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Summary
The overall goal of this project was to produce an inhalable dry powder platform for mRNA vaccination. In order to achieve this goal mRNA-lipoplexes comprising mRNA and DOTAP:DOPE were developed, which shall be transferred to inhalable dry particles by spray drying. Compatibility experiments with mRNA-lipoplexes have shown that mannitol or lactose could be suitable excipients with established use in inhalation. However, the first spray drying experiments revealed decreased transfection capabilities of the processed mRNA-lipoplexes compared to the control. Thus, we focused on the spraying process itself to assess the influence of each individual step: the pumping of feed liquid through the tube, the atomisation and the drying itself. The tube was identified as a major obstacle as the lipoplexes adsorbed to the tubing, resulting in loss-of-function of the mRNA-lipoplexes. Comparative studies identified materials suitable for the processing of DOTAP:DOPE mRNA-lipoplexes.
Key Message
Liquid handling of mRNA-lipoplex formulations is not as mundane as it seems. Commonly used silicone tubes are not suitable as lipoplexes adsorb to the inner surface. In this study, the Tygon® 2375 NSF-51 tube showed the lowest impact on the transfection efficiency of mRNA-lipoplexes.
Introduction
Many viral infections enter the body through the respiratory tract. Thus, the lungs and the mucosal immune system are the perfect targets for vaccines against those viruses. In addition, an inhalable vaccine formulation does not require an invasive application. This is a huge advantage because a specially trained person for reconstitution and intramuscular injection is not necessary and risks of infection because of an infected needle are not existent [[endnoteRef:1]]. Not only the use of an inhaler instead of a needle would increase the accessibility for people living in areas where physicians or skilled personnel are hard to find, but also a solid state of the vaccine formulation would be advantageous. Liquid vaccines face the risk of chemical degradation and physical instability [[endnoteRef:2]] and therefore typically require cold chain maintenance. This project aims to develop an inhalable dry powder platform which does not require challenging storage conditions. [1: []	Hellfritzsch M, Scherließ R: Mucosal Vaccination via the Respiratory Tract, Pharmaceutics 2019; 11, 375.]  [2: []	Hasija M, Li L, Rahman N, Ausar SF: Forced degradation studies: an essential tool for the formulation development of vaccines, Vaccine Dev. Ther. 2013, 3, 11.] 

During the COVID-19 pandemic, a new generation of vaccines arose from the labs: the mRNA vaccines. Due to their benefits in production, which has the potential to be rapid, inexpensive and readily scalable, as well as safety issues, as it comes with no risks of infection or insertional mutagenesis, mRNA vaccines won the race [[endnoteRef:3]]. Apart from advantages in production and safety, mRNA itself and the carrier molecules can be modified to increase the efficiency of the vaccine [[endnoteRef:4]]. In this study, we chose the cationic lipid DOTAP (1,2-dioleoyloxypropyl)-N,N,N-trimethylammonium chloride) and the neutral lipid DOPE (1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine) as carrier lipids, which is a well-established transfection agent and safe for human administration [[endnoteRef:5]]. This allowed us to focus on the formulation in the solid state rather than the lipid composition. In a previous study, we determined the most successful weight ratio of mRNA and lipids, using reporter gene mRNA encoding for firefly luciferase and Calu-3 cells as the model cell line [[endnoteRef:6]]. [3: []	Li Y, Tenchov R, Smoot J, Liu C, Watkins S, Zhou Q: A Comprehensive Review of the Global Efforts on COVID-19 Vaccine Development, ACS Cent. Sci. 2021, 7, 4, 512-533.]  [4: []	Pardi N, Hogan M, Porter F, Weissmann D: mRNA vaccines — a new era in vaccinology, Nat Rev Drug Discov 2018, 17, 261–279.]  [5: [] 	Li Y, Bhindi R, Deng Z J, Morton S W, Hammond P T, Khachigian L M: Inhibition of vein graft stenosis with a c-jun targeting DNAzyme in a cationic liposomal formulation containing 1,2-dioleoyl-3-trimethylammonium propane (DOTAP)/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), Int. J. Cardiol., 2013, 168, 4, 3659-3664,]  [6: []	Schembera J, Scherließ R: Transfection of Calu-3 cells with mRNA/DOTAP:DOPE-lipoplexes: influence of weight ratio and forming media, Presented at: PBP Worldmeeting 2022, Rotterdam, The Netherlands, March 28-31, 2022.] 

The mRNA-lipoplexes shall be transferred to dry powder particles in the inhalable range to obtain a dry powder formulation. Here, the excipient shall allow lipoplex stabilisation and maintain transfection efficiency. Depending on powder properties, the final dosage form may consist of the spray-dried particles without or with the addition of further excipients. This study aims to identify a tubing material suitable for liquid handling of mRNA-lipoplexes in the course of spray drying.


Materials and Experimental Methods 
Messenger RNA 
As a model mRNA, we chose the commonly used Firefly Luciferase (FLuc) mRNA and purchased it from RiboPro (Oss, The Netherlands). The FLuc mRNA was diluted with UltraPureTM DNase/RNase-Free distilled water (RNase-free water) or Opti-MEMTM (both Thermo Fisher Scientific, Waltham, USA) to obtain a working concentration of 0.1 µg/µl. 
Preparation of DOTAP:DOPE-Liposomes
The liposomes were built of DOTAP (1,2-dioleoyloxypropyl)-N,N,N-trimethylammonium chloride) and the neutral lipid DOPE (1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine) (Avanti Polar Lipids, Birmingham, AL, USA) in an equal weight ratio. The solid DOTAP:DOPE (D:D) mixture was dissolved in chloroform (Carl Roth, Karlsruhe, Germany) and pipetted into a sterile and RNAse-free tube. To form a lipid film, the chloroform was evaporated overnight: The remaining lipid film was stored at - 30 °C until one day before transfection when the lipid film was solubilised by adding RNase-free water to gain a concentration of 0.5 µg/µl. To produce liposomes of uniform size, the solubilised lipid film was homogenised for 30 s with a sonicator (Sonoplus HD 4100, Bandelin, Berlin, Germany) at an amplitude of 25 %. 
Preparation of mRNA-lipoplexes 
As a first step, equal volumes of the D:D- und mRNA solutions were mixed to obtain a D:D + mRNA-weight ratio of 5 + 1. After 20 minutes of incubation, the lipoplexes serving as transfection control were diluted with Opti-MEMTM. The lipoplexes for the pumping and spraying experiments were diluted with RNase-free water to a final mRNA concentration of 2 ng/µl. A stock solution of mannitol (D-mannit, Carl Roth, Karlsruhe, Germany) or lactose (Inhalac® 400, Meggle, Wasserburg am Inn, Germany) was prepared and added to the complexes to obtain a solid concentration of 20 µg/µl. A sample, which was not pumped or sprayed, served as a control and was additionally diluted with an equal volume of Opti-MEMTM before transfection to achieve an equal concentration. To evaluate the influence of D:D on mRNA, naked mRNA was also diluted to an mRNA concentration of 2 ng/µl. 
Pumping and Spraying Experiments
Two spray dryers were used for the pumping and spraying experiments, namely Mini Spray Dryer B-290 and the Nano Spray Dryer B-90 (both Büchi Labortechnik, Flawil, Switzerland). In these experiments, a silicone tube conducted the fluid to the respective nozzle being pumped by a peristaltic pump attached to the spray dryer. For spraying with the Mini Spray Dryer B-290 a two-fluid nozzle with an internal diameter of 0.7 mm was chosen while the Nano Spray Dryer B-90 was used with the membrane “large”. During the pumping and spraying experiments, the fluid was collected with a falcon tube below the respective nozzles. 
Various tubes tested with naked mRNA and mRNA-lipoplexes
2 ml naked mRNA and mRNA-lipoplexes were pipetted into three different tubes: a silicone tube, the Tygon® 2375 NSF-51, made of thermoplastic polyolefins and the Tygon® F-4040-A, made of thermoplastic elastomers. The samples were collected with a micro reaction tube positioned underneath the nozzle. The tubes were rinsed with RNase-free water prior to and in between contact with the samples. The first sample given into each tube was naked mRNA, followed by mRNA-lipoplexes.
Cell culture 
Calu-3 cells (HTB-55) (ATCC, Manassas, USA) were used as model cell line and cultured in a humidified atmosphere containing 5 % CO2 at 37 °C in Minimum Essential Medium Eagle comprising 1 % (v/v) Pen-Strep, 1 % (v/v) non-essential amino acids, 1 % (v/v) sodium pyruvate and 10 % (v/v) Fetal Bovine Serum (FBS) (all Merck KGaA, Darmstadt, Germany). The cells were seeded on a 24-well-plate with 80,000 cells per well and incubated for 24 h. Before transfection, the medium above the cells was replaced by medium containing only 0.2 % FBS. In every well 50 µl sample containing 50 ng mRNA was transfected.
Bioluminescence assay
The medium was removed and the cells were washed with 250 µl DPBS (Merck KGaA, Darmstadt, Germany) and 250 µl of 1.5 X lysis buffer (Biotium, Fremont, CA, USA) were added to each well. The plate was shaken for 15 min, incubated for 15 min at culturing conditions and then shaken again for 15 min. Afterwards, Luciferase activity was measured using BrightGloTM (Promega, Fitchburg, USA) according to the manufacturer’s protocol in a white half-well plate with a Tecan Spark® plate reader (Tecan Group Ltd., Zürich, Switzerland).
Bradford Assay
After transferring 30 µl of the lysate into a transparent 96-well-plate, 270 µl Bradford Reagent (PierceTM Coomassie (Bradford) Protein-Assay-Kit, Thermo Scientific, Waltham, USA) were added and incubated for 10 minutes. A dilution series of Bovine Serum Albumin (same kit) in 1,5 X lysis buffer served as calibration. 
Results and Discussion
As the first step, after finding the best working weight ratio of mRNA and DOTAP:DOPE, we accessed the compatibility of mannitol and lactose, two excipients with established use in inhalation, with the mRNA-lipoplexes. We found that both excipients do not have a negative influence on transfection efficiency (Figure 1). Thus, both excipients are suitable components, which may serve as a matrix for the mRNA-lipoplexes. 
After formulation development in the liquid state, the influence of pumping and spraying on DOTAP:DOPE-lipoplexes was tested with the Nano Spray Dryer and the Mini Spray dryer. Spraying with both spray dryers and samples resulted in very low transfection efficiencies (Figure 2). In contrast, the transfection efficiency of naked mRNA, to which DOTAP:DOPE was added after pumping, was still above 60 % of the control’s transfection efficiency. This showed, that the mRNA integrity as such was not impaired. However, the pre-formed lipoplexes could not be transfected to a satisfying level, neither after pumping nor after spraying with both spray dryers as the process disrupted the functional integrity of the lipoplexes. As a possible reason for that observation, the adsorbing properties of the silicone tube were identified.[bookmark: _Ref108628969]Figure 1 - Transfection efficiency in presence of excipients: Luminescence in RLU/mg protein of sample normalised to lipoplexes without addition of excipients. A value of 1 relative unit represents an equal transfection efficiency for the samples containing excipients and the lipoplexes. Error bars show SD n = 9.

Hence, two further tubes were tested. On the one hand, the TYGON®-F-4040-A, which has its main field of application in fuels and lubricants. On the other hand, the TYGON®-2375 NSF-51 that has high resistance against strong acids and leaches and is listed in the FDA’s Code of Federal Regulations §177.1520 as a substance for use as a basic component of single and repeated use food contact surfaces. Both tubes have a very smooth and antiadhesive inner surface to prevent adsorption.[bookmark: _Ref108628942]Figure 2 - Transfection efficiency after pumping and spraying (silicone tube): Luminescence in RLU/mg protein of sample normalised to untreated lipoplexes. A value of 1 relative unit represents an equal transfection efficiency for the pumped or sprayed samples and the lipoplexes. Error bars show SD n = 3.

Three tubes were tested with naked mRNA and lipoplexes (Figure 3). The transfection efficiency of naked mRNA was not reduced using any tube. In contrast, the transfection efficiency of lipoplexes was decreased to 39 % when given through the Tygon® F-4040-A tube and to 64 % when using the silicone tube. In addition, the silicone tube showed higher transfection efficiency than in the previous experiment. This might be because the silicone tube was reused and the rising with RNase-free water did not remove the remaining lipids completely.[bookmark: _Ref108630387]Figure 3 - Transfection efficiency of naked mRNA and lipoplexes after flowing through the tubes: Luminescence in RLU/mg protein of sample normalised to untreated lipoplexes. A value of 1 relative unit represents an equal transfection efficiency for the pumped or sprayed samples and the lipoplexes. Error bars show SD n = 3.

The Tygon® 2375 NSF-51 tube showed the highest and the Tygon® F-4040-A tube the lowest transfection efficiency for the DOTAP:DOPE-lipoplexes. A probable reason for the low transfection efficiency of the Tygon® F-4040-A tube sample might be even higher adsorption of lipids on its surface than on the silicone tube. This might lead to an insufficient amount of transfection reagent for the efficient transfection of mRNA into the Calu-3 cells and showed that the Tygon® F-4040-A is not suitable for this set-up.
Now, having identified the most promising tube in terms of avoiding adsorption, the next steps are spraying and spray drying experiments, which are already in progress. When the lipids are no longer retained in the tube, we expect that the mRNA can then be sufficiently transfected after the spraying and spray drying process. A critical aspect during the spray drying process will be the decision on the process parameters. As mRNA is known to be temperature sensitive, we are going to start the spray drying experiments at an inlet temperature of 80 °C. Due to evaporative cooling caused by the drying of water in the sample, the temperature of the outlet air stream might be 20 to 30 °C lower and might lead to a temperature the DOTAP:DOPE-lipoplexes will tolerate. Successful spray drying of the DOTAP:DOPE-lipoplexes in the mannitol or lactose matrix to particles of a size less than 5 µm will be an important step in the formulation development of an inhalable interactive powder blend.
Conclusion
Processing mRNA and complex mRNA-formulations is notoriously difficult. Throughout the entirety of the process all product contacting surfaces pose an extensive threat for the quality and functionality of the RNA-formulation. One pivotal issue is the adsorption of formulation components, resulting in loss of function. In this study, we discovered that the adsorption of lipids on tubing material is critical for our process. We identified Tygon® 2375 NSF-51 as a suitable tubing material for the handling of DOTAP:DOPE-lipoplexes.
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