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Summary
Introduction - Pulmonary delivery of levodopa offers a rapid treatment for off episodes in Parkinson’s Disease. Inbrija is currently the only approved orally inhaled levodopa product, but a generic product (Levodopa Cyclops) is in development. These two products differ in terms of inhaler design and powder formulation (e.g. composition, particle size, and density), leading to differences in in vitro characteristics. The objective of this study is to assess whether differences in the in vitro characteristics between Levodopa Cyclops and Inbrija result in differences in their pharmacokinetic profiles. Methods – The in vitro dissolution characteristics were assessed using a Paddle Apparatus, and the in vitro aerosol characteristics were evaluated using an NGI. A clinical trial in fasted, healthy volunteers was performed to investigate the pharmacokinetics of both levodopa inhalation products. Results and Discussion - This study showed that the in vitro dissolution rate of Levodopa Cyclops was substantially higher than the in vitro dissolution rate of Inbrija. Since dissolution is a prerequisite for absorption, it was expected that the in vivo absorption of Levodopa Cyclops would be faster. However, the pharmacokinetic profiles of both products, including the absorption phases, were similar. This may indicate that the rate of levodopa absorption from the lungs is not limited by the dissolution of the dry powder formulation.  
Key Message
Differences in in vitro characteristics of orally inhaled products do not necessarily result in differences in in vivo outcomes. For in vitro comparability studies, it is important to choose parameters that are predictive of the in vivo results.
Introduction
Pulmonary drug delivery offers significant benefits for conditions that necessitate rapid treatment, such as off episodes in Parkinson’s Disease. Off episodes are episodes in which the disease is inadequately managed, causing patients to experience the characteristic motor and nonmotor symptoms related to Parkinson’s Disease, including bradykinesia, rigidity, tremor, apathy, and anxiety. Rapid treatment of off episodes is desired since these symptoms tremendously diminish the quality of life of these patients. Inhaled levodopa is easy to use, well tolerated, and rapidly absorbed. After pulmonary administration of levodopa, the maximum plasma concentration is reached within 15 minutes [1, 2], resulting in a rapid termination of off episodes [3].								
Approved in 2018 by the Food and Drug Administration and in 2019 by the European Medicines Agency, Inbrija (Acorda Therapeutics) was the first inhaled levodopa therapy and is the only inhaled levodopa product on the market to date. Although Inbrija may be effective for many patients, the availability of generic alternatives could be advantageous. Inhalers should suit patient preferences to enhance patient adherence [4]. Besides Inbrija, another levodopa dry powder inhaler (DPI) was developed by PureIMS, referred to as Levodopa Cyclops [2]. Contrary to the reusable capsule DPI Inbrija, Cyclops is a prefilled single-use inhaler, which facilitates easy handling. Inbrija and Levodopa Cyclops not only differ in terms of the device, but also in terms of their powder formulations, e.g. excipients and particle size, shape, and density [5, 6]. These device and formulation differences may result in a different pharmacokinetic profile. For systemic absorption, a drug first needs to dissolve in the epithelial lining fluid of the lungs. The dissolution kinetics of drugs can be affected by the hydrophobicity of the excipients and the particle size distribution of the formulation. Additionally, it may be expected that differences in the formulation and device result in differences in regional lung deposition, which could influence drug absorption as well. Another barrier to absorption is the epithelium of the lung, which differs throughout the lungs in terms of thickness [7].
The objective of this study is to assess whether differences in in vitro dissolution and in vitro aerosol characteristics between Inbrija and Levodopa Cyclops are correlated with differences in in vivo outcomes. Dissolution experiments and cascade impaction analysis were performed to assess the in vitro characteristics and a clinical trial was performed to compare the pharmacokinetics of Inbrija and Levodopa Cyclops in healthy volunteers.
Materials and Methods
In vitro characteristics
Dissolution – The in vitro dissolution of the Levodopa Cyclops (provided by PureIMS, the Netherlands) and Inbrija (obtained from Myonex, Germany) formulations was examined using a modified Paddle Apparatus (Sotax AT 7, Switzerland). A quantity of the formulations corresponding to 10 ± 0.5 mg of levodopa was sandwiched between two glass fiber filters (nominal pore size = 1.6 µm) and inserted into an in-house designed 3D-printed DPI filter holder. The dissolution holder was submerged in 600 mL of phosphate-buffered saline with pH 7.4 ± 0.05 at 37 ± 0.5 ºC. Reduced glutathione (100 µM) and ethylenediaminetetraacetic acid (30 µM) were added to the medium to prevent oxidation of levodopa. The rotation speed of the paddles was set at 140 rpm. The absorbance at 280.6 nm was recorded using an in-line UV-Vis spectrophotometer (Evolution 300, Thermo Fisher Scientific, Belgium) with a sampling interval of 2 minutes. The levodopa concentrations were determined using a calibration curve.
Aerosol characterisation – A Next Generation Impactor (NGI; Copley Scientific, United Kingdom) without a pre-separator, was used to measure the aerodynamic particle size distribution of Levodopa Cyclops and Inbrija. The stages were covered with 50 mm 1.6 µm glass fiber filters coated with 1 mL of 0.1M HCl. Measurements were conducted at pressure drops of 2, 4, and 6 kPa and an inhaled volume of 4 L. Despite the differences in inhaler resistance, 0.0390 and 0.0671 kPa0.5minL-1 for Levodopa Cyclops and Inbrija, respectively, we have chosen the same pressure drops for both devices. A previous study showed that the pressure drop individuals can generate is not affected by inhaler resistance [8]. The nominal levodopa dose was 45 mg for Levodopa Cyclops and 42 mg for Inbrija. For Inbrija, five replicates were measured for each pressure drop; for Levodopa Cyclops the measurement was performed in duplicate for each pressure drop due to the limited number of Levodopa Cyclops available. The stage deposition and the inhaler retention were measured spectrophotometrically at 280.6 nm (Genesys 150, Thermo Scientific, Belgium) after dissolving the powder in 0.1M HCl. The emitted dose and the fine particle dose ( 5 µm) were calculated using a calibration curve and corrected for the recovered fraction.
In vivo study
This was an open-label randomized crossover study in 26 healthy volunteers under fasting conditions (ClinicalTrials.gov ID NCT06037590). All volunteers received 45, 90, and 135 mg of Levodopa Cyclops in one to three 45 mg inhalations each and 84 mg of Inbrija in two inhalations of 42 mg on separate days according to a randomized crossover scheme with a wash-out period of at least 24 hours. The same batches of Levodopa Cyclops and Inbrija were used as for the in vitro studies. One hour before each treatment, participants were administered an oral dose of 50 mg carbidopa to prevent levodopa-induced nausea and vomiting, and to better reflect the real-world use of inhaled levodopa. Before inhalation, the volunteers were instructed on how to use the device. Blood was drawn before the inhalation and at 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 40, and 60 minutes and at 1.5, 2, 4 and 8 hours after inhalation. The levodopa plasma concentration was analysed through LC-MS/MS. 
Results
In vitro characteristics
Aerosol characterisation – The emitted dose and fine particle dose of Levodopa Cyclops and Inbrija are shown in Figures 1A and 1B, respectively. The emitted dose from Levodopa Cyclops showed an increase upon increasing pressure drop from 26.5 mg at 2 kPa to 38.4 mg at 6 kPa. Increasing the pressure drop from 2 to 4 kPa also resulted in an increase in fine particle dose from 16.2 to 22.6 mg. However, further increasing the pressure drop to 6 kPa did not increase the fine particle dose. Inbrija showed the same trends, although less pronounced.
Dissolution – The comparison between the dissolution profiles of the Levodopa Cyclops and Inbrija formulations is presented in Figure 1C. The dissolution profile of Levodopa Cyclops was characterised by a fast dissolution rate, which decreased after approximately 8.3 (SD = 1.7) minutes when 80% of the levodopa was dissolved. Inbrija showed a slower, more gradual dissolution profile. After 32.7 (SD = 5.4) minutes, 80% of the levodopa in the Inbrija formulation was dissolved. 
In vivo study
The clinical trial results are shown in Figure 1D and Table 1. All three Levodopa Cyclops doses and the Inbrija dose showed a rapid increase in levodopa plasma concentration immediately after inhalation. The Cmax was reached within 24 minutes (median) for each treatment condition. Levodopa Cyclops 90 mg and Inbrija 84 mg showed similar pharmacokinetic profiles. This was reflected in the Cmax, Tmax, and AUC0-t, which showed no significant differences between Levodopa Cyclops 90 mg and Inbrija 84 mg. 
[image: ]Figure 1 – Comparison of the in vitro and in vivo characteristics of Levodopa Cyclops and Inbrija. [A] and [B] Aerosol characterisation of Levodopa Cyclops (nominal dose of 45 mg) and Inbrija (nominal dose of 42 mg) obtained by Next Generation Impactor measurements. Data are expressed as average with the min and max for Levodopa Cyclops (n = 2) and average ± standard deviation for Inbrija (n = 5). [C] The dissolution profiles of the formulations (both 10 mg of levodopa). Data are expressed as average ± standard deviation (n = 12). [D] Baseline corrected pharmacokinetic profiles after inhalation of Levodopa Cyclops (nominal doses of 45, 90, and 135 mg) and Inbrija (nominal dose of 84 mg) by fasted, healthy volunteers. Data are expressed as average ± standard deviation (n = 26).
Table 1 – Pharmacokinetic parameters (Cmax, Tmax, and AUC0-t) after inhalation of Levodopa Cyclops (nominal doses of 45, 90, and 135 mg) and Inbrija (nominal dose of 84 mg) by fasted, healthy volunteers (n = 26). 1Not significantly different (paired T-test; p = 0.9599). 2,3Not significantly different (Wilcoxon Signed-Rank test; resp. p = 0.9870 and p = 0.4834).
	
	Levodopa Cyclops 45 mg
	Levodopa Cyclops 90 mg
	Levodopa Cyclops 135 mg
	Inbrija 
84 mg

	Cmax (ng/mL) (average; SD)
	573.24 (242.17)
	1073.54 (362.53)1
	1558.15 (403.27)
	1077.19 (473.34)1

	Tmax (h) 
(median; min – max)
	0.400 (0.050 – 1.517)
	0.375 (0.050 – 1.500)2
	0.250 (0.050 – 2.017)
	0.334 (0.083 – 2.017)2

	AUC0-t (ng*h/mL) (average; SD)
	1031.77 (186.81)
	1976.42 (484.24)3
	3090.78 (522.40)
	1955.37 (598.96)3


Discussion
This study was designed to assess the in vitro differences between two orally inhaled levodopa products and to correlate them to the in vivo outcomes (PK) in fasted, healthy volunteers. At 2 kPa, Inbrija has a higher emitted dose and fine particle dose than Levodopa Cyclops. However, at 4 and 6 kPa, the emitted dose and fine particle dose of Inbrija and Levodopa Cyclops are similar. We assume that most individuals, including the healthy clinical trial volunteers, can generate at least a 4 kPa pressure drop across both devices since both Inbrija and Cyclops are high-resistance devices. Therefore, a pressure drop of 2 kPa may be too low to reflect typical usage conditions accurately. Then, the similar fine particle doses of Inbrija and Levodopa Cyclops may lead one to expect a similar regional lung deposition between both products. However, the notably different inhaler resistances lead to different inhalation flow rates at similar inhalation pressure drops, which could favour deep lung deposition for Inbrija. This was obvious from a comparison of stage-by-stage depositions in the NGI. For example, at 4 kPa the total deposited levodopa mass from stage 4 to MOC was 18.7 (SD = 2.5) mg and 12.0 (SD = 0.8) mg for Inbrija and Levodopa Cyclops, respectively. If indicative of deeper lung deposition, this could result in faster absorption for Inbrija due to the thin epithelial barrier in the alveoli compared to the upper airways in a permeability rate-limited system. It must be noted, however, that bounce effects could not be fully eliminated during the NGI experiments, so the fine particle doses may have been overestimated. In addition, the lung deposition pattern of levodopa may not be critical to its absorption rate, as differences in inhalation profiles did not correlate to pharmacokinetic differences in a previous study [2]. It should also be noted that the NGI results provide an estimate of the deposition pattern and do not perfectly reflect the deposition pattern.
Levodopa Cyclops showed a considerably faster in vitro dissolution than Inbrija. Since dissolution is the first step for a dry powder formulation to be absorbed into the systemic circulation, we expect that this would result in faster absorption of Levodopa Cyclops. The in vivo data showed that a 90 mg Levodopa Cyclops dose results in a similar pharmacokinetic profile as Inbrija 84 mg with only minor differences in Cmax, Tmax, and AUC0-t. The difference in in vitro characteristics, especially the substantial difference in in vitro dissolution rate, are thus not reflected in the in vivo outcomes. A possible explanation could be that dissolution is not the rate-limiting step for the absorption of levodopa dry powder for inhalation. The difference in dissolution rates between Levodopa Cyclops and Inbrija might, in that case, not be relevant in vivo. Furthermore, the difference in in vitro dissolution behavior may not be representative of the in vivo dissolution kinetics, as our medium does not perfectly mimic epithelial lining fluid [7]. Additionally, the timing of dose emission may be important for the deposition and pharmacokinetics of orally inhaled drug products and was not studied here. Finally, it could be that the higher dissolution rate of Levodopa Cyclops was compensated by the potentially deeper lung deposition of Inbrija, leading to similar absorption rates.
The larger variation in in vitro emitted dose of Levodopa Cyclops at various pressure drops did not lead to more variation in the in vivo outcomes compared to Inbrija. This could be because the in vitro pressure drops may not have reflected the pressure drops generated by the volunteers during the clinical trial. The pressure drops generated by the volunteers were not recorded. 
The results of this study indicate that levodopa absorption following inhalation is a robust process that is insensitive to in vitro differences in dissolution and deposition behavior of the dry powder inhalation products used. Furthermore, based on the AUC0-t, it is likely that Levodopa Cyclops will be bioequivalent to Inbrija with the same nominal dose of 84 mg.
Conclusion
The aim of this study was to establish an in vitro – in vivo correlation of levodopa dry powder for inhalation. However, a clear correlation could not be established. Although the in vitro dissolution rate of Levodopa Cyclops was substantially faster than that of Inbrija, this was not reflected in the in vivo absorption rate. This may indicate that not dissolution, but permeability is the rate-limiting step, or that any dissolution effects are counteracted by differences in regional lung deposition. 
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