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On the rigidity of four hundred Pickering-stabilised microbubbles

This study explores the rigidity of Pickering-stabilised microbubbles subjected to low-amplitude ultrasound. Such microbubbles might be suitable ultrasound contrast agents. Using an adapted Rayleigh-Plesset equation, we modelled the dynamics of microbubbles with a 7.6-N m -1 shell stiffness under 1-MHz, 0.2-MPa sonication. Such dynamics were observed experimentally, too, using high-speed photography. The maximum expansions were agreeing with those predicted for Pickering-stabilised microbubbles. Subjecting microbubbles to multiple timedelayed pulses yielded the same result. We conclude that Pickering-stabilised microbubbles remain very stable at low acoustic amplitudes.

Pickering-stabilised bubbles have been of interest as novel ultrasound contrast agents. [START_REF] Anderton | Proc. 42nd UltraSonic Electronics Symp[END_REF] This study explores the rigidity of such a Pickering-stabilised ultrasound contrast agent subjected to ultrasound with a low amplitude.

Ultrasound contrast agents comprise microscopic gas bubbles typically stabilised by elastic or viscoelastic shells. [START_REF] Chan | [END_REF]3) These so-called microbubbles oscillate upon sonication. 4,5) Administered to the blood pool by injection, ultrasound contrast agents were originally intended for diagnostic purposes through harmonic ultrasonic imaging. [6][7][8][9] In addition to diagnostics, these agents have become of therapeutic interest, owing to the discovery of sonoporation. [10][11][12] Sonoporation or sonopermeation refers to the transient permeation of cell membranes by means of ultrasound with amplitudes below the cavitation threshold, allowing for the transmembrane delivery of drugs and genes. 13) The occurrence of sonoporation is drastically amplified by the presence of an ultrasound contrast agent. 14,15) Even if drugs are administered separately from an ultrasound contrast agent, whilst a region of treatment is being sonicated, the local drug uptake in the sonicated region might increase. Such sonoporation-assisted drug delivery has been successful in the treatment of human pancreatic cancer. 16) It has been proposed by many groups to incorporate therapeutics directly onto or into microbubbles as to create vehicles for ultrasound-assisted drug delivery, as explained in reviews on this topic. 17,18) Despite several attempts to manufacture such futuristic agents, however, it has not been fully understood under which acoustic conditions the carrier microbubbles are disrupted to release their payload, and what the influence of the microbubble shell is on the disruption process.

Ultrasound contrast agent microbubble disruption has been studied with high-speed photography. 19,20) The two main mechanisms observed with ultrasound contrast agent microbubble disruption are referred to as sonic cracking and fragmentation. 20) Sonic cracking occurs during expansion of an oscillating bubble, releasing the gaseous bubble contents through one or more pores or cracks in the shell. It has been exclusively observed with ultrasound contrast agent microbubbles with inflexible shells of thickness greater than 100 nm. Fragmentation occurs when the bubble is contracting. Fragmentation can result from a surplus of kinetic energy over surface energy during contraction or from asymmetric collapse, also known as jetting.

It has been exclusively observed with ultrasound contrast agent microbubbles with surfactant shells of a few nanometers thickness. Both sonic cracking and fragmentation results in the formation of free gas bubbles. 20) Such free gas microbubbles dissolve within milliseconds. 3) Instead of being surrounded by a physical shell, a microbubble may have been stabilised by adsorbing colloidal particles at the gas-liquid interface. This process is called Pickering stabilising. 21) Pickering-stabilised microbubbles are rigid at ambient hydrostatic pressures. 22) Despite this rigidity, shrinking of Pickering-stabilised microbubbles has been occasionally observed during single-pulse sonication. [START_REF] Anderton | Proc. 42nd UltraSonic Electronics Symp[END_REF] Microbubble gas dissolution could be ruled out here, as this is very slow relative to the oscillation times. 3) A hypothetical explanation might be that the stabilised shell rearranged itself during sonication to take up less surface area.

Having also observed disruption of a Pickering-stabilised antibubble at a high acoustic amplitude, 23) we hypothesised that ultrasound might influence the shell rigidity. The present study focussed on the rigidity of Pickering-stabilised microbubbles at a low acoustic amplitude.

We theoretically modelled and experimentally observed the dynamics of Pickering-stabilised microbubbles with special attention to radial excursions during the first oscillation cycle.

The radial oscillatory motion of bubbles is typically described by a type of Rayleigh-Plesset equation. Over the past 100 years, Rayleigh-Plesset equations have been modified to
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A c c e p t e d M a n u s c r i p t incorporate terms to account for the viscosity of the surrounding liquid, dynamic thermal conditions, and the presence of an encapsulating shell, just to name a few. [24][25][26][27] As we concentrate on disruption in the paper, we are less interested in the accuracy of the model beyond the first two cycles. Therefore, we may use a rather simple model, whose derivation we presented earlier, 28) whilst ignoring any solid potentially present inside the microbubble and by adding damping terms and a shell stiffness parameter. 25,29) For an encapsulated microbubble driven by an acoustic wave, the fundamental equation is then given by

R R + 3 2 Ṙ2 = 1 ρ       p 0 -p v + 2σ R 0 R 0 R 3γ +p v - 2σ R -2 χ 1 R 0 - 1 R - 4η Ṙ R -δω ρR Ṙ -p 0 -p(t) , (1) 
where p(t) is the time-dependent acoustic driving function, p 0 is the ambient pressure, p v is the vapour pressure, R is the instantaneous radius, R 0 is the initial radius, γ is the ratio of specific heats, δ is the damping coefficient, η is the liquid viscosity, ρ is the liquid density, σ is the surface tension, χ is the shell stiffness, and ω is the angular driving frequency.

As the viscous damping has been directly included in (1), δ only comprises the damping owing to reradiation and the thermal damping, yielding δ ≈ k R + 3 5 γ -1 , where k = ω c is the wave number, in which c is the speed of sound.

During expansion, a Pickering-stabilised interface is regarded frictionless and of constant surface tension. The latter assumption has been confirmed experimentally. 30) As fragmentation typically occurs during the onset of collapse, we may ignore any effects typical for contraction, provided that simulations after the first collapse phase are disregarded.

On the time interval [-10 µs, 10µs], a driving function was defined by

p(t) =        A sin ωt ∀ t ∈ [0 µs, 3 µs] 0 ∀ t [0 µs, 3 µs] , (2) 
where the acoustic amplitude A = 1.0 MPa and ω = 2π × 10 6 rad s -1 . This driving function corresponded to a three-cycle pulse of 1-MHz centre frequency.

Numerical solutions of (1) were computed using the ode45 differential equation solver of MATLAB ® (The MathWorks, Inc., Natick, MA, USA), assuming the following parameters constant: k = 4.23×10 3 m -1 , p 0 = 101 kPa, p v = 2.33 kPa, γ = 1.4, η =1.00 mPa s, ρ = 998 kg m -3 , and σ = 0.072 N m -1 . For free or released gas microbubbles χ must be zero.
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The R(t) curves computed were automatically cut off after the first oscillation cycle, after which the maximum expansion radius R max was determined. The combined outcome of the simulations were two curves R max (R 0 ), one for Pickering-stabilised microbubbles, the other for free gas microbubbles. These were to be compared with experimental footage of microbubble expansion. A small subset of these data has been presented as controls in a different study. 31) The Pickering-stabilised air-comprising microbubbles studied had been produced as previously published, 32) without core material present. For Pickering-stabilisation, Aerosil ® R 972 hydrophobised silica particles (Evonik Industries AG, Essen, Germany) had been added, with diameters less than 30 nm. Microbubble populations stabilised with these hydrophobised silica particles had been studied as controls at low acoustic amplitudes. 33) These populations had been measured to have a mean radius of 3 µm. Panfilova et al. estimated the bulk resonance frequency near 1 MHz. 33) A quantity of 5 mg of freeze-dried material was deposited into a FALCON ® 15 mL

High-Clarity Polypropylene Conical Tube (Corning Science México S.A. de C.V., Reynosa, Tamaulipas, Mexico), after which 5.0 mL of 049-16787 Distilled Water (FUJIFILM Wako Pure Chemical Corporation, Chuo-Ku, Osaka, Japan) was added. The emulsion was shaken gently by hand for 1 minute. For each experiment, 0.2 mL was pipetted into the observation chamber of a high-speed observation system. 34) The experimental procedure for collecting high-speed video footage of Pickering-stabilised microbubbles under high-amplitude sonication was almost identical to the procedure used to collect footage from antibubbles. 31) The observation chamber was placed under an Eclipse Ti inverted microscope (Nikon Corporation, Minato-ku, Tokyo, Japan) with a Plan Apo LWD 40×WI (N.A. 0.8) objective lens. Attached to the microscope was an HPV-X2 high-speed camera (Shimadzu, Nakagyo-ku, Kyoto, Japan), operating at frame rates equal to ten million frames per second. [START_REF] Imai | Proc. IEEE Int. Ultrason. Symp[END_REF] The exposure time corresponded to 0.10 µs per frame. Each frame corresponded to a 145 × 91-µm 2 area.

During each video recording, the observation chamber was subjected to one ultrasound pulse from a laboratory-assembled focussed single-element transducer. 34,[START_REF] Imai | Proc. IEEE Int. Ultrason. Symp[END_REF] Each pulse had a centre frequency of 1.0 MHz. The voltage amplitude of the pulse was 1 V. In a running wave field, this voltage corresponded to a peak-negative acoustic pressures of 0.20 MPa. The transmitted pulse started with the compression phase. The signal fed into the transducer was generated by an AFG320 arbitrary function generator (Sony-Tektronix, Shinagawa-ku, Tokyo, Japan) and amplified by a UOD-WB-1000 wide-band power amplifier (TOKIN Corporation, Shiroishi, Miyagi, Japan).
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A total number of 400 microbubbles subjected to 1-V pulses was analysed. Only events were selected in which the distances between microbubbles were much greater than the maximum excursions. Each video sequence consisted of 256 frames. The video sequences were stored on a personal computer and processed offline using a method previously published. 28) The first oscillation cycle was taken into account to determine R max . The outcome of the processing were R(t) curves for all 400 microbubbles, and their respective R max values.

The experiments done served to determine the shell stiffness of the Pickering-stabilised bubbles. The estimated value for χ was obtained as follows. Excursion amplitudes were taken from bubbles sonicated at a 1-V pulse amplitude. A least-squares fit through the measured excursion amplitudes yielded R max = 1.082R 0 . Iterating through (1) using 0.1-N m -1 increments for χ ∈ [1.0, 20.0] N m -1 , R max (R 0 ) curves were created through which y = ax least-squares fits were computed. The fit with a closest to 1.082 corresponded to χ = 7.6 N m -1 . Hence, the stiffness determined for the Pickering-stabilised shell is approximately equal to that of a rigid albumin-shelled ultrasound contrast agent. [START_REF] Jong | [END_REF] We performed a stability analysis by subjecting six individual bubbles to three consecutive 1-minute delayed pulses. The respective bubble dynamics were observed to be the same for each pulse, as illustrated by the event shown in Figure 1. It was observed that microbubbles Pickering-stabilised with hydrophobised silica were not disrupted at these low acoustic amplitudes.

The Pickering-stabilised microbubbles were observed to contract and expand subsequently.

As an example, Figure 2 shows the radial dynamics during the first oscillation cycle of a Pickering-stabilised microbubble of 4.6-µm initial radius, measured from high-speed videos.

In addition, R(t) curves simulated for an encapsulated microbubble and for a free microbubble have been included. The measured data correspond to the first cycle of the simulated R(t) curve of a microbubble with shell stiffness χ = 7.6 N m -1 and clearly do not correspond to the much greater expansion of a free microbubble.

The Pickering-stabilised microbubble whose dynamics are shown in Figure 2 did not appear to have undergone gas release. From this observation, we deduct, that stabilising particles must have been present on the interface during expansion. As the experimental data matched the R(t) curves, we conclude that the disruption did not take place during these first oscillation cycles.

By definition, the initial internal pressure, p 0p v + 2σ R 0 , cannot be lower than the hydrostatic pressure. Hence, the assumption that sonic cracking should have resulted in gas escape observations was justified.
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A c c e p t e d M a n u s c r i p t Figure 3 shows an overview of R max as a function of R 0 . More than 90% of the microbubble excursions fitted the simulated R max (R 0 ) curve at χ = 7.6 N m -1 . Consequently, the shell stiffness computed is a good representation for the stiffness of the Pickering-stabilised shell.

Follow-up studies will need to answer, whether ultrasound-assisted Pickering-stabilised shell disruption can be predicted at high acoustic amplitudes.

Following equations ( 8)-( 10) by Doinikov et al., 26) it was found that at 1-MHz sonication the resonant radius of Pickering-stabilised bubbles must be 9.6 µm, for χ = 7.6 N m -1 .

Microbubbles of initial radii greater than 5.0 µm were excluded from this study, as they are not of clinical relevance.

In summary, the maximum radial expansions observed were agreeing with the maxima predicted by the model of Pickering-stabilised microbubbles. These observations support the previous assumption that the rigidity of Pickering-stabilised shells is high. Gas release from these disrupted microbubbles was not observed, indicating that the particle structuring remained on the interface during radial oscillation. Subjecting microbubbles to multiple timedelayed pulses yielded the same result. We conclude that Pickering-stabilised microbubbles remain very rigid at low acoustic amplitudes. 12/12

Fig. 1 .

 1 Fig. 1. Radius measured as a function of time for a Pickering-stabilised microbubble of initial radius R 0 = 4.9 µm, subjected to three consecutive ultrasound pulses. The response owing to the first pulse is shown in black, to the second pulse in dark purple, and to the third pulse in bottle green.

Fig. 2 .

 2 Fig. 2. Radius measured as a function of time for a Pickering-stabilised microbubble (•), simulated R(t) curves of a free (-) and a shell-stabilised (-) microbubble of R 0 = 4.6 µm, and inlays extracted from high-speed video footage. Each inlay corresponds to a 15-µm diameter.

Fig. 3 .

 3 Fig. 3. Scatter plot of maximum microbubble expansion measured as a function of initial radius (•), overlain with simulated R max (R 0 ) curves of free (-) and Pickering-stabilised (-) microbubbles.

Fig. 1 .

 1 Fig. 1. Radius measured as a function of time for a Pickering-stabilised microbubble of initial radius R 0 = 4.9 µm, subjected to three consecutive ultrasound pulses. The response owing to the first pulse is shown in black, to the second pulse in dark purple, and to the third pulse in bottle green.

Fig. 2 .

 2 Fig. 2. Radius measured as a function of time for a Pickering-stabilised microbubble (•), simulated R(t) curves of a free (-) and a shell-stabilised (-) microbubble of R 0 = 4.6 µm, and inlays extracted from high-speed video footage. Each inlay corresponds to a 15-µm diameter.

Fig. 3 .

 3 Fig. 3. Scatter plot of maximum microbubble expansion measured as a function of initial radius (•), overlain with simulated R max (R 0 ) curves of free (-) and Pickering-stabilised (-) microbubbles.
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