Microbubble powders from freeze-dried Pickering emulsions
Q Wang1,3, A Poortinga2, C Cheng1 , N Harmelen1, Y Li3, E Scholten4, and R de Vries1
1Physical Chemistry and Soft Matter, Wageningen University & Research, 6708 WE Wageningen, The Netherlands
2Mechanical Engineering Department, Eindhoven University of Technology, 5612 AE Eindhoven,  The Netherlands
3College of Food Science and Nutritional Engineering, China Agricultural University, Beijing, 100083, China
4Physics and Physical Chemistry of Foods, Wageningen University & Research, 6708 WE Wageningen, The Netherlands
Microbubbles are a widely used micromaterial in food formulations, as well as various biomedical and pharmaceutical applications. Typically, microbubbles that are stabilized by surfactants tend to coalesce, break, and coarsen quickly 1. In contrast, microbubbles stabilized by solid nanoparticles, so-called Pickering stabilized microbubbles, can have much better stability than typical ones. Conventional Pickering-stabilized microbubbles are produced by directly dispersing gas into the water phase and allowing the dispersed nanoparticles to adsorb at the air-liquid interface. However, this direct process results in a significant loss of gas, and the resulting bubbles often have large sizes and a wide size distribution, which contributes to Ostwald ripening 2. To improve this, we draw on the well-studied case of Pickering-stabilized oil droplets, which lead to oil-in-water (O/W) emulsions that are known for their high stability and uniform size distribution 3. We hypothesize that since the production of O/W Pickering emulsions is a reliable and controlled process, it may be advantageous to generate stable microbubbles starting from these emulsions rather than relying on the more challenging process of directly stabilizing air-water interfaces with particles. This approach requires the use of a volatile oil, with the water phase evaporating along with the volatile oil phase, resulting in microbubble powders instead of microbubble dispersions. This is followed by resuspension to obtain standard microbubble dispersions. 
With this in mind, our current work focuses on producing microbubble powders using Pickering emulsion templates. Both hydrophobic nanoparticles and volatile oils are essential materials for achieving stable and sustainable microbubbles. In our initial experiments, we used modified hydrophobic silica nanoparticles and cyclooctane oil. As anticipated, we produced microbubbles that remained stable for up to a week in both water and plant protein solutions. To explore a more sustainable option, we then experimented with modified hydrophobic calcium carbonate (CaCO₃) nanoparticles and cineole oil as our primary materials. Surprisingly, we achieved a series of even more stable microbubbles that remained intact for over a month. In summary, the Pickering emulsion template method proves to be an excellent approach for preparing completely sustainable and food-grade microbubbles.
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