applied pressure. Interestingly, on com-

paring the compression and the expansion (Fig. 10C),

the bubbles also adhering to the channel side wall exhib-

ited relative larger compression than expansion for the

two lowest pressures applied, whereas the “upward

floating“ bubbles exhibited larger expansion than com-

pression for the two highest pressures.

The maximum percentage change in radius during

expansion is approximately 20%�25% for “upward

floating“ bubbles and 10%�15% for bubbles also adher-

ing to the side wall (Fig. 10B). The percentage is less

than for the regular ultrasound contrast microbubbles

such as Sonazoid and SonoVue (Helfield et al. 2016b) as

the initial radius of the ACT� bubble is large. In absolute

increase in radius, the change is similar: both the ACT�

bubble and Sonazoid or SonoVue increase approxi-

mately 1�2 mm in radius.

Assuming that the bubble oscillations observed in

the rigid microchannels are not much different from

oscillations in elastic and probably smaller capillaries,

the rather modest change in ACT� bubble radius seems

to be sufficient for substantial improved therapeutic out-

come for tumors growing in mice treated with various

drugs in combination with ACT� (Van Wamel

et al. 2016a, 2016b; Kotopoulis et al. 2017;

Bush et al. 2020). The promising therapeutic response of

ACT� in mice is probably due to the large ACT� bubble

volume. The volume of the ACT� bubbles is

100�600 times larger than the volume of regular con-

trast agent bubbles. The elongated shape of the bubbles

indicates that the ACT� bubbles cover a larger segment

of the vessel wall than smaller commercial contrast

agents, which will contribute to increased biomechanical

effect of the vessel wall and potential improved thera-

peutic outcome. For conventional ultrasound contrast

microbubbles, it is reported that it is important that the

vessel wall is in proximity to the oscillating microbub-

ble, that is, within 75% of the maximum microbubble

radius, to induce sonoporation in vitro and ex vivo

(Gac et al. 2007; Chen et al. 2010, 2012; Tzu-

Yin et al. 2013). Microbubble�endothelium interactions

have been studied by high-speed imaging, and have

revealed microvessel distention of 2.3 mm and invagina-

tion of 0.8 mm (Caskey et al. 2007). Changing the vessel

diameters can induce mechanical effects beyond the ves-

sel into the extracellular matrix, and the large ACT�
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bubbles might have a larger impact on the vessel diame-

ters and extracellular matrix than the small microbub-

bles. Another possible mechanism for ACT-induced

improved therapeutic outcome is the occlusion of some

capillaries, which might increase the microvascular pres-

sure and thereby induce a transcapillary pressure gradi-

ent, which is hardly present in most tumors

(Boucher and Jain 1992).

Half-circle and square bubbles and rippling. Tag-

gedPACT bubbles adhered to the microchannel side wall and

had various shapes (Fig. 6), either adhering to one side

channel wall or blocking the channels. The half-circle

bubbles had a typical diameter of 27�42 mm. One char-

acteristic of the half-circle bubbles was surface rippling,

which was not seen for spherical “upward floating“ bub-

bles not adhering to the side wall. Surface rippling

observed as surface streaks was seen mainly for larger

bubbles with diameters >36 mm and insonified with one

burst of 8 cycles at 1 MHz. Squared bubbles that adhered

to both side walls of the microchannel also exhibited sur-

face rippling at both 500 kHz and 1 MHz. Figure 11 pro-

vides an example of a half-circle bubble and a square

bubble with surface rippling. Square ACT� bubbles can

be seen in Video S4 (online only). Surface rippling is an

interesting phenomenon, but probably not relevant in

drug delivery as this effect is probably caused by the stiff

channel wall.

Jetting. For ACT� bubbles adhering to the side

channel wall or forming half-circle bubbles, that is,

experiencing asymmetric boundary conditions, jetting

was observed (Video S5, online only). For bubbles

blocking the channel, jetting was never observed. Video

S5 illustrates an ACT� bubble near the side channel

wall. On insonation, it starts oscillating. The boundary

caused asymmetrical bubble oscillations and led ulti-

mately to the collapse of the bubble, which caused the

formation of a high-speed liquid jet. A liquid jet can be

seen to be threading through the bubble. Jetting behavior
Fig. 11. Surface rippling on half-circle and square microbubble
travels “through” the half-circle bubble and square bubble.
is described by other groups and reported potentially to

puncture the vessel wall (Postema et al. 2004;

Wang et al. 2019). Jetting will probably not be an impor-

tant phenomenon for ACT-enhanced drug efficacy; as in

our previous in vivo studies (van Wamel et al. 2016b;

Bush et al. 2020), low pressures were used, and bubbles

will be in contact with a flexible vessel wall.

Microparticles at ACT� bubble surface. Some of

the ACT� bubbles occasionally had microparticles

attached to their surface, which might be microdroplets

not forming microclusters. During oscillations and in the

process of collapsing, a jet seemed to protrude through

the bubble, and the attached microparticles were shot

away from the ACT� bubbles (Fig. 12). This transport

of microparticles was recorded at a lower rate of 15 fps

(Video S6, online only). The rapid movement of the

microparticles away from the ACT� bubble was not

seen in the short duration of the high-rate recording. Dur-

ing the 17-ms ultrahigh-speed movie, the particles

remained in contact with the ACT� bubbles, and trans-

port of the microbubbles should not be observed. The

observation is interesting, but delivery of micro-nanopar-

ticles in contact with the oscillating ACT� bubble proba-

bly occurs rather seldomly to be an important transport

mechanism.

Shear stress. The oscillating microbubble will,

when in the proximity of a solid boundary, cause an

oscillatory shear stress on the solid boundary. Figure 13

illustrates the estimated oscillatory shear stresses

obtained from optical observations of 10 different ACT�

bubbles. The drive frequency used was 500 kHz, and

three different acoustic pressures were tested (127, 191

and 254 kPa). The resulting shear stress increases line-

arly with the displacement amplitude of the bubble

according to eqn (4). The displacement amplitude for the

oscillating ACT� bubbles was similar to that reported

for regular contrast agent microbubbles

(Helfield et al. 2016a, 2016b); thus, the local shear stress
s. (A, C) Before ultrasound burst. (B, D) “Surface” wave
One-megahertz ultrasound at 400 kHz. Bar = 25 mm.



Fig. 12. Selected frames of a 13-mm ACT bubble surrounded by three microparticles with diameters of 2.2, 2.8 and 3.0
mm. After a 0.5-MHz ultrasound burst of 8 cycles at 127 kPa, the microparticles shoot off the ACT bubble to the right.
They kept on moving until the end of the video, which lasted 14 s from the ultrasound burst. The smallest particle
reached the furthest point (114.8 mm) from the bubble, and the other two reached approximately 81.6 mm. The ACT bub-

ble had shrunk in size to 3 mm. Bar = 25 mm. ACT = Acoustic Cluster Therapy.

Fig. 13. Estimated oscillatory shear stress at solid boundary obtained from optical observations of 10 different ACT bub-
bles exposed to 500-kHz ultrasound at three different pressures: 127, 191 and 254 kPa. ACT = Acoustic Cluster Therapy.

Ultrafast microscopy of Acoustic Cluster Therapy bubbles � A. VAN WAMEL et al. 1855
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will be of the same order. However, as the ACT� bub-

bles cover a larger area than the smaller microbubbles,

the area exposed to the shear stress is larger.

CONCLUSIONS

Activation of microclusters resulting in large ACT�

bubbles was initiated by fusion of the microbub-

ble�microdroplet, followed by vaporization of the

microdroplet and an inward diffusion of gas. The ACT�

bubbles oscillated according to the modified Rayleigh�-

Plesset equation when a term accounting for thermal

damping and a term accounting for boundary conditions

imposed by the microchannel wall were included. The

changes in ACT� bubble radii during oscillations

amounted to 1�2 mm, similar to those for commercial

contrast agent microbubbles. However, the volume of

ACT� bubbles was much larger; thus, the ACT� bubbles

can be in direct contact with a larger part of the micro-

channel wall, as well as block the smaller channels. The

previously reported promising therapeutic responses in

mice treated with ACT� and various drugs suggest that

the ACT� bubble oscillations along a segment of the

capillary wall can improve drug delivery. The optimal

frequencies for the activation step and enhancement step

are different, and therefore, both are necessary for effec-

tive delivery of drugs and enhanced therapeutic

response.

This is the first time the activation and oscillations

of ACT� bubbles have been imaged in microchannels,

and the observations of activation and oscillation of

ACT� bubbles support previously findings. Although

the observations were made in an environment different

from that in capillaries, these data provide new insight

into the dynamics of ACT� bubble activation and oscil-

lations.
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