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Summary
[bookmark: _Hlk138251153]Introduction. Dry powder inhalers (DPIs) in the treatment of non-communicable chronic respiratory diseases such as asthma and chronic obstructive pulmonary disease (COPD) are one of the most widely used devices used by the patients. However, the appropriate use or choice of inhalable medications can be challenging for patients and healthcare professionals. Poor adherence due to high frequency of administration, errors in inhalation technique and/or use of DPIs may cause the loss of asthma or COPD control. In the present study, we aim to develop a dry powder for inhalation (DPI) formulation based on controlled release of budesonide (BUD) using a lipid matrix based on hydrogenated castor oil (HCO) and tocopherol polyethylene glycol 1000 succinate (TPGS) to decrease the administration frequency. Methods. BUD formulations were produced using the spray-drying particle engineering technique. The aerodynamic properties were assessed using the Next Generation Impactor (NGI) according to the European Pharmacopeia. The release properties of BUD were assessed using a paddle apparatus with a Fast Screening Impactor cassette for dissolution. Results. The formulations showed optimal aerodynamic properties with a fine particle fraction related to the nominal dose (FPFn) comprised between 52.5% to 53.5% as well as drug releases that decreased depending on the content of HCO (20 (% w:v) or 95 (% w:v)) and TPGS (5% (w:w) of the excipients). Conclusion. Our results suggest that the content of the lipid matrix in HCO and TPGS is responsible of the extended drug release in PBS – 0.02% Tween20 (w:v) and fine particle ratio (FPF).
Key Message
To decrease the frequency of administration of budesonide, dry powders for inhalation based on lipid matrix composed of HCO and TPGS containing budesonide at different drug contents were developed. An optimized lipid matrix improves aerodynamic performances and extend the release of budesonide over 24 hours. 
Introduction
Drug delivery by pulmonary route is gaining interest over the years. It allows the drugs exerting their activity locally with a rapid onset of action, an improved safety profile, and a high therapeutic ratio and selectivity, while reducing systemic exposure [1]. Nowadays, several inhalers are available on the market such as pressurized metered doses inhaler (pMDIs) and dry powder inhalers (DPIs). These latter devices play a crucial role in non-communicable chronic pulmonary diseases such as asthma and chronic obstructive pulmonary disease (COPD). Pulmonologists choose the inhaled medicine according to (i) to treatment guidelines from GINA and GOLD for asthma and COPD respectively, (i.e., recommendations on drug classes and doses, and the degree of severity of the disease), (ii) the health care system (medicine availability and cost), and (iii) the patient’s specific features (e.g., hand-mouth coordination, inspiratory airflow and/or dexterity) [2][3]. 
Inhaled corticosteroids (ICS) are the cornerstone of the treatment of asthma and are used in more severe form of the COPD, for which patients also need a treatment with high onset of action. However, some of them, such as micronized budesonide require to be delivered twice a day or once a day at high dosage. This can increase the risk of systemic side effects and thus, decreasing the patient’s adherence to treatment. Moreover, some bronchodilators can be added to ICS following the severity of asthma. These are the cornerstone of the treatment of COPD. These different or combined inhaled medicines can be delivered at different administration frequencies, making the treatment complex and increasing the risk of crucial errors, thus leading to the loss of the disease control. To avoid it, the acquisition of appropriate inhalation technique and use of the devices are crucial and requires cooperation between healthcare professionals and patients to enhance the treatment adherence [4][5]. Therefore, the simplification of treatment by developing a formulation with the desired therapeutic effects, minimal systemic exposure and delivered once daily could significantly improve the control of the disease, especially for patients with adherence and/or inhalation technique issues [6][7]. Moreover, dry powders for inhalation are sensitive to humidity (e.g., exhalation inside the device before dose inhalation) and inadequate environmental exposure could significantly reduce the dose reaching the lungs and thus decrease the treatment efficacy [4][8]. In order to overcome these challenges, the aim of this project is to develop dry powder for inhalation based on a lipid matrix to (i) protect BUD against the humidity, (ii) slow its release in lung fluids and (iii) increase its lung deposition using an easy scalable particle engineering technique. 
Materials and Methods 
Production of the dry powders for inhalation
BUD (Sterling SPA, Corciano, Italy) was first solubilized in Isopropanol (Merck Millipore, Darmstadt, Germany) heated at 65°C then HCO (HCO Kolliwax from BASF, Ludwigshafen, Germany) and TPGS (Tokyo Chemical Industry, Zwijndrecht, Belgium) were added to the heated solution. The solution was spray-dried using a B-290 Mini Spray Dryer (Büchi Labortechnik AG, Flawil, Switzerland) with the following parameters: feed rate 2.8 – 3.0 g/min, inlet temperature 70°C, outlet temperature 43 – 47 °C, 0.7 mm two-fluid nozzle, 1.5 mm nozzle-cap, compressed air at 800 L/min, and drying air flow at 35 m3/h. The inhalable particles produced were stored in a closed glass container at +22 (±2) °C in a desiccator. 
Budesonide determination
Quantification of BUD content was performed using the HPLC-UV method and a column Alltima C18 (5µm), 4.6 x 150 mm (Hichrom, UK). The mobile phase was a mixture of sodium phosphate buffer pH 3.2 and ACN (65 :35 v/v), previously filtered under vacuum on a Sterriccup® Quick Release Filter Durapore® with a 0.22 µm pore size PVDF membrane (Merck, Darmstadt, Germany). Chromatographic analysis was performed with an isocratic flow rate of 1.5 ml/min, at 40°C with an injection volume of 100 µl. The run time was 22 min at the wavelength of 245 nm for detection. Both epimers A and B chromatographic peaks were observed respectively at 19 min and 17 min. 
Assessment of the aerodynamic performances
The Next Generation Impactor (NGI, Copley Scientific LTD., Nottingham, UK) was used as described by the European Pharmacopeia (i.e., Apparatus E). Fast Screening Impactors (FSI, Copley Scientific LTD. Nottingham, UK) that are not supported by the European Pharmacopeia were used for a first screening before using the Next Generation Impactor that allows a better discrimination of the particle aerodynamic size to be obtained. FSI was used with a 90 mm glass membrane filter with a 1 µm pore size (Pall Corporation, New York, USA) for recovery. The flow rate was set at 100 L/min using a DFM 2000 Flowmeter connected to a critical flow controller model TPK 2000 and to two HCP5 pumps (Copley Scientific LTD., Nottingham, UK) to obtain a P3/P2 inferior to 0.5. The flow rate of 100 L/min (flow rate for dry powder inhaler) [9] was maintained for 2.4s. Impaction is performed using a size 3 HPMC Quali-V®-I capsule inserted into a low resistance RS01 device connected onto the induction port using an RS01 adapter (Copley Scientific Ltd., Nottingham, UK). The amounts of BUD in the capsule, device and each compartment of the impactors were solubilized in a heated mixture of IPA and water (60 :40 v/v) supplemented with 0.5% poloxamer 407 (w:v). The BUD recovered in solution was sonicated for 30 – 60 min and the quantification of the drug content was performed by the HPLC-UV method as described above. From this quantification, parameters such as FPD (Fine Particle Dose), GSD (Geometric Standard Deviation) and MMAD (Mass Median Aerodynamic Diameter) were determined using Copley Inhaler Testing Data Analysis Software (Copley Scientific LTD., Nottingham, UK).  
Assessment of the release profile
The fine particle dose (FPD) was impacted on a 90 mm glass filter 1 µm membrane  (Pall Corporation, New York, USA) using the FSI (Copley Scientific LTD., Nottingham, UK) at 100 L/min during 2.4 sec. Then, the membrane was covered with a PTFE mesh screen with the powder deposited upwards and fixed on a watch glass with clips. Th assembly was then submerged in the dissolution vessel of a 708-DS dissolution apparatus connected to an 805-DS autosampler (Agilent Technologies, Machelen, Belgium). Each vessel was filled with 1L of reconstituted PBS (according to EU. Pharmacopeia, Dissolution Test (reference 01/2008: 20903, Apparatus 2, Buffer Stage) at pH 7.4 supplemented with 0.02% Tween 20 (w:v). The temperature of the vessels was set at 37 °C, the paddles were fixed at 25 +/- 2 mm between the paddle blade and the watch glass/PTFE assembly, and then set at a rotating speed of 50 rpm for 24 hours. Timepoints for sampling ranged from 5 min to 1440 min and the 100% BUD dissolution value was assessed by setting a speed of 250 rpm for 3 hours. Drug content was then assessed using the HPLC-UV method as described above. 

Results and Discussion
The BUD formulations consisted in embedding BUD in 95% (BH5.5) or 80% (BH20.5) of a lipid matrix composed of highly hydrophobic and biocompatible triglyceride and 5% of TPGS (w:v). TPGS is PEGylated and is used to slow down the clearance of the particles in the lungs. The formulation was easily and rapidly spray dried with an appropriate yield (53.48% and 44.3% respectively for BH5.5 and BH20.5). HCO and TPGS appear to be good candidates to improve the aerodynamic performance (Table 1) and extend the release of BUD from the DPI (Dry Powder Inhaler). Both BUD formulations with the lipid matrix showed a greater FPF value compared with the micronized budesonide (BH100). The aerodynamic evaluation showed that the greater part of the impacted fraction remained in the third and fourth compartments (data not shown) of the NGI (cut-off diameter of 2.18 µm and 1.31 µm, respectively) as well as a MMAD ± GSD comprised between 1-5 µm meaning that the formulation could be deposited in the whole lung, including the conducting zone and in the respiratory zone. 
Table 1: Aerodynamic characteristic values for budesonide (BUD) formulations measured from a 10.00 mg powder mass (BUD content: 5.138 ±0.008 for BH5.5; 22.69 ±0.03 for BH20.5; 103 ±3 for BH100 (% w:w)) in a size 3 HPMC capsule in a low resistance RS01 device, using the NGI operated at 100 ± 5 L/min for 2.4s. Data are expressed as mean ±SD (n = 3, mean ±s.d)
	Formulation
	BUD content (%)
	Ratio  BUD:Excipient (% w/w)
	FPF (%)
	FPD (µg)
	MMAD (µm)
	GSD (µm)

	BH5.5
	5.138 ± 0.008
	5:95
	53.5 ±0.6
	273.0 ±2.00
	2.21 ±0.08
	1.760 ±0.020

	BH20.5
	22.69 ± 0.030
	20:80
	52.5 ±0.8
	1080 ±53.0
	2.36 ±0.05
	1.819 ±0.009

	BH100
	103.0 ± 3.000
	100:00
	22.0 ±5.0
	2222 ±560
	2.60 ±0.10
	2.100 ±0.070



According to FDA and EMA guidelines, similarity factor (f2) and difference factor (f1) including all three formulations  indicates that the dissolution profiles are non-similar and display distinct release profiles from each other (data not shown). Both factors are expressed in percentage and used to assess the global similarity or dissimilarity of dissolution curves (e.g.: f1 value of 0 corresponds to identical dissolution profile) [10]. 90% of BUD was released within 35 min from BH100 (micronized BUD only) whereas similar BUD releases from BUD-HCO formulations were extended to 4 hours and 24 hours, respectively for BH20.5 and BH5.5. 
The lipid matrix based on HCO and TPGS appears to be responsible for the extended drug release. With higher proportion of HCO, the release of BUD content is successfully slowed down within a 24-hour window.  
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Figure 1: Release profiles of budesonide (BUD) from inhalable fraction of the dry powder for inhalation formulations (BH5.5 and BH20.5) and raw micronized Budesonide (BUD) (BH100) determined from an equivalent mass of 1.5 mg of budesonide deposited on a membrane filter using a low resistance RS01 device and the FSI operated at 100 ± 5 L/min for 2.4s (n = 3, mean ±s.d.).
Conclusion and Discussion
The lipid matrix has an impact on both increase of FPF after inhalation and extended drug release. Both BUD spray-dried formulations showed optimal aerodynamic properties with more than 50% of the microparticles deposited in the respiratory zone and with distinct BUD release profiles over 24 hours that decreased by increasing the content of the HCO. Although the results are promising, a pharmacokinetics study is needed to evaluate and confirm the therapeutic effects with an in vivo model for asthma and COPD. 
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