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Summary 
Intranasal mRNA administration is an attractive treatment modality for many diseases, including brain tumours and neurodegenerative diseases. In this study, a novel proprietary synthetic thermosensitive polymer, denoted as TP, is presented as a promising alternative drug carrier for nasal delivery of mRNA. TP has a thermogelling property, it remains in liquid state at room temperature and undergoes a phase transition to form a hydrogel with a mucoadhesive characteristic at physiological temperature. A series of studies was conducted to characterise the interaction of mRNA, coding the enhanced green fluorescent protein (EGFP), with TP to demonstrate the potential of the polymer to form nanoparticles for the intranasal administration of mRNA therapeutics. Two concentrations of TP solutions (25 mg/mL- TP25 and 35 mg/mL-TP35) were formulated with EGFP and lipofectamine lipids and was found to generate nanoparticles of approximately 40 nm. The TP formulations were also able to stabilise mRNA lipofectamine particles for at least 7 days at ambient conditions and displaying EGFP mRNA expression similar to that of the positive control, fresh mRNA formulation. When the formulation was aerosolised using the Bivax nasal spray device (Aptar), the aerosol particle size distribution was larger in formulations containing the TP polymer. Nevertheless, the formulations are appropriate for nasal delivery as most of the aerosols are above 10µm. Additionally, deposition of the 250 µL spray of TP25 and TP35 formulations was successful, while the control without the carrier showed significant nasal dripping. This further demonstrates the suitability of TP25 and TP35 as alternative drug carrier polymers.
Key Message 
The use of a novel TP thermosensitive polymer shows promising result as an alternative vehicle for intranasal delivery of mRNA with improved delivery to the nasal cells, increased stability of nanoparticles at room temperature and higher retention in the nasal cavity in vitro. 
Introduction
RNA-based therapeutics are a disruptive technology that is rapidly expanding, which will continue to change the standard of care for many diseases. [1-3] Current RNA therapeutics have only been delivered via the intravenous route. Nasal delivery of therapeutic RNAs presents significant potential yet remains an underexplored modality to treat many diseases i.e., locally such a COVID-19;[1] or directly to the brain through the olfactory region in the nose to treat neurodegenerative diseases [2] and brain tumours. [3] Targeted nasal delivery has many advantages including quick onset of action, reduced dosage requirements, limited side effects and ability for self-administration using a needle free approach. However, there are several challenges to delivering drugs (including nanoparticles (NPs)) through the intranasal route,[4] including: navigating the highly resistant and narrow nasal vestibule region prior to reaching the targeted region [5] and the biological barriers of the semi-permeable nasal epithelium lined with a mucus layer, enzymatic degradation and rapid mucociliary clearance (renewed every 15 min). [6]
To overcome these challenges, a common approach is to incorporate ‘thickening’ polymers as excipients into the nasal spray to increase viscosity, thus reducing formulation run-off and enhancing residency time. [7] The increased viscosity of these polymers generally comes with a trade-off, since such formulations are difficult to aerosolise using current nasal delivery systems (pumps), hampering efficient delivery of the drugs to the nasal cavity. Conversely, formulations with low viscosity have the inherent problem of dripping from the nasal passage, resulting in wastage and low bioavailability. Therefore, there is a need to develop new excipients that can be used as an aerosol vehicle to deliver RNA either alone or within NP systems to the nose with the ability to generate fine aerosols, enhanced residence time, while circumventing the biological barriers in the nose. 
In this study, a novel proprietary thermosensitive polymer, poly(N-isopropylacrylamide)-co-(polylactide/2-hydroxy methacrylate)- co -(oligo (ethylene glycol), [8, 9] denoted as TP (Tetratherix), is evaluated for its potential as an alternative excipient as drug delivery carrier for intranasal mRNA delivery. The ability of TP formulated with EGFP and lipofectamine lipids to generate mRNA nanoparticles was evaluated and characterised in vitro for its stability and efficacy. In terms of its potential for nasal delivery, the TP formulations was studied in terms of its sprayability and coverage of the nasal cavity after administration into the nasal cavity. 
Material and methods
Preparation of TP and mRNA formulations 
A solution of 100 mg/ml TP solution (TP100) was prepared with 1 x Phosphate Buffered Saline (PBS) or Opti-MEM (Minimal Essential Media) media and left to gently mix over night at 4 °C. The TP100 solutions were stored at 4 °C until use. On the day of experiment, the mRNA was mixed with the appropriate volumes of TP100 solution, Lipofectamine™ (MessengerMAX™ Transfection Reagent, Thermo Fisher Scientific) and PBS or Opti-MEM to create the desired TP solution concentrations. 
mRNA functionality study with time lapse microscopy 
The functionality of the EGFP mRNA was assessed by evaluating the cellular production of the green fluorescent protein (GFP). A RPMI2650 basal nasal cell model was used. Cells were cultured onto 24-well plates for 24 h. The media of the cells were changed to Opti-MEM media and incubated for 2 h at 37 °C. The 24-well plate was kept in a humidified chamber at 37 °C in 5% CO2 atmosphere and 95% humidity and observed using a Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan) with Coolsnap ES2 camera. Photographs were taken every 2 h for 48 h using NIS-Elements (version 3.22.01) set to take images in both ‘Phase’ and ‘Fluorescent’ modes. The images were analysed using Fiji ImageJ. 
Parallel mRNA functionality assay with nanoparticle measurements. 
Subsequently, a study was designed to decipher if the TP formulations with mRNA and lipofectamine could form nanoparticles and if those nanoparticles were able to preserve the efficacy of the mRNA. The RPMI2650 nasal cell model was used to evaluate efficacy. The cells were cultured onto 24-well plates for 24h. The media of the cells were changed to Opti-MEM media and incubated for 2 h at 37 °C. The media was then replaced with the following:
•	Negative control – Lipofectamine 0.75 µl diluted to 500 µl with fresh Opti-MEM media
•	Positive control – 500 ng of mRNA mixed with 0.75 µl lipofectamine diluted to 500 µl with fresh Opti-MEM media 
For the indirect exposure to the formulations, the media on the cells were replaced with fresh Opti-MEM media and Transwell inserts (5 µm, polycarbonate membrane) were placed on top of the wells carrying the following formulations:  
•	TP0 formulation – 500 ng of mRNA mixed with 0.75 µl lipofectamine diluted to 100 µl with fresh Opti-MEM
•	TP25 formulation – 500 ng of mRNA mixed with 0.75 µl lipofectamine diluted to 100 µl with fresh Opti-MEM with 25mg/ml polymer
•	TP32 formulation – 500 ng of mRNA mixed with 0.75 µl lipofectamine diluted to 100 µl with fresh Opti-MEM with 32mg/ml polymer
A parallel 24-well plate was also set alongside this cell experiment with the exact same conditions but without any cells. After 2 4h incubation at 37 °C in 5% CO2 atmosphere, the Transwell inserts were removed from all the wells and the cell plates were measured using the fluorescent plate reader. The media in the non-cell plates were analysed using the zetasizer to assess for particle size  
Stability Study -mRNA encapsulation content
The nasal spray formulation stability study was conducted for mRNA stability using 2 ml Type 1 borosilicate clear glass filled vials where the formulations were added and incubated at 4 °C, 25 °C or 37 °C and measured immediately (0 h) and after 24 h, 48 h, 72 h, 120 h, and 168 h using Agarose gel electrophoresis. The samples stored at 25 °C and 37 °C were incubated for 1 h in the fridge/ice to allow the gel to transition to solution prior to analysis. The ‘leaked’ samples, measuring how much mRNA leaked out of nanoparticles, was determined by analysing the samples directly (without any detergent) and the ‘total’ mRNA content in the of the formulation was determined by adding Triton X-100 (final volume 5 %v/v) to the samples before analysing using agarose gel electrophoresis (Equation 1).   
Equation 1: Percentage Encapsulated (%) = ((total mRNA-leaked mRNA)/(total mRNA ))  x 100
Nasal cast deposition study
The deposition of the nasal formulations, in the human nasal cavity was assessed using an anatomical transparent silicone human nose model (Koken model). The deposition of the spray in the nasal cavity cast was visualised by covering the interior surface of the dry nose cast uniformly with 0.5 g of the Sar-Gel® paste with a dry brush. The nasal cast was then transferred to a sealed dry box containing silica gel to keep the nasal cast dry and incubated for 20 min at 32-37 °C for temperature equilibrium. The BIVAX Aptar spray device containing 500 µL of the formulations (250 µL/nostril i.e., half a dose/nostril) was inserted 5 mm into the nostril and actuated manually at a 45° angle. During actuation, the nasal cast was positioned in a standard upright pose, placed back into the sealed dry box, and incubated for a further 20 min to monitor the deposition of the sprayed formulation within the nasal cavity cast. Sequential photographs were taken every 5 min during the incubation period for up to 20 min, the images were analysed using Image J software.
Aerosol particle size distribution study 
The aerosol particle size distribution was conducted for the nasal spray formulations using laser diffraction. Briefly, a Spraytec particle sizer was used for all measurements. Three particle size measurements were then conducted for each formulation by firing into the laser path at a 45° angle. The spray nozzle was adjusted so that the nozzle tip was 25 mm from the laser at an angle of 30° from the beam. All actuations were conducted by the same operator. 
Results and Discussion
GFP functional assay was developed to measure the efficacy of mRNA formulations with the polymer. Time lapse microscopy was used to image the expression of green fluorescent protein for 48h. In the absence of lipofectamine, the mRNA was unable to have a functional effect on the RPMI2650 cells or in combination with TP. However, when mixed with Lipofectamine, the mRNA was functional, as evidenced by the expression of GFP. The increase in GFP plateaus at 24h (Figure 1) and hence was selected as the time point to develop a 24 well plate for parallel functional assay of EGFP mRNA and nanoparticle measurement with the addition of Lipofectamine in the formulation. 
[image: ]
Figure 1 – Time-lapse fluorescent microscopy to detect cellular expression of green fluorescent protein (cellular product of the mRNA-Left panel) superimposed images of phase and fluorescent modes(Right-Top) and data analysis of the fluorescent signal using image J over 0-48h period (Right-Bottom_. 
The formulation combination of EGFP-mRNA, lipofectamine and different concentrations of TP polymer have shown that they form nanoparticles of approximately 40 nm in diameter, while TP0 (no carrier system) did not generate particles that could be detected using the Zetasizer (Figure 2A and 2B). The formulations with TP polymer showed significant increase in GFP expression compared to negative control and was at comparable levels to the positive control, which is the maximum mRNA efficacy, demonstrating the functionality of the mRNA in the presence of the carrier. TP0 formulation showed a significant increase in GFP expression but was inconsistent and the increase was ~ ≤25% of the positive control (Figure 2C). A potential reason for this could be because no detectable nanoparticles were found in the basolateral chamber for this sample, because without the polymer the lipofectamine + mRNA complexes may not be able to pass through the 5 µm polycarbonate membrane as efficiently or could form nanoparticles. In general, the formulations of mRNA-Lipofectamine-TP can release functional nanoparticles into the media which are able to induce the maximal efficacy of the mRNA in basal RPMI2650 cell model.
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Figure 2– (A &B) Zetasizer analysis of the nanoparticle’s formation ability in the formulations and (C) Functional assay of mRNA-Lipofectamine-TP formulations (n=3; StD). 
The mRNA encapsulation (ability to remain inside the lipid nanoparticles) was used as another indicator of mRNA stability, as only the encapsulated mRNA can be delivered into the cells. Encapsulated mRNA percentage was calculated by quantifying the amount of leaked mRNA and the total mRNA. The storage condition from fridge and room temperate were analysed for this study at Day 0 and Day 7. The percentage encapsulated mRNA is shown in Figure 3. There were no statistically significant differences between Day 0 and Day 7 in the formulations stored in the fridge. In the samples stored at room temperature, TP0 showed a significant reduction in encapsulated mRNA while TP25 and TP35 formulation did not show any significant changes encapsulation. 
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[bookmark: _Ref169810632][bookmark: _Ref169812229]Figure 3 - Percentage of encapsulated mRNA in LNPs. Statistical analysis was conducted using 2-way ANOVA comparing Day 0 to Day 7. 
The formulation was then aerosolised using the Bivax nasal spray device and the aerosol particle size distribution was determined using the Spraytec. Population curves were generated for the TP0, TP25 and TP35 formulations are presented in Figure 4 (Left). The average data of median volume-based diameter as a well as the geometric standard deviation (GSD) of aerosols are presented in Figure 4. Analysis of the particle size data showed that there were statistically significant increases between Dv10 and Dv90 when comparing TP0 to both TP25 and TP35. For Dv50 there were statistically significant differences between TP0 and TP35. The formulations are appropriate for nasal delivery as most of the particles were above 10µm.
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Figure 4 - Spraytec analysis of aerosol particle size population curves (Left) together with the calculated Dv10, Dv50, Dv90 and GSD graphs (Right). Statistical analysis was conducted using One-way ANOVA (n=3)
Nasal cast deposition using the BIVAX nasal spray device (Figure 5) demonstrated that the formulations with the carrier system (TP25 and TP35) were all effectively delivered to the nasal cavity and covered a large area of the cavity by 20 min. The TP0 formulation had a lesser region of deposition and coverage most likely due to a substantial amount (100 µL ± 20 µL) of nasal dripping observed immediately after delivery. the TP25 formulation did not demonstrate any dripping until the 20 min time point when some throat dripping was observed. No visible dripping was observed for TP35 formulation over the 0-20 min time points. 
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Figure 5 – Qualitative representative images of the nasal cast deposition of the formulations from 0-20min. The white area represents the area of deposition in the nasal cast.
Conclusions
The novel TP thermosensitive polymer demonstrates promising potential as an alternative excipient for mRNA delivery in the nasal cavity. It improves mRNA delivery to nasal cells, enhances nanoparticle stability at room temperature, and offers greater retention in the cast of the nasal cavity.
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