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Summary
Simulations of next generation impactor (NGI) deposition were performed in-silico, utilising state-of-the-art aerosol kinetics models and single-particle measurements of hygroscopicity. Particle size evolution was captured for full aerodynamic particle size distributions (APSDs), and coupled with analytical models of filtration systems. This methodology was demonstrated for a soft mist inhaler aerosol with the potential to be applied to any formulation. Literature descriptions of inertial impactors were used to generate digital representations of an NGI. Experimental data of sodium chloride, salbutamol sulphate and tobramycin were used for the simulation of aqueous aerosols. The effect of formulation properties, in particular, hygroscopicity was shown to have an impact upon the size evolution of each aerosol. The effect of the gas phase relative humidity (RH) upon aerosol distributions was shown as was the corresponding effect upon NGI deposition. A larger amount of deposition is predicted at 10% ambient RH on the more distal late stages within the NGI than at 99 % RH.
Key Message
In-silico representations of coupled aerosol size evolution and deposition enable digital next generation impactor studies for optimising orally inhaled formulation properties.
Introduction
Aerosol transport and deposition within the lung is determined by the nature of gas flow and the aerodynamic particle size of particles.1 Models of gas flows within the respiratory system are increasing in complexity and resolution.2 However, the relationship between the airflow path and airway humidity on the dynamics of aerosol aerodynamic size change are less well understood and are controlled by the kinetics of mass transfer.3,4 It is crucial to comprehend and control the aerodynamic particle size to achieve optimal drug deposition. Evaluation of the time-resolved impact of formulation hygroscopicity on aerosol dynamics and deposition during inhalation remains challenging to implement. Hygroscopicity plays a vital role in determining the equilibrium size of aerosol particles and the rate of size change. Figure 1 presents the experimentally measured hygroscopicity of three compounds in comparison to theoretical radial growth factor (GFR) values based upon κ, a coefficient which approximates GFR for a given water activity.5,6 Without consideration of factors such as formulation hygroscopicity, simulation of aerosol transport and deposition during inhalation are limited in accuracy, irrespective of the quality of the gas phase simulations.[bookmark: _Ref140244352]Figure 1. Experimentally reported growth factors for sodium chloride, salbutamol sulphate and tobramycin (points) in comparison with radial growth factors based upon kappa values (shaded lines).

In this study, we present a framework by which the time -resolved size change of aerosol particles may be accurately simulated and incorporated into analytical models of filtration systems – in-silico representations of coupled size evolution and deposition. This approach may be applied to models of the respiratory tract to gain improved understanding of likely regional deposition.7 Alternatively, inertial impactors, such as Next Generation Impactor (NGI) may be represented using this methodology.
The ability to simulate APSD data akin to those generated experimentally, using apparatus such as NGI, provides an opportunity to accelerate early-stage formulation development, with possible formulation properties being explored and optimised digitally, prior to laboratory trials. We here present a case study, demonstrating application of the framework to a plume of aqueous aerosol from a soft mist inhaler, for example, passing through an NGI.
Experimental Methods
In this work we demonstrate the framework’s capability using simulations of droplet size generated using an evaporation kinetics model.8 Such simulations require many parameterisations of solvent and solute properties, with solution density and solution hygroscopicity often not being available in the literature. The GFR measurements were obtained from a single microdroplet of solution using an electrodynamic balance (EDB) as described by.9 These are then used to generate the required parameterisation of water activity. The density of most solutions were parameterised using experimental data and methods recommended in the literature.10 When empirical data were unavailable, such as for tobramycin solution, density was calculated using GFR measurements as reported by Gregson.11 Alternatively to simulations, experimental size evolution data may be used, widening the applicability of this model to all formulations – dry powders undergoing dissolution, soft mist evaporation, or volatile solvents evaporating extremely rapidly.
	
	
	Equation 1


The stage collection efficiencies, Ecollection, of an archival NGI have been reported in the literature.12 Modified sigmoid functions, as shown in Equation 1, were fitted to these data, and used to represent each stage. In Equation 1, α is a dimensionless parameter used to control the sharpness of the sigmoid function, dparticle is the aerodynamic diameter of particles and d50 is a fitted parameter representing the diameter at which the stage operates with 50 % efficiency. Figure 2 presents the example data and the corresponding fits achieved using this method. The time at which a plume of aerosol may pass through each stage is approximated using the internal volume of the impactor and the flow rate with the assumption that stages are evenly distributed throughout the impactor. [bookmark: _Ref140250394]Figure 2. Experimental data for collection efficiencies of an NGI at a flow rate of 30 L/min (points). Corresponding fitted functions are shown with colour-matched lines.


Results and DiscussionFigure 3. The temporal size evolution of aqueous solution droplets with an initial size of 10 µm and initial mass fraction solute of 5 % at 298 K and at 50 % and 99 % RH.

Figure 3 shows the simulated evaporation and condensation of sodium chloride, salbutamol sulphate and tobramycin solutions in both high and low RH, demonstrating the impact of solution hygroscopicity. 
The size evolution of an example APSD, based on measurements reported by Armstrong-Green, in 99 % and 10 %RH is shown in Figure 4.5 It can be seen that small droplets (for example, < 1µm) reach an equilibrium size more quickly than larger (> 2µm). In high RH, the distribution shifts to the right due to condensational growth, and in low humidity, evaporation results in the distribution shifting to the left. It is also clear that evaporation occurs much more rapidly than condensation. 
The simulated droplet evolution enables the precise drug concentration of droplets to be known over time. By coupling an evolving size distribution with the simulated NGI, the deposition upon each stage may be found. Figure 5 presents the predicted deposition upon each stage for a bimodal distribution with peak mass concentrations at 0.3 µm and 3 µm as reported for soft mist inhalers, at 99 % and 10 % RH.13 At a low RH, droplets evaporate and are deposited on later stages in the NGI. Conversely, in high RH, deposition occurs upon earlier stages due to the larger size of droplets. The undeposited fraction is comprised of particles which pass fully through the NGI and would not be expected to be measured in experiments.[bookmark: _Ref140252103]Figure 5. Predicted NGI deposition for a dispersion of aqueous sodium chloride solution droplets in air at a RH of 10 % (left) and 90 % (right).
[bookmark: _Ref140251408]Figure 4. The evaporation (left) and condensational growth (right) of a distribution of aqueous sodium chloride aerosol exposed to 10 % and 99 % RH, respectively.

Figure 3 and Figure 5 demonstrate the significant impact of formulation properties and environmental conditions in controlling deposition in an NGI, a key tool in formulation development. Digital representations of impactors provide an opportunity to optimise formulations in-silico. Optimal properties, such as solute concentration and hygroscopicity, may be identified using the methods described and the impact of size distribution upon deposition may be explored.
Conclusion
A coupled aerosol evolution and deposition framework is described and demonstrated for aqueous aerosol such as those generate by soft mist inhalers passing through an NGI. Simulations of droplet evolution are generated, using EDB measurements of hygroscopicity. The dependence of NGI deposition upon environmental RH is shown for sodium chloride aerosol, demonstrating the importance on controlling the conditions in experimental work and highlighting the application of computational approaches for the exploration of formulation behaviour in physiological conditions. Such an approach enables deposition behaviour of formulations to be optimised prior to laboratory NGI studies being performed though guided modulation of formulation properties.
Future work includes the application of this framework to drugs relevant to respiratory medicine and the incorporation of analytical models of the lungs, such as the ICRP human tract model, for the evaluation of regional deposition.14 The approach shown offers a route to exploring aerosol plume dynamics and deposition in physiologically relevant conditions, without experimental challenges such as maintaining temperature and RH. Such steps will enable better prediction of drug delivery and allow formulation properties to be modulated for the optimisation of controlled deposition. 
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