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High-speed photography during ultrasound illustrates potential

therapeutic applications of microbubbles

Abstract

Ultrasound contrast agents consist of microscopically small encapsulated bubbles that oscillate

upon insonification. To enhance diagnostic ultrasound imaging techniques and to explore

therapeutic applications, these medical microbubbles have been studied with the aid of

high-speed photography. We filmed medical microbubbles at higher frame rates than the

ultrasonic frequency transmitted. Microbubbles with thin lipid shells have been observed to

act as microsyringes during one single ultrasonic cycle. This jetting phenomenon presumably

causes sonoporation. Furthermore, we observed that the gas content can be forced out of

albumin-encapsulated microbubbles. These free bubbles have been observed to jet, too. It is

concluded that microbubbles might act as a vehicle to carry a drug in gas phase to a region of

interest, where it has to be released by diagnostic ultrasound. This opens up a whole new area

of potential applications of diagnostic ultrasound related to targeted imaging and therapeutic

delivery of drugs such as nitric oxide.

Technical Note

Ultrasound contrast agents consist of microscopically small encapsulated bubbles that oscillate

upon insonification. Owing to their characteristic acoustic response, these medical microbubbles

are becoming widespread in contemporary cardiology and radiology.1–4 Ultrasound contrast

agents have also been under investigation for therapeutic applications.5–7 Since the acoustic

interrogation of an agent takes place on an ensemble of microbubbles, the contribution of

an individual microbubble to the acoustic response cannot be predicted. Therefore, the

development of more sophisticated detection techniques, and the research on therapeutic
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applications of medical microbubbles have to be based on other investigation methods, such

as high-speed optical imaging.

We may define high-speed photography as the capturing of events that are more rapid

than the human brain can process as a separate event, approximately 1/15th of a second. Its

development started with Talbot’s experiment in 1851.8 He took a sharp picture of a newspaper

rotating on a wheel, making use of spark illumination for about 1/2,000th of a second. The

first multi-frame recording was done by Muybridge in 1878. He captured a sequence of 12

photographs of a trotting horse. Exposure times were 2 ms and interframe times 40 ms. Over

the next years photographic technology rapidly improved, stimulated by the development of

cinematography. Early applications of high-speed photography were mainly in ballistics.9,10

Worthington was the first to investigate fluid dynamics by means of high-speed photography.11

An elaborate overview of the development of high-speed photography in the nineteenth and

twentieth century is given by Fuller and Rendell.12 Nowadays, high-speed cameras capable of

taking multiple frames are equipped with either beam splitters that divide an image over several

recording devices, or a rotating mirror sweeping the image over numerous recording devices.

Although recording speeds of 200 million frames per second can be reached with the former

camera type, the total number of frames available is currently 16. With the latter technology,

recording speeds of 25 million frames per second can be reached, whereas the total number of

frames is virtually unlimited.

Over the past years, various attempts have been made to visualize the behavior of medical

microbubbles during ultrasound irradiation. Klibanov et al. observed oscillations of ultrasound

contrast agent microbubbles attached to a Petri dish with a 30 frames per second camera.13

Dayton et al. combined acoustical observations of ultrasound contrast agent and optical

observations with a 600 frames per second camera.14,15 They observed gas release and bubble

destruction. Takeuchi used TV-frame synchronous illumination and insonification to observe

microballoon breakage.16,17 Because of the low frame rates of the cameras mentioned, the
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instance of shell breakage and the behavior of a bubble within an ultrasound cycle could not be

observed. Only recently, observations of shell disruption and gas release within one ultrasonic

cycle have been presented.18,19 Kuribayashi et al. observed changes in ultrasound contrast

agent microbubble diameters within one cycle of ultrasound, at frame rates up to 10 MHz and

50× magnification.20 They concluded that the imaging frame rate and magnification were not

sufficient for studying the details of ultrasound contrast agent bubble behavior. De Jong et al.

carried out a preliminary study on this subject.21 They proposed a method to visualize the

oscillations of bubbles using a microscope and a fast framing camera operating at a 4 MHz

frame rate. Furthermore, they compared radius–time curves, derived from two-dimensional

bubble pictures, to a theoretical model. Morgan et al. used a 100 megaframes per second camera

in streak mode to predict bubble-oscillating behavior.22 More recently, May et al. performed

high-speed optical experiments on microbubbles with an outer lipid layer, an oil layer, and a

gas core.23 Such microbubbles may have a future application in chemotherapy.24 The behavior

of contrast agent microbubbles near cells has also been under investigation.25,26 Tachibana et

al. subjected cells in the presence of a photosensitive drug to continuous ultrasound, and noted

surface pores on the cells.27 What causes this so-called sonoporation is yet unknown, but of

great interest for selective delivery of drugs and genes to cells. Recent publications suggest

that, even at relatively low acoustic pressures, oscillating microbubbles induce enough shear for

the cell membrane to rupture.28 Okada et al. demonstrated cell deformation by microbubbles

making use of high-speed photography and fluorescence microcopy.29 The pore size in the cell

membrane has been found to depend on the acoustic pressure.30

In the experimental echocardiography laboratory at Erasmus MC, we captured images

of insonified medical microbubbles at higher frame rates than the ultrasonic frequency Tx

transmitted (typically Tx=0.5 MHz). We made use of a fast framing camera with a beam

splitter, capturing 8 frames at 3 million frames per second, and of the so-called Brandaris-128

rotating mirror camera system, capturing 128 frames at frame rates of 9–13 million frames per
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second.31 Contrast agents were inserted through an artificial capillary with a 200 µm diameter.

The artificial capillary was positioned in a container in the acoustical focus of a single-element

transducer, and in the optical focus of a high-numerical aperture microscopic system. An

overview hereof was more extensively described in Ref. 32 . The potential clinical applications

of insonifying medical microbubbles have been explored, based on more that 1,000 high-speed

optical image sequences, combined with bubble–sound theory. At low acoustic amplitudes

(mechanical index / 0.1) microbubbles pulsate moderately, at high amplitudes (mechanical

index ' 0.6) their elongated expansion phase is followed by a violent collapse. In this acoustic

regime, microbubbles have been observed to coalesce (merge), fragment, crack, and jet during

one single ultrasonic cycle.32

The jetting phenomenon for cavitation bubbles can be described as follows.33 Let’s define

an infinite boundary at the right of a bubble. During ultrasound insonification, at the moment

of maximal expansion (cf. Figure 1B1), the pressure inside the bubble is much lower than the

ambient pressure, causing the bubble to collapse. The radial water flow is retarded by the

boundary. Therefore, the pressure at the right bubble wall is less than the pressure at the right

wall during the whole collapse phase and the bubble becomes elongated perpendicular to the

boundary. The pressure gradient leads to different accelerations of the left and right bubble

walls and therefore to a movement of the center of the bubble towards the boundary during

collapse. As the bubble collapses, the fluid volume to the left of the bubble is accelerated and

focused leading to the formation of a liquid jet directed towards the boundary. This jet hits

the right bubble wall, causing a funnel-shaped protrusion (cf. Figure 1B2) and finally impacts

the boundary. Empirical relations between bubble radius, jet length, and pressure at the tip of

jets have been published in Refs.34–36 When administering microbubbles in the bloodstream,

vessel walls are the boundaries to which ultrasound-induced jets are targeted. An example of

microjetting is demonstrated in Figure 1A. Our first observation of mircobubble jetting was

published in Ref.37 From our observations of microjetting through medical microbubbles, we
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computed that the pressure at the tip of the jet is high enough to penetrate any human cell.32

Therefore, presumably, the jetting phenomenon causes sonoparation. As such, liquid jets might

act as microsyringes, delivering a drug to a region of interest.32

Since jetting has been associated with rapid collapse, this phenomenon is not expected with

thick-shelled microbubbles, whose oscillation amplitudes are only a few percent of their radii.

Although these hard-shelled microbubbles would seem to be unsuitable for therapeutic purposes,

they demonstrate the sonic cracking phenomenon at relatively high MI. Sonic cracking is the

ultrasound-induced formation of a nanoshell defect causing gas to escape from encapsulated

microbubbles.17 Figure 2 demonstrates that the ultrasound-induced release of gas from an

encapsulated microbubble is feasible: Using a peak-negative acoustic pressure of 0.8MPa at

0.5MHz, we released gas from albumin-encapsulated microbubbles during an ultrasonic cycle

(2µs).38 This acoustic pressure is well within in the clinical diagnostic range. Gas is seen to

escape from an albumin-encapsulated microbubble with a 4.3 µm diameter in the third frame,

in the beginning of the rarefaction phase of the ultrasound. The nanoshell itself is too rigid

to expand. The free gas expands to a diameter of 12.3µm in the eighth frame, after which it

contracts. In the eleventh frame, the free gas microbubble, which has been subjected to motion

blur, appears to be detached from the encapsulated microbubble. In the twelfth frame, the

gas is hardly visible, owing to the compression phase of the ultrasound. Medical microbubbles

act as the vehicle to carry a drug in the gaseous phase to a region of interest, where it should

be subjected to high-intensity ultrasound. Consequently, the gas is released upon which its

diffusion begins.

Because the released gas microbubbles do not have an encapsulation, they exhibit

large-amplitude oscillations. These bubbles may fragment during the collapse phase, owing

to the enormous rise in kinetic energy relative to the surface energy.39 We have, however, also

observed jetting of released gas microbubbles (cf. Figure 3). Hence, the jetting phenomenon

may be observed with both thin- and thick-shelled ultrasound contrast agents.
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We propose to include the nitric oxide (NO) as a gas core of the medical microbubble.

In the vasculature, NO is produced by the endothelium and diffuses into the luminal and

abluminal regions. NO traveling into smooth muscle initiates a series of reactions that lead

to vessel dilation.40 Targeting NO to areas of early atherosclerosis might also prove to be

useful in preventing plaque formation.41 Due to the high diffusivity of NO, however, the

drug has to be applied locally or in large quantities, in order to have the effect desired.

Here, ultrasound-induced microbubble-assisted drug delivery may prove to be fruitful. Small

quantities of NO microbubbles might be administered, and released at the region of interest by

means of sonic cracking. The mean diameter size of released gas microbubbles from thick-shelled

contrast agent microbubbles has been measured 1.5 µm,38 which corresponds to a 1.7 femtomol

gas content. This is already more than the NO production of a 1 mm long vessel with a 50 µm

diameter during 100 ms.40

The complicated behavior of medical microbubbles in high-amplitude ultrasonic fields

becomes more and more understood. This opens up a whole new area of potential applications

of diagnostic ultrasound related to targeted imaging and therapeutic delivery of drugs such as

nitric oxide.
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Figure 1: Two high-speed photographic frames (A1,2) and an overlaid image thereof (A3) of
microjetting — a microbubble acting as a microsyringe — and a schematic representation of
this phenomenon (B). On the verge of microjetting (1,thin line), the microbubble has a diameter
of 17µm. During microjetting (2), liquid protrudes through the right side of the microbubble,
over a length of l = 26 µm. The jet is represented by the bold curve. The time between the two
frames is 0.33µs.
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Figure 3: Gas release and jetting of the released gas bubble. Frame a has been taken prior to
ultrasound arrival. Gas escaping from the shell is clearly visible in frame b, which has been
captured 2.2 µs after frame a. The gas has detached from the shell in frame 1, taken 0.9 µs
after frame b. During the rarefaction phase, the escaped gas expands to twice the encapsulation
radius. During collapse, in frame 9, a jet towards the left is visible. On rebound, in frame
10, the free gas bubble still demonstrates spherical asymmetry. Frames 1–10 were captured
during insonification with 8 cycles of Tx=1.7 MHz ultrasound with a peak rarefactional acoustic
pressure of p−=1.5 MPa. Each frame corresponds to a 25× 11µm2 area. The interframe times
of frames 1–10 are 0.08µs.
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