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Introduction

The use of bubbles in combination with ultrasound is known to significantly enhance both, the imaging contrast and the efficacy of therapeutic approaches such as sonoporation and blood-brain-barrier opening. Both, inertially cavitating and stably oscillating bubbles can cause these effects [START_REF] Lentacker | Understanding ultrasound induced sonoporation: definitions and underlying mechanisms[END_REF][START_REF] Kooiman | Acoustic behavior of microbubbles and implications for drug delivery[END_REF]. Stably oscillating bubbles are argued to be more controllable [START_REF] Marmottant | Controlled vesicle deformation and lysis by single oscillating bubbles[END_REF] and to lead to more repairable sonoporation. In this context, the microstreaming generated around acoustically excited bubbles and the subsequent shear stress induced to the cell membranes are assumed to play a major role. The exact mechanisms are, however, not yet fully understood. In particular, there have been little fundamental studies on the streaming patterns that also take into account the detailed temporal bubble dynamics or bubble deformations (in particular surface modes). Here, we show the different microstreaming patterns arising around a single microbubble and successfully correlate them to the microbubble dynamics on the timescales of the oscillations. To ensure the free-field behaviour, we acoustically trap the bubble far from any solid boundary. We drive the bubbles into stable, non-inertial oscillations, and tune the acoustic pressure and the bubble size to trigger specific surface modes. The method provides direct insight into the role of the surface modes in the generated streaming patterns.

Methods

Experiments were conducted in a cubic water tank in which a standing wave is generated by an ultrasound transducer driven at 31 kHz. The ultrasound field allows to simultaneously trap the bubble at a pressure antinode and to drive its radial oscillations. We then 'trigger' surface modes by inducing the coalescence of two bubbles of chosen size at a specific acoustic pressure [START_REF] Cleve | Surface modes with controlled axisymmetry triggered by bubble coalescence in a high-amplitude acoustic field[END_REF]. The bubble dynamics is recorded using a high speed camera, and the fluid motion around the bubble is imaged in fluorescence by means of tracer particles passing through a laser sheet (see example in Figure 1). The combined approach allows to correlate liquid flow, velocity field and bubble dynamics [START_REF] Cleve | Microstreaming induced by acoustically trapped, nonspherically oscillating microbubbles[END_REF].

Results

A large collection of streaming patterns was observed [START_REF] Cleve | Microstreaming induced by acoustically trapped, nonspherically oscillating microbubbles[END_REF]. In particular, we can classify two classes of streaming patterns with a different outreach: (i) patterns consisting of multiple lobes closely confined around the bubble and (ii) cross-shaped patterns leading to streaming further away from the bubble. From the direct correlation with the bubble dynamics, we can identify parameters linked to the exact shape of the streaming patterns. As expected, different mode numbers will lead to different streaming patterns, but a further distinction between large patterns and lobe-shaped patterns can be achieved through the bubble size (relating to the resonance of the shape modes). Furthermore, a closer look on the modal analysis reveals differences in the amplitudes and phase behavior of the modal content. A recent theoretical approach [START_REF] Doinikov | Acoustic microstreaming produced by nonspherical oscillations of a gas bubble. I. Case of modes 0 and m[END_REF][START_REF] Doinikov | Acoustic microstreaming produced by nonspherical oscillations of a gas bubble. II. Case of modes 1 and m[END_REF] supports many of our experimental observations.

Discussion

Even though in the clinical application of ultrasound contrast agents, the microbubbles are exposed to a more complicated environment, the present findings are a first step towards understanding the exact role of microstreaming in applications such as sonoporation. In particular, the size of the streaming patterns is interesting to take into account. Furthermore, from the measured velocity fields, it is possible to directly deduce the induced shear stress acting on membranes and cells.

Conclusion

We show for the first time a detailed study on different streaming patterns that are induced by acoustically trapped bubbles oscillating on surface modes. A large variety of patterns is observed for which a first classification according to mode numbers and bubble sizes (relating to the resonance of the shape modes) is possible. 

Figure 1 .

 1 Figure 1. Upper left: Snapshot series of a bubble of about 53 μm radiu m radius oscillating on a surface mode 4; lower left: temporal evolution of the radial mode and the mode 4 with respect to the time (expressed in acoustic periods T=0.032ms); right: the resulting microstreaming (visualization of the particle trajectories by streak photography, that means superposition of all images taken during 1 s of recording is shown, the bubble is visible in the center).
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