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Summary
As the pressurized metered dose inhaler industry is making the switch to lower global warming potential propellants, more understanding is needed on how the new propellants perform in pMDI products using existing characterisation techniques. This study characterises the spray pattern and plume geometry of propellant and propellant with 12% w/w ethanol formulations of the current and new propellants. Standard spray pattern tests at 30 mm, 60 mm and plume geometry in line with industry guidance were performed using an Oxford Lasers EnVision Pharma R&D system. These tests revealed that both HFA134a and HFA152a had the largest spray pattern areas at 30 mm and 60 mm, with HFA227ea having the smallest area, due to the differences in propellant saturated vapour pressure. The spray pattern areas were proportional to vapour pressure at 30 mm distance. However, for HFA152a the plume expanded at a greater rate than that of HFA134a, which could be due to the lower density of HFA152a. When adding ethanol to the propellants, the spray pattern area reduced for most of the propellants and the shot-to-shot variability reduced; this would indicate that adding ethanol stabilises formulations. These results present the need for formulators to understand more about the physical properties of the propellants, so that similar product performance can be achieved when it comes to reformulating with the new propellants.
Key Message
Spray pattern and plume geometry of current and low GWP propellant formulations were characterised. It was found that the spray pattern area was generally proportional to the propellant vapor pressure. The addition of 12% w/w ethanol reduced the spray pattern area and reduced shot to shot variability.
Introduction
At present, the pharmaceutical industry is focused on lowering the impact pressurized metered dose inhalers (pMDIs) have on CO2 equivalent emissions. One way this is being achieved is by switching from the current propellants HFA134a and HFA227ea to lower global warming potential (GWP) propellants HFA152a and HFO1234ze(E) [1]. 
These low GWP propellant’s chemical and physiochemical properties are different to the current propellants, with the key parameters of concern for this work summarised in Table 1. However, these different properties could mean that ensuring similar product performance to marketed pMDIs when switching propellant is difficult. 
[bookmark: _Ref139024746]Table 1 - Properties of current HFA propellants compared to HFA152a and HFO1234ze(E) 
	Property
	HFA134a[2,3]
	HFA227ea[2,3]
	HFA152a[4]
	HFO1234ze(E)[5]

	Density (liquid) at 20°C (g/ml)
	1.23
	1.41
	0.91
	1.17

	Saturated Vapor Pressure at 20°C (bar)
	5.72
	3.9
	5.12
	4.27

	Boiling Point (°C)
	-26.1
	-16.5
	-24
	-19



Ethanol is commonly added to formulations to improve product performance, such as dissolving drug into a solution or to reduce drug deposition in suspension formulation systems. More recently, research has been undertaken to optimise the spray performance of the low GWP propellants using ethanol [6]. The changes caused by adding ethanol are due to the reduction of saturated vapour pressure (SVP) of the formulation which influences the droplet size of the spray [7]. 
One way to assess the product performance of pMDIs is to analyse the spray pattern (SP) and plume geometry (PG). SP and PG are measurement techniques required by the US FDA in the draft guidance on the development of metered dose inhalers [8]. These tests are also important for assessing the spray performance and aerosolization of a pMDI during the development stage of a product [9]. 
The SP and PG of formulations using the current propellants, both with and without ethanol, has been widely researched [10] but less data is available for SP and PG of low GWP propellant formulations. Jordan et al. (2023), performed SP and PG measurements of HFA134a and HFA152a formulations both with and without ethanol. They found little variation between each formulation tested at SP distance of 30 mm. However, at 60 mm there were more clear differences, with HFA152a having a much higher area than the HFA134a formulation. The addition of ethanol resulted in a more continuous and intense HFA134a plume [11]. Despite previous work, it is still unclear how and why the SP and PG both with and without ethanol differ between the current and low GWP propellants.
This study aims to measure the SP and PG of the current propellants and the low GWP propellants both with and without ethanol, and subsequently seek to understand the differences in trends in SP area and PG observed between propellants with and without ethanol. 
Experimental Materials and Method
Materials
Placebo pMDIs containing formulations of all propellants from Table 1 with and without 12% w/w ethanol were manufactured using 16 mL canisters (Kindeva Drug Delivery, Clitheroe, UK) with 50 µL Bespak BK357 valves (Bespak by Recipharm, UK). Standard Kindeva Mk6 actuators with specifications 0.3 mm spray orifice diameter and 0.65 mm orifice length (a.k.a. jet length) (Kindeva Drug Delivery, Loughborough, UK) were used to conduct the testing. 
Method 
An Oxford Lasers EnVision Pharma R&D system was used to conduct SP measurements at both 30 mm and 60 mm from the actuator orifice as well as PG measurements. All pMDI aerosols units were actuated through the Kindeva Mk6 actuator. Three aerosol units were tested per formulation and each unit was tested three times. The study was randomised to mitigate the effect of any changes in laboratory conditions may have had on the results. Data from the Oxford Lasers EnVision system was exported into Minitab® Statistical Software (Version 21.3.1) where student’s T-Test statistical analysis was performed.
Results and Discussion
HFA134a and HFA152a have similar SVP, with HFA134a being slightly larger (Table 1). From previous work, the pressure of the formulation in the expansion chamber (as measured in the actuator sump) follow the same trend [12]. SVP is one of the main driving forces for spray plume formation; greater sump pressures will produce larger plumes. This is shown in Figure 1 at 30 mm as propellants HFA134a and HFA152a both have the two largest spray pattern areas (SPA) with HFA134a having the greatest area (mean area percentage difference +7.7% larger than HFA152a plume, p-value = 0.114), followed by HFO1234ze(E) and HFA227ea which have lower vapour pressures. 
Despite HFA134a having the largest SVP and highest peak expansion chamber pressure, at 60 mm the plume area for HFA152a units without ethanol is greater than that for HFA134a units (mean area percentage difference +3.5% larger than HFA134a plume, p-value = 0.58). This shows that the HFA152a plume expands at a greater rate than HFA134, in line with the observations of Duke et al (2023). One explanation for this could be the difference in densities of the propellants, which affects the plume spreading rate. HFA152a has a much lower liquid phase density at 0.91 g/ml compared to HFA134a at 1.23 g/ml (Table 1). 
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[bookmark: _Ref139282922]Figure 1 - Spray pattern area at 30mm and 60mm of current and low GWP pMDI propellants with and without 12% w/w Ethanol (N=3 units, n=3 shots per unit)
Incorporating ethanol into the formulations decreases the variation in SPA between the different propellants, as seen at both 30 mm and 60 mm measurement distances. SPA for all propellants other than HFA227ea decreased in size, whereas HFA227ea slightly increased.   Propellant only formulations have a wider spread of SPA data than formulations with ethanol. This may be due to changes in the internal flow structure, which in propellant only systems can be described as a vapour rich slug flow, creating a spray with greater dynamic variability. The addition of ethanol to the formulation reduced the shot-to-shot variability of SPA of each formulation as evident in the reduction of the 95% confidence interval for units containing ethanol. When ethanol is added to placebo formulations the internal flow structure changes to a dispersed bubbly flow. This may result in a much more stable and repeatable plume and could explain the change in SP area [13,14].
For plume geometry, Figure 2 shows both the plume width and cone angle. Similar to the spray pattern data, it is also evident that there is a reduced variability both between formulations and between shots of each formulation for plume width and cone angle for the units containing 12% w/w ethanol. There may be a greater variability in propellant only formulations due to the nature of the measurement technique which measures a thin planar slice of the plume.  
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[bookmark: _Ref139357224]Figure 2 - Plume width and cone angle of current and low GWP pMDI propellants with and without 12% w/w ethanol (N=3 units, n=3 shots per unit)
Conclusions
This study characterised the spray pattern and plume geometry of placebo units of current and new low GWP propellants with and without 12% w/w ethanol. It was found that HFA134a and HFA152a, the propellants with the highest saturated vapour pressure, produced the largest plumes. This is due to the higher SVP increasing the peak pressure at the orifice exit leading to wider spray plumes. The results also indicate that HFA152a spray plumes expand more rapidly that the other propellant gasses. These findings suggest that spray pattern area and plume spreading rate of pMDI formulations are governed by propellant/formulation physical properties other than simply SVP, for instance propellant liquid density. The addition of 12% w/w ethanol to the propellants generally decreased the SP area, reduced the variability between propellants and created more stable plumes. The addition of ethanol or minor adjustments to ethanol concentration when formulating with the low GWP propellants could help ensure similar product performance to the current products on the market.  
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