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Summary
Inhaled therapy has undergone a rapid expansion in dry powder inhalers (DPIs) in the past fifty years to treat pulmonary diseases. Despite their popularity, the development of DPIs has been constricted by low and inconsistent pulmonary drug delivery efficiency as well as significant drug loss in the mouth-throat region. Inhaler design has been a crucial player in powder dispersion and aerosolization. To improve the inhaler performance, swirl pipe designs with different diameters (3, 6, 9 mm) were introduced and incorporated into the mouthpiece of a capsule-based inhaler, and then evaluated by experimental analysis and numerical analysis using a carrier-based formulation. The results illustrate that the swirl pipe design can promote drug-carrier separation by introducing strong turbulent flow. Such “promotion” is much more prominent in the narrower swirl pipe (3 mm). However, the API retention in the device is remarkably high, up to 40%, which is likely due to the sudden configuration transition and particle-wall impaction as well. Therefore, the aerosolization performance of the inhaler with the swirl pipe design is compromised with undesirable results. Summarily, the swirl pipe design has the capability of increasing drug-carrier separation but generates high drug retention in the device. Further modifications to the swirl pipe design will be made to improve its aerosolization performance.
Key Message
Swirl pipe design can decrease drug deposition in the pre-separator (mouth-throat region) by promoting separation between API and carrier particles yet produce undesirably high drug retention in the inhaler with narrower swirl pipe and therefore a compromised aerosolization performance, which is likely due to the rapid configuration transition and high particle-wall impaction.
Introduction
Dry powder inhalers (DPIs) have proven to be an effective and convenient way to deliver medications in respirable size (1-5 µm) to the lungs in the treatment of respiratory and even systemic diseases [1]. An increasing popularity is received by DPIs because of ease of use, formulation stability, fewer environmental issues, and less coordination required for inhalation and actuation [2]. Currently, most commercial DPI products produce low fine particle fraction (FPF) with a large fraction of medications depositing in the mouth-throat region, especially for the carrier-based DPI formulations.
To improve FPF and decrease oropharynx deposition, numerous studies have been carried out, including particle engineering, inhaler design, and formulation optimization. The inhaler is an indispensable component in the medication-device DPI system, which is responsible for generating drug aerosol by a built-in dispersion mechanism. It is believed that turbulence in the DPI flow fields can encourage the deagglomeration of API fines or the de-attachment of APIs from the carrier [3]. For example, the grid structure is an effective design that can introduce strong turbulence as well as high velocity to improve dispersion by collision and/or shear stress [4]. 
Swirl pipe design is also capable of generating turbulent flow, which was first introduced into the DPI, Turbuhaler®, to break up “soft pellets” and promote de-agglomeration and dispersion, consequently improving the FPF to up to 50% [5]. Other efforts have also been made to study the swirl pipe design. For example, Lee et al. designed a spiral-shaped mouthpiece mounted to a blister-based multidose DPI, showing strong swirl motion of air streams and enhanced FPF [6]. 
Despite the efforts to improve the detachment of API fines from the coarse carrier, limitations also exist. The recently published study by Lee et al. used the spiral design as an extended mouthpiece, which may be inconvenient for patients to use. More importantly, the feasibility and performance of the swirl pipe design in a capsule-based inhaler have not been investigated yet. Therefore, in this study, the spiral pipe design with different configurations is introduced into a capsule-based inhaler to study its influence on the API-carrier separation and overall aerosolization performance. 
Methods and materials
Indacaterol Maleate (IM) dry powder mixture (Batch NO.: BVY12) and a capsule-based inhaler, Breezhaler®, from Novartis Pharma (Switzerland), were used as the dispersion formulation and the model inhaler (Figure 1d), respectively. Chromatography-grade methanol and orthophosphoric acid purchased from Fisher Scientific, Canada, were used as the mobile phase components. The mixture of Brij35 from Alfa Aesar, Canada, and analytical-grade glycerol from Fisher Scientific, Canada, was used for cup coating.
The swirl pipe design was incorporated into the Breezhaler®, and changes were made to the inner diameter, thus generating three spiral channels with an inner diameter of 3 mm, 6 mm, and 9 mm, as can be seen in Figure 1. 
[image: ]
Figure 1 Illustration of 3D models of the inhalers with different swirl pipe designs
Aerosolization performance of the inhalers was evaluated using a Next Generation Impactor (NGI, Copley, Nottinghamshire, UK). The NGI was attached with a critical flow controller TPK 2000 (Copley Scientific Ltd, Nottingham, UK) to control the inhalation time duration and an HCP5 vacuum pump (Copley Scientific Ltd, Nottingham, UK) to draw air into the NGI system. Inhalers were actuated at a volumetric flow rate of 60 L/min for a total of 4 s with 13 capsules dispersed for each aerodynamic test. The NGI stages were coated with a mixture of ethanoic Brij35-glycerol to prevent particle re-entrainment [7]. After aerosol generation, the capsules and all the NGI stages were extracted with the methanol-water mixture (60:40), followed by IM content analysis by High-Performance Liquid Analysis (HPLC). Using the resulting aerodynamic particle size distribution data, fine particle fraction (FPF), emitted dose, un‑detached drug fraction in pre-separator (PS), and mass retention of IM in the device were calculated. The FPF is defined as the mass percentage of IM with an aerodynamic diameter of 1-5 µm as of the loaded dose. The emitted dose is the emitting mass fraction of IM from the inhaler as of the loaded dose. The un-detached drug fraction is the mass fraction of IM in the pre-separator as of the loaded dose. The mass retention of IM in the device is the percentage of IM retained in the inhaler as of the loaded dose. Statistical analysis was performed using one-way ANOVA analysis at a p-value of 0.05.
Computational Fluid Dynamics (CFD) analysis was performed by using ANSYS Fluent (ANSYS Inc., USA). Turbulent flow inside the fluid domain was modelled using the standard generalized k-ε equations (two equations), which could predict the velocity, shear stress, and turbulent intensity for transit and turbulent flow [3], [8]. The unistructural poly-hexacore meshing was used since it has proven to generate high-quality meshes compared with polyhedrons [9]. The number of generated meshes was within the range of 350,000-700,000, which was sufficient to achieve mesh independence. As inhalers were evaluated at a steady volumetric flow rate of 60 L/min, the equivalent mass outflow of 0.001205 kg/s for mouthpiece outlet and zero-gauge pressure for inlets were adopted as boundary conditions, as reported in [10]. The absolute convergence criterion for simulations was set as 1×10-5. The system was solved by a segregated algorithm named SIMPLE in ANSYS, and double precision was employed in all the calculations for simulations.	Comment by David Harris: Why did you chose k-epsilon, rather than say, a non-symmetric turbulence model, such as RSM?  K-E is not usually very accurate for highly swirling flow regimes.
Results
The inhalers with different swirl pipe diameters were evaluated by aerodynamic analysis and computational analysis. 
Aerosolization performance
Swirl pipe design affects inhaler performance, including drug retention in the device, un-detached drug fraction in pre-separator (PS), fine particle fraction (FPF), and emitted dose, shown in Figure 2. Drug retention in the inhalers with the swirl pipe (SW) design is increased when compared with original inhaler without swirl pipe (15.4%±0.9%). Particularly, the mass retention is remarkably high for the narrow spiral channel (3 mm), approximately 40.9%±1.3%, as can be seen in Figure 2a. Increasing the pipe diameter [image: ]to 9 mm, the retention is significantly decreased to 19.6%±1.2% (p<0.05). 
The drug deposition in the pre-separator (PS) can be reduced by the swirl pipe design. Compared with the original inhaler with a 24.7%±1.3% value in PS, a great decrease to 11.7%±1.2% for the inhaler with a 3 mm-wide swirl pipe is observed in Figure 2b (p<0.05), which shows a significantly improved separation between the API and the carrier. When the swirl pipe diameter increased to 9 mm, such “separation” is not as significant as expected. The results illustrate that the swirled mouthpiece could promote detachment of the API from the carrier. Narrower swirl pipes greatly contribute to the detachment of APIs from the carrier, which may lead to an improvement in aerosolization performance. 	Comment by Guest User: Is it possible to improve the clarity of the labels on the graphs as it is difficult to work out what they are?Figure 2 The aerosolization performance including (a) drug retention in the device, (b) un-detached drug fraction in pre‑separator, (c) fine particle fraction, and (d) emitted dose

Despite the remarkably increased de-attachment between API and carrier by the narrow swirl pipe (3 mm), the FPF and emitted dose show undesirable results, 23.7%±4.8% and 52.1%±5.2%, respectively. As the inner diameter of the swirling pipe increased from 3 mm to 9 mm, a significant increase in FPF and emitted dose to 38.1%±4.2% and 72.8%±3.3% are observed in Figure 2c and Figure 2d (p<0.05). In comparison with the original inhaler, the 9-mm swirl pipe shows little difference in FPF (p>0.05) and significant difference in emitted dose (p<0.05). 
Overall, the swirl pipe design could promote de-attachment of the API from the carrier. Narrow swirl pipe shows better separation but lower aerosolization performance in terms of FPF and emitted dose, which may result from too much drug retention in the device.
Computational analysis
[image: ]The influence of swirl pipe (SW) designs on the velocity, turbulent kinetic energy (TKE), and wall shear in the inhaler is shown in Figure 3. The introduction of swirl pipe generated spiral flow fields and spiral flow patterns (Figure 3a). The narrower spiral pipe produced more swirled flow with higher velocity in the mouthpiece when compared with straight air trajectories with relatively small velocity in the original inhaler.
In addition to the swirled airstreams, the intensive turbulent flow was also introduced by the swirl pipe design. Particularly, the narrow swirl pipe (3 mm) led to a relatively high TKE level. The area-averaged TKE on five specific planes are shown in Figure 3b to present an overview of turbulent differences along the mouthpiece forward to the exit. Highest TKE is observed at the grid for the inhalers with or without swirl pipe, which is consistent with the previous work in [4]. It is also noticeable that the turbulence intensity decreases along the mouthpiece from the grid to the exit, while the turbulence in the circular chamber shows insignificant differences between the inhalers (p>0.05), which illustrates that the swirl pipe design mainly affects the mouthpiece regions. Furthermore, the turbulent level and wall shear in the spiral pipes are greatly elevated in comparison with the original inhaler. When the diameter of the swirl pipe is decreased, an apparent increase in TKE and wall shear is observed in Figure 3b and Figure 3c, particularly in the early entry of the swirl pipe. Figure 3 Contour maps of (a) airflow trajectories, (b) turbulent kinetic energy profiles in the inhalers with different swirl pipe designs

Discussion
The swirl pipe design could decrease drug impaction in pre-separator (PS) by promoting API-carrier separation. Particularly, the narrower swirl pipe (3 mm) is capable of significantly decreasing the un-detached drug in PS to as low as 12%, which could be ascribed to the increased turbulent intensity and wall shear in the mouthpiece region.
Despite the improved separation, a remarkably high fraction of drug particles retains in the device, especially for the narrow swirl pipe (3 mm). A possible reason lies in the sudden geometric transition for the flow from a large circular cross-session (11.2 mm) to a narrow spiral channel (3 mm), which causes the impaction of particles on the entry of the mouthpiece wall. Additionally, a strong particle-wall collision could be introduced by the tangential shear stress and velocity, causing drug deposition in the mouthpiece. Moreover, the API-carrier mixture used in the study is also a possible contributor to the high drug retention. In the narrower spiral channel, a high velocity is generated (Figure 3b) in the flow fields where the large carrier particles with APIs attached have great momentum and tend to impact on the pipe wall. Therefore, affected by the “improved separation” and “high drug retention”, the overall aerosolization performance of the inhaler with a 3-mm wide swirl pipe is not as satisfactory as expected.
When looking at the inhaler with a large diameter of the swirl pipe (9 mm), the API-carrier separation is moderately decreased while device retention is much reduced than that of 3-mm swirl pipe due to the relatively smooth transition as well as a much smaller velocity and wall shear in the flow field. Overall, the FPF of the inhaler (9 mm) is greatly improved in comparison with the narrow swirl pipe yet shows insignificant changes with the original inhaler in FPF. In future work, the swirl pipe design should be further modified to improve the dispersion and aerosolization performance. 
Conclusions
The swirl pipe design with different diameters (3, 6, 9 mm) were investigated by experimental and computational tests. The results show that the swirl pipe could promote API-carrier separation by introducing intensive turbulent flow, which is particularly prominent in the inhaler with narrower spiral mouthpiece (3 mm). Despite the benefits, high mass percentage of drug particles retained in the device, leading to compromised aerosolization performance. Future work will be placed on the modifications of the swirl pipe design to further improve its dispersion and aerosolization.
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