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Summary
RNA-based medicines, while promising, encounter delivery obstacles, particularly outside the liver due to degradation and accumulation issues. Our research focuses on developing a dry powder platform for RNA nanoparticles via spray-drying, aiming to enhance stability and broaden organ targeting beyond the liver. Our approach seeks to improve RNA medicines by creating inhalable dry powder formulations. This technology could overcome current limitations, ensuring direct access to the lungs, reduced variability in manufacturing, and enhanced stability.
We're refining protocols to increase RNA content in powder doses and experimenting with various excipients to safeguard particles during spray-drying. In vivo studies are evaluating lung residence, gene expression, safety, and toxicity of these formulations. Through in vitro infection models, especially against viruses like SARS-CoV-2, we've seen promising results in gene silencing and reduced viral RNA levels. Additionally, our biodistribution studies use nuclear imaging techniques and animal models to establish dosing regimens that optimize lung retention while minimizing off-target effects.
For effective lung cell targeting, we engineer shielded nanocarriers adorned with specific ligands to enhance cell uptake while avoiding mucus interactions.
Ultimately, our goal is to create stable RNA nanoparticle formulations suitable for inhalation, expanding their therapeutic reach beyond the liver. This could potentially revolutionize the treatment of challenging lung diseases, benefiting society, not least in developing countries.
This summary captures the essence of our work in developing inhalable RNA formulations aimed at enhancing stability and efficacy while broadening their application for treating lung diseases.

Key Message
Our research focuses on creating dry powder RNA nanoparticles via spray-drying for inhalation. We aim to improve RNA medicine by ensuring lung targeting, stability, and efficacy beyond the liver. Through refining formulations and in vivo studies, we aspire to revolutionize treating lung diseases, benefiting global healthcare.

Introduction
RNA-based medicines, including mRNA vaccines and RNA therapeutics, show promise but face challenges regarding delivery beyond the liver due to their susceptibility to degradation and accumulation [1, 2]. Our research aims to create a platform for spray-drying RNA nanoparticles, addressing RNA’s limited stability and broadening organ targetability. 
Our approach involves enhancing the shelf-life and targeting multiple organs beyond the liver by developing dry powder formulations for inhalation delivery. This technology can overcome limitations faced by existing RNA medicines, ensuring direct lung access, reduced batch variability, and improved stability [3-5].
Experimental Methods
By optimizing spray drying process parameters, we have adapted this technology for the development of Nano-in-Micro powders of DNA [6] or RNA containing polymer nanoparticles [7] and most recently for RNA containing LNPs [5, 8], which were evaluated for colloidal stability, chemical stability, aerodynamic properties, residual moisture, biologic activity and storage stability. Additionally, RNA content was significantly increased and the process was protected in a patent application filed with the European Patent Office [9]. 
The biologic efficacy of the most promising formulations was tested in vitro in conventional submerged cell culture, air-liquid-interface culture as well as ex vivo in human Precision Cut Lung Slices of donor lung tissue where models of various diseases, such as COVID-19 [10], asthma [11] and idiopathic lung fibrosis [12] were established. 
In vivo studies focused on evaluating lung residence, gene expression, safety, and toxicology [12] of formulations previously tested in 3R models. Using nuclear imaging approaches and animal models, we aim to develop dosing regimens that enhance lung retention while minimizing off-target effects [13].
To target cells within the lungs effectively, we develop biodegradable and shielded nanocarriers decorated with specific ligands to enhance cell uptake while avoiding nonspecific interactions with respiratory mucus. New material families based on spermine were synthesized as polyacrylamides [12] and poly-beta-aminoesters [14, 15], while currently new components are designed based on supervised machine learning [16].
Results and Discussion
After years of process optimization, several protocols are now available for spray drying RNA containing nanoparticles into dry powders for inhalation with optimal aerodynamic properties, colloidal stability and redispersibility, which additionally protect RNA from degradation for storage up to 18 months. Protocols were optimized to reach human dose and were assessed in a mouse model of allergic asthma [9]. 
Polyspermines were rationally designed and assessed for pulmonary RNA delivery in cell culture models, in human lung tissue and in mouse models to confirm antiviral delivery of short interfering RNA, anti-inflammatory effects in allergic asthma, and anti-fibrotic activity in human donor tissue. 
After decades of library synthesis of RNA nanocarriers, machine learning can now support the choice and optimization of LNP formulations and the composition of polymer-based RNA nanocarriers with particular focus on inhalable carriers that target lung cells. 
Conclusion
Ultimately, our goal is to create stable RNA nanoparticle formulations suitable for inhalation, extending their reach beyond the liver and potentially treating previously challenging lung diseases, benefiting patients and society.
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