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Summary
[bookmark: _Hlk138427656][bookmark: _Hlk138431304]This study aimed to develop highly dispersible vardenafil dry powder with good lung deposition by spray drying aqueous solution of vardenafil and leucine with 0%, 2.5%, 5% and 10% of sodium chloride (by weight) based on vardenafil concentration. The effect of concomitant use of leucine and minimal amount of sodium chloride on powder morphology and aerosolization performance were investigated under various inhalation air flow rates and powder filling amounts. The dispersibility in different capsule filling amount and air flow rate presented low variation with 2.5% sodium chloride formulation. This optimized dry powder formulation may potentially improve the onset of action, reliability, and safety for clinical application of vardenafil.
Introduction
Administration of vardenafil (VAR) via the inhaled route to improve erectile function may be advantageous because drug activity depends on achieving, rather than maintaining therapeutic blood levels and faster absorption/distribution will allow fewer drugs to be used and possibly even fewer side effects[1]. Dry powder inhaler (DPI) is more suitable due to its advantages of portability, no propellant, and providing a more stable drug environment in solid form[2].
[bookmark: bbib0002]Spray drying is a conventionally applied to manufacture inhaled dry powders, but the obtained particles are highly hygroscopic and cohesive due to reduction in size and increasement of surface area. Enrichment of leucine on the droplet surface to form a coherent shell could effectively increase dispersibility and aerosolization performance with reduced cohesion and enhanced particle flowability[3]. However, the powder becomes electrostatically charged due to dry conditions of the purge gas and ethanol containing solution. These electrostatic charges reduce the bulk density of the powder and increase the amount of powder that adheres to capsule hence reducing the fine particle mass (FPM). 
Sodium chloride is used in inhalable formulations for purposes of surface modification [4, 5] or stabilizing agents [6]. Previous literature reported that sodium chloride and dipalmitoyl-phosphatidylcholine (DPPC) in formulations result in dense particles with both geometrically and aerodynamically small for levodopa[7]. These particles have highly dispersible properties and consistent emitted dose at low various air flow rates.
[bookmark: _Hlk138710019]The aim of this study was to assess the effect of small amount of sodium chloride in the presence of leucine with spray dried carrier free powders of VAR on physical characteristics and in vitro deposition behavior. This is expected to facilitate spray-drying of the inhalable VAR formulations into inhalable powders suitable for pulmonary administration.
Key Message
Presence of 2.5% of sodium chloride in leucine containing formulations offer advantages in preserving dispersibility of powders in different filling amount and at different air flow rates, facilitating the compliance and safety for inhalation of vardenafil in clinical application. 
Material and Methods
Material
Vardenafil hydrochloride was purchased from Alembic Pharmaceuticals Limited, and leucine was obtained from Amino GmbH Acetonitrile and HPLC grade water were purchased from Sigma-Aldrich Company Limited (Shanghai China). 
Spray drying
Spray dried powders of vardenafil were prepared with spray dryer in lab (BUCHI B-290 Mini Spray Dryer, BUCHI Labortechnik AG, Switzerland). The spray dryer was operated with nitrogen gas in closed mode. Feed solutions containing VAR, leucine (20% based on VAR weight) and sodium chloride (2.5%, 5% and 10% based on VAR weight) were prepared in 100ml ethanol-water mixture (70:30% v/v) to fully dissolve all the materials. The feed solutions were spray dried at air flow rate 600 L/h and pump flow rate of 2 mL/min with inlet temperature 120 °C. Process yields (%) was calculated by dividing the collected powder by the initial solid weight in the solution.
Particle size distribution
The HELOS laser diffractometer (SympatecGmbH,Clausthal- Zellerfeld, Germany) was applied with R2 lens (measuring range of 0.25/0.45-87.5 µm)to determine the particle size distribution of the spray dried powders after dispersion at 3 bars. The analysis was performed with PAQXOS® software (Sympatec GmbH, Clausthal-Zellerfeld, Germany). 
Density analysis 
[bookmark: _Hlk123759373][bookmark: _Hlk123756166]The bulk density of powder or agglomerate particles were calculated according to USP-NF-35 by gently weighing (Sartorius analytic balance A200S, Goettingen, Germany) 1mL powders in a cylinder, the obtained weight was divided by the volume to calculate the bulk density (g/cm3)
Electrostatic charge of powders
Electrostatic charge of particles was determined by an electrometer (Ekasuga, KQ-1400) with a stain wire inserted in the drying chamber and cyclone. The difference of electric potential (mV) measured between the probes during spray drying was plotted versus time (s). The rate of change of charge is expressed as (nC/s) to demonstrate the rate of change in electric potential. For each formulation measurement was done in triplicate. 
Particle morphology 
Scanning electron microscopy (SEM) was performed with scan electron microscope (SEM, JCM-7000; JEOL, Japan) with an electrical current of 3 A for 2 minutes to conduct the gold sputter coating process at 0.67Pa with working distance of 12.5mm before the measurement. For imaging, an acceleration voltage of 15 kV was used.
Impaction analysis
[bookmark: _Hlk146117543]The NGI (apparatus E, European Pharmacopoeia 9.0) was utilized for impaction analysis at 30L/min and 60L/min (21 °C and 45 % relative humidity). A fill weight of 5 and 10 mg powders were filled in capsules (Lonza, Basel, Switzerland) size three and put in Breezhaler® device before measurement. The NGI impactor stages were pre-coated with 0.5% (w/v) silicone oil in n-hexane solution to avoid particle bouncing to the later stages during deposition. Particles deposited in device, artificial throat, pre-separator, and each individual impactor stage were rinsed and collected with the mobile phase of HPLC (Arc™, Waters Corp., Milford, USA).
Assessment of surface energy (SE)
The Surface Energy Analyzer (SEA, Surface Measurement Systems Ltd., London, United Kingdom) was used to assess the specific surface area (SSA) and the surface energy (SE) of mixture samples as previously reported[8]. The surface energy was measured at surface coverage of 0.05 p/p0 (where p is the partial pressure and p0 is the saturation vapor pressure). Dispersive surface energy and the specific surface energy were calculated as previously described[9, 10]. Evaluation of raw data was conducted using the SEA Analysis Software (Surface Measurement Systems Ltd.). Each powder sample was measured in triplet.
Result and Discussion
Physicochemical characteristics
When VAR was spray dried alone, there was lower process yield due to higher electrostatic charge and surface energy. However, the yield increased by 2-fold when leucine was incorporated in formulation due to changes of particle density, reduced surface energy and electrostatic charge. The results indicated that addition of different amounts of sodium chloride didn’t influence the process yield.
[bookmark: _Hlk146125464][bookmark: _Hlk138584749]Formulation with leucine alone presented the smallest D50 as shown in Table 1 and produced corrugated outer shell [11]. Addition of sodium chloride would slightly increase the bulk density to reduce the possibility of adherence on the capsule wall. The presence of leucine and sodium chloride produced less electrostatic charge compared with the control group. Spray drying of the drug with leucine led to a corrugated particle surface morphology while spherical and smooth surface was observed with spray drying of VAR alone (Fig. 1C, D and E). Co-processing of VAR with 2.5% sodium chloride resulted in particles with the least surface energy and electrostatic charge and demonstrate the highest FPF. Continuous addition of sodium chloride caused higher surface energy and lower FPF.
[bookmark: _Hlk146119916]Table 1: Overview of the physical and aerodynamic characteristics of spray dried powders
	Formulation 
	sodium chloride (%)
	D50 (μm)
	[bookmark: _Hlk146119698]Density g/cm3
	Yield (%)
	Electrostatic Charge/(nColumb/mL)
	ED (%)
	FPF (%) *
	[bookmark: _Hlk145755355]Total surface energy (mJ/m2)

	1: API
	0
	2.60 ± 0.15
	0.19 ± 0.001
	20.4 ± 1.8
	−5.14 ± 0.23
	50.1 ± 4.1
	50.4 ± 3.6
	139.8±6.3

	2: API-Leu
	0
	1.57 ± 0.13
	0.20 ± 0.004
	52.9 ± 1.2
	−2.95 ± 0.18
	70.7 ± 7.1
	75.3 ± 5.8
	59.3±2.1

	3: API-Leu-2.5
	2.5
	2.34 ± 0.03
	0.22 ± 0.02
	54.3 ± 2.1
	−2.20 ± 0.12
	86.4 ± 3.3
	73.4 ± 4.1
	48.2±1.6

	4: API-Leu-5
	5
	2.44 ± 0.01
	0.23 ± 0.01
	50.1 ± 2.6
	−3.28 ± 0.04
	82.5 ± 5.2
	70.7 ± 6.1
	81.7±8.0

	[bookmark: _Hlk146119729]5: API-Leu-10
	10
	2.56 ± 0.03
	[bookmark: _Hlk146119645]0.33 ± 0.01
	56.8 ± 1.9
	−2.19 ± 0.08
	86.7 ± 4.7
	62.5 ± 5.1
	102.9±2.9


* The aerosol performance was determined at 60L/min. FPF (fine particle fraction) was calculated based on (ED) emitted dose.
[image: ]
Figure 1 Scanning electron microscope (SEM) of spray dried particles (A), VAR (B) VAR+20% of leucine, and (C) 2.5% sodium chloride (D) 5% sodium chloride, and(E) 10% sodium chloride. 5000x magnification.
[bookmark: _Hlk138597453]Formulation produced by spray drying drug alone had the lowest FPF and ED compared to formulations containing leucine and sodium chloride due to the higher electrostatic charge (Table 1). For formulations containing sodium chloride, ED values showed fewer fluctuation. But different FPF values were observed, samples containing only leucine exhibited the highest FPF but decreased followed by addition of sodium chloride. This trend can be explained by the reduction of electrostatic charge and surface energy as previously reported[5]. 
Effect of capsule filling and air flow rates on aerosol performance
To assess the effect of filling mass and air flow rate on aerosolization performance of powders, formulations of VAR containing leucine with 2.5% and 5% sodium chloride were evaluated. As the powder amount loaded in capsules increased from 5 mg to 10 mg, an average reduction of the 9.6% and 22.8% for ED and FPF for formulations with only leucine was observed (Fig. 2). The least reduction in the FPF (3.7%) and ED (3.1%) for spray dried powders containing 2.5% sodium chloride at elevated dose load was found. These results indicated that small amount of sodium chloride in formulation could allow higher formulation load in the capsules without compromising dispersibility and respirability. 
The difference of FPF and ED for spray dried formulations under air flow rates of 30 L/min and 60 L/min could reveal the therapeutic variation in clinical trial with different lung function of patient. For formulation comprising VAR and leucine without sodium chloride, a drop of 11.9% in FPF and 19.3% in ED were observed at descended air flow rate. Formulations containing 2.5% sodium chloride showed less reduction in FPF and ED at lower air flow rate indicating the dispersibility and respirability were less affected by air flow rates.
[image: ]
Figure 2 Effect of capsule filling mass (A) and air flow rate (B) on aerosol performance of different formulations.
Conclusion
This study investigated the effect of combined use of sodium chloride and leucine on particle morphology and aerosol performance of VAR spray dried powder formulations. Smaller amount of sodium chloride incorporated in formulation could significantly improve the FPF and ED. Increasement of sodium chloride concentration diminished the FPF due to both higher surface energy and bulk density. It was shown that, appropriate amount of sodium chloride in formulations maintained the dispersibility and respirability with reduced variation not only in different formulation load but also at different air flow rates.
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