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Abstract

:

Bedaquiline is a newly developed anti-tuberculosis drug, conditionally approved by the United States Food and Drug Administration (USFDA) for treating drug-resistant tuberculosis in adults. Oral delivery of bedaquiline causes severe side effects such as increased hepatic aminotransferase levels and cardiac arrhythmias (prolongation of QT-interval). This study aimed to develop inhalable dry powder particles of bedaquiline with high aerosolization efficiency to reduce the side-effects of oral bedaquiline. Bedaquiline (with or without l-leucine) powders were prepared using a Buchi Mini Spray-dryer. The powders were characterized for physicochemical properties and for their in vitro aerosolization efficiency using a next-generation impactor (NGI). The formulation with maximum aerosolization efficiency was investigated for physicochemical and aerosolization stability after one-month storage at 20 ± 2 °C/30 ± 2% relative humidity (RH) and 25 ± 2 °C/75% RH in an open Petri dish. The cytotoxicity of the powders on A549 and Calu-3 cell-lines was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The powders were also evaluated for antimicrobial activity against Mycobacterium tuberculosis. The aerodynamic diameter of the l-leucine-containing powder was 2.4 µm, and the powder was amorphous in nature. The aerosolization efficiency (fine-particle fraction) of l-leucine-containing powder (fine-particle fraction (FPF): 74.4%) was higher than the bedaquiline-only powder (FPF: 31.3%). l-leucine containing powder particles were plate-shaped with rough surfaces, but the bedaquiline-only powder was spherical and smooth. The optimized powder was stable at both storage conditions during one-month storage and non-toxic (up to 50 µg/mL) to the respiratory cell-lines. Bedaquiline powders were effective against Mycobacterium tuberculosis and had a minimal inhibitory concentration (MIC) value of 0.1 µg/mL. Improved aerosolization may help to combat pulmonary tuberculosis by potentially reducing the side-effects of oral bedaquiline. Further research is required to understand the safety of the optimized inhalable powder in animal models.
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1. Introduction


After acquired immunodeficiency syndrome (AIDS), tuberculosis (TB) is the leading cause of infectious disease deaths worldwide. It is estimated that in 2017, more than 1.3 million people died of TB, 10.0 million people developed TB disease, and about 23% (1.7 billion) of the world’s population is at risk of developing active TB [1]. The epidemic situation of global TB has been aggravated by the rapid emergence of drug-resistant TB where the causative microorganism of TB, Mycobacterium tuberculosis, shows resistance to multiple first-line drugs (e.g., isoniazid and/or rifampicin) or sometimes those cases are untreatable by the available anti-TB drugs [2]. Development of new drugs could be an alternative option to improve the current situation of global TB [3].



The United States Food and Drug Administration (USFDA) approved a new anti-TB drug, Bedaquiline or TMC207, in 2012 for the treatment of drug-resistant TB in adults when no alternative treatment option is available [4,5,6]. The preclinical evaluation of bedaquiline alone and in combination with other anti-TB drugs (e.g., moxifloxacin and pyrazinamide) using a murine model of TB indicated the potential of the use of bedaquiline alone and in combination for the treatment of TB [4,7,8]. Clinical studies were conducted on 47 multidrug-resistant TB patients, using bedaquiline or placebo, both in combination with five-drug, second-line anti-tubercular treatment regimen [9,10,11,12]. In these studies, the doses of bedaquline were 400 mg once daily for two weeks, then 200 mg three times weekly for 6 or 22 weeks. The addition of bedaquiline to the regimen resulted in faster culture conversion in those studies, suggesting that treatment time with the bedaquiline regimens will be shorter than other regimens However, in these studies, there were more deaths in the bedaquiline group than the placebo group. Also, along with the most common adverse effects (nausea, arthralgia and vomiting), more severe adverse effects such as increased hepatic aminotransferase levels and prolongation of QT-interval were also observed in the oral bedaquiline group [11,13]. Thus an alternative delivery which can potentially reduce the adverse effects of current oral delivery should be explored.



Pulmonary drug delivery has been used for many years for the treatment of lung diseases such as asthma and chronic obstructive pulmonary disease (COPD), and it has the potential to improve the treatment of TB [14,15]. The dry powder inhaler (DPI) is the most attractive pulmonary drug delivery system which has several advantages over oral and parenteral treatment [16,17]. The success of DPI for TB depends on the production of powders with favorable aerodynamic properties which are highly aerosolizable and capable of delivering the maximum amount of drug to the deep lungs [18].



Spray-drying is an attractive and well-established particle engineering technique with its manipulation capacity and scalability to produce inhalable dry-powder particles with desired aerodynamic properties [19,20]. However, spray-drying of drug-only formulation often results in low process yield and poor aerosolization. These problems can be resolved by adding amino acids in the feed solution [21,22,23,24]. Among the amino acids, l-leucine has been widely used in the formation of dry powder particles, improvement of process yield and aerosolization of spray-dried powders [25,26,27,28]. It is generally regarded as a safe excipient for pulmonary delivery.



Recently chitosan-based dry powder bedaquiline nanoparticles were produced using freeze drying where inhalable dry powders were produced by mixing with lactose pre-blend [29]. This report is mainly a carrier-based formulation limiting its ability to deliver a high dose. Also, nanoparticles are not a good choice for deep lung delivery since a large fraction of these particles (< 1 μm) is exhaled from the respiratory system [30]. Moreover, freeze-drying is not a feasible technique for powder production since it has limited control over particle-size distribution and it produces low-dispersibile powders [31]. Currently, there is no DPI formulation of bedaquiline microparticles although it has a promising therapeutic benefit. Bedaquiline is a new drug, and it has substantially different physicochemical properties to the drugs reported earlier by our group [28,32,33,34,35]. It was not known whether it was feasible to prepare inhalable bedaquiline microparticles which will have high aerosolization capacity. The current study aimed to produce inhalable bedaquiline microparticles with high aerosolization performance by spray drying to use for treating tuberculosis in order to reduce the adverse effects associated with the existing oral bedaquiline. l-leucine (20% w/w) was used in the formulation to improve the process yield and aerosolization. Previously it has been reported that l-leucine improves the aerosolization and physical stability of DPI formulations which are related to the surface enrichment of l-leucine on particles and intermolecular interactions with the drugs [36,37]. l-leucine also decreases surface-free energy which contributes to improved aerosolization [38]. Powders were investigated for physicochemical properties (particle size, morphology, crystallinity and drug content), in vitro aerosolization performance, and physical stability during storage. The powders were also investigated for cytotoxicity on respiratory cell lines to check the suitability for inhalation delivery and for antimicrobial activity against Mycobacterium tuberculosis.




2. Materials and Methods


2.1. Chemicals and Reagents


Bedaquiline (purity: 99.5%) and l-leucine (purity: 98.0%) were purchased from DC Chemicals, (Shanghai, China and Hangzhou Dayangchem Co., Ltd., Hangzhou, China). High-performance liquid chromatography (HPLC)-grade organic solvents (methanol and ethanol) were from Merck, Darmstadt, Germany; analytical reagent (AR) grade ammonium formate, formic acid and silicone oil (viscosity 10 cSt) from Sigma–Aldrich (St. Louis, MO, USA). Water was collected from Milli-Q water purification system (Millipore Corporation, MA, USA) and filtered through 0.45 μm membrane filter (Phenomenex, CA, USA) before use.




2.2. High-Performance Liquid Chromatography (HPLC) Analysis


Bedaquiline was quantified using a validated HPLC method. Briefly, the HPLC system was equipped with an LC-20AD pump, SPD-M20A prominence detector, DGU-20A5 degasser, SIL-20AC prominence auto sampler and Class-VP 7.4SP4 software (Shimadzu, Japan). Chromatographic separation was achieved on a Synergi Fusion RP 80A C18 column (4 µm, 150 × 4.6 mm) protected by a C18 guard column (4.0 × 3.0 mm) (Phenomenex, Torrance, CA, USA).



The mobile phase consisted of ammonium formate buffer, pH 6.3 and methanol (2:98% v/v) at a flow rate of 1.0 mL/min. The injection volume was 20 µL, and the run time was 6 min. Bedaquiline was detected at a wavelength of 249 nm. The calibration curve for bedaquiline was linear (R2 > 0.999) over the concentration range of 2–100 µg/mL. The accuracy (%bias) and precision (%coefficient of variation, CV) were within acceptable limits (≤ 15%) [39,40].




2.3. Preparation of Powders


Bedaquiline powders (with or without 20% w/w l-leucine) were produced using a Buchi B-290 Mini Spray-Dryer (Buchi Labortechnik AG, Flawil, Switzerland) with a high-performance cyclone in a closed-mode using nitrogen as the atomizing gas. Briefly, feed solutions (0.5% w/v) were prepared by dissolving the formulation components in a co-solvent system of ethanol and water (90:10, v/v) with the aid of sonication and moderate shaking. Feed solutions were spray-dried under the following operating conditions: feed rate 2 mL/min, spray gas flow rate 670 L/h, inlet temperature 70 °C, aspiration rate 50% and the two-fluid nozzle diameter 0.7 mm. The resulting outlet temperature was 47–53 °C at the above set of operating conditions. l-leucine was added in the current formulation to maximize the process yield and aerosolization efficiency while the concentration of l-leucine was kept low to keep the drug loading high in the powder. After spray drying, the powders were put into screw-capped glass scintillation vials, assessed for process yield and stored in a desiccator at room conditions until used for studies. The process yields of the collected powders were calculated as a percentage mass of the powder obtained compared to the initial mass of the solids dissolved in the feed solution.




2.4. Estimation of Drug Content


Approximately 5 mg of spray-dried powder (triplicate of each powder sample) was dissolved in 100 mL of methanol and analyzed for the drug content by the HPLC method mentioned above (Section 2.2).




2.5. Minimal Inhibitory Concentration (MIC) against M. Tuberculosis


The minimal inhibitory concentrations (MICs) of bedaquiline and bedaquiline with L-leucine against Mycobacterium tuberculosis mc26230 were determined as previously described [41]. Strain mc26230 is an avirulent auxotrophic M. tuberculosis mutant. When grown in pantothenate-supplemented medium, it behaves like wild-type M. tuberculosis. However, it is not capable of causing disease even in severe combined immunodeficiency (SCID) mice [42,43]. M. tuberculosis mc26230 was grown in Middlebrook 7H9-oleic acid-albumin-dextrose-catalase (OADC)-tyloxapol and plated on solid 7H11-OADC at 5% CO2 and 20% O2, which were supplemented with pantothenate (50 µg/mL). Briefly, cell inoculum was diluted with 7H9 medium to achieve a final OD600 of 0.05, transferred to wells of a 96-well microtitre plate. Then the drug formulations were dissolved in dimethyl sulfoxide (DMSO), diluted to appropriate concentrations (two-fold dilutions over the range 0.02–10 µg/mL) and added in 7H9 medium. Following incubation at 37 °C for 5 days, 0.02% resazurin solution was added to the wells and incubated at 37 °C for 24 h. The MIC defined as the lowest concentration of the formulations able to completely inhibit bacterial growth. All experiments were performed in biological triplicate.




2.6. Morphology and Particle Size


The morphology and particle size of the spray-dried powders were determined following our previous report [44]. Briefly, samples were mounted on a sterilized metal stub and sputter coated with a gold/palladium alloy (10 nm thick) using a K575X sputter coater (EM Technologies Ltd., Kent, England). The visual images of the powder samples were captured using a scanning electron microscope (JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 5 kV. The mean geometric diameter (n ≥ 250) of the spray-dried powder particles was determined from the scanning electron microscope (SEM) images collected at different magnifications using ImageJ 1.48 software (ImageJ, NIH, USA).




2.7. Thermal Analysis


2.7.1. Differential Scanning Calorimetry


Thermal properties of supplied bedaquiline, l-leucine and spray-dried powders of bedaquiline (with or without l-leucine) were analysed using differential scanning calorimetry (DSC Q100, TA Instruments, New Castle, DE, USA). About 5 mg of powder sample was sealed in an aluminium pan and scanned over a range of 25 °C to 300 °C at 10 °C/min under nitrogen environment (at purge of 40 mL/min). An empty (without sample) sealed pan was used as a reference. Data were analysed using TA Universal Analysis 2000 software (TA Instruments, New Castle, DE, USA).




2.7.2. Hot-Stage Microscopy


Hot-stage microscopic studies of the supplied and spray-dried powders were conducted using a phase contrast light microscope (Nikon Optiphot PFX, Tokyo, Japan) fitted with a polarizer. The system was equipped with a Mettler Toledo FP90 central processor and a hot stage (Mettler Toledo FP82HT, Zurich, Switzerland). Briefly, the powder sample was mounted on a glass slide with a cover slip and heated over a range of 25 °C to 300 °C at 10 °C/min. The heating program was controlled by Image Pro Plus software (version 7.0) and images were captured via OPTIKAM PRO5 digital camera (OPTIKA SRL, Ponteranica, Italy) at a magnification of 200X.





2.8. Crystallinity


The crystallinity of the supplied and spray-dried powders was conducted using an X-ray powder diffractometer (PANalytical X’Pert PRO MPD PW3040/60 XRD, Almelo, Netherlands). The system is equipped with a Cu-Kα radiation source generated at 40 kV and 40 mA and a rapid real time multi-strip X’Celerator detector. Powder sample was loaded in an aluminium sample holder as a thin layer and scanned over a 2θ range of 5–35° at 2°/min under ambient conditions. PANalytical High Score software (version 4.0) was used to process and analyze the data.




2.9. Drug-Excipient Interaction


The structural change or interactions between formulation components in the spray-dried samples were analyzed using a Varian 3100 Fourier transform infrared (FTIR) (Varian Inc., Palo Alto, CA, USA) equipped with an attenuated total reflectance (ATR) (Gladi ATR, Madison, WI, USA) accessory. The powder sample was placed on the diamond ATR crystal and scanned (total 32 scans) at 4 cm−1 spectral resolution over the range of 500 to 4000 cm−1. The data was collected and analysed using the Varian Resolutions software (version-5.2.0 CD 846).




2.10. In Vitro Aerosolization


The aerosolization behaviour of the spray-dried powders was evaluated by a next-generation impactor (NGI) with a mouthpiece adaptor and induction port (Copley Scientific Ltd., Nottingham, UK). Prior to aerosolization, all the NGI cups were coated with silicone oil to avoid particle bounce. Powder sample (20 mg) was loaded into a size 3 hard gelatin capsule (Capsugel, Tokyo, Japan) and placed into the aerolizer device (Novartis Pharmaceuticals UK Ltd., Surrey, UK). Powder was released from the device into the NGI at a flow rate of 100 L/min for 2.4 s. The rate of air flow through the NGI was adjusted using a digital flow meter (Copley Scientific Ltd., Nottingham, UK). The cut-off diameters of stages 2 to 7 at 100 L/min were 3.42, 2.18, 1.31, 0.72, 0.40 and 0.24 µm, respectively. Generally, the flow rate of 60 L/min or 28.3 L/min can be used for patients. However, we used 100 L/min since for a low-resistant device such as the aerolizer [45]; one should use 100 L/min flow rate for 2.4 s to get an inhalation volume of 4 L which is considered as the normal forced inhalation capacity of an average sized male. A similar flow rate for the aerosolization study of anti-TB powder formulations using the same device has already been reported [46,47]. Triplicate samples were prepared for the aerosolization performance of each powder formulation. Powders retained on the aerolizer device along with the capsule and the powder deposited in the mouthpiece adaptor (MP), induction port (IP) and all NGI stages (1 to 7 and micro-orifice collector, MOC) were collected using methanol and analyzed by the HPLC method mentioned in Section 2.2.



The emitted dose (ED, %) and fine-particle fraction, FPF (%) were calculated as reported previously [44]. Briefly, ED (%) is the percentage of ED (drug discharged from the capsule and device) relative to the total recovered dose (total mass collected from the device, capsule shell, MP, IP and all NGI stages); FPF (%) is the percentage of fine particle dose (total drug deposited from stages 2 to MOC) relative to the ED. The mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) were calculated from the NGI data using the Copley inhaler testing data analysis software (CITDAS 3.10).




2.11. Cytotoxicity


Cytotoxicity of the bedaquiline powder (with or without l-leucine) on A549, alveolar basal epithelial cell-line and Calu-3, bronchial epithelial cell-line (ATCC, Rockville, MD, USA), was conducted following the procedure mentioned previously [28]. Briefly, A549 and Calu-3 cells were cultured using 1% (v/v) antibiotic-antimycotic solution and seeded onto sterile 96-well plates. The cells were treated with different concentrations (1 to 150 µg/mL) of bedaquiline in complete F12K (for A549 cells) and eagle’s minimal essential medium (EMEM) (for Calu-3 cells) with a final volume of 200 µL (n = 3 at each concentration). The cytotoxicity (as cell viability) was calculated using the formula mentioned previously [28].




2.12. Stability


Spray-dried powder with maximum in vitro aerosolization was stored in an open petri dish at 20 ± 2 °C/30 ± 2% RH (desiccator room condition) and 25 ± 2 °C /75% RH (elevated humidity condition) for one month to assess its physical (morphology and crystallinity), aerodynamic (aerosolization, MMAD and GSD) and chemical (drug content) stability using the methods mentioned above.




2.13. Statistical Analysis


Instat GraphPad Prism software (version 4.00; GraphPad Software, San Diego, CA, USA) was used for the statistical analyses (one-way analysis of variance (ANOVA) with the Student–Newman–Keuls test (compare all pairs) of the data. The level of significance was P < 0.05. All data are expressed as means ± standard deviations.





3. Results and Discussion


3.1. Process Yield and Drug Content


Spray-dried bedaquiline-only powder (SD-B) had a process yield of 36% and bedaquiline co-spray dried with l-leucine (SD-BL) had 48%. The low process yield of SD-B was due to the higher deposition of this powder on the cyclone walls which was apparent during the production process. Addition of l-leucine in the bedaquiline formulation reduced the wall deposition and hence improved the process yield. The ability of l-leucine to improve the process yield has been reported previously [26,27,48]. The yield of SD-BL (48%) powder indicates the successful spray-drying of the prepared formulation [49]. The average content of bedaquiline in the spray-dried powders was very close (± 3.0%) to the theoretical content. The absence of any additional peak in the HPLC analysis indicates the chemical stability of the drug during spray-drying and absence of impurities in the spray-dried powders.




3.2. Minimal Inhibitory Concentration (MIC)


The MICs of bedaquiline and bedaquiline with l-leucine are shown in Table 1. While l-leucine did not have any detectable MIC value, the bedaquiline and bedaquiline with l-leucine had the same MIC value of 0.1 µg/mL against M. tuberculosis mc26230. The MIC values are similar to the values reported in the literature [50].




3.3. Morphology and Particle Size


The supplied bedaquiline particles were angular-shaped flakes with smooth surfaces, but l-leucine was irregularly shaped flakes with rough surfaces (Figure 1a,b). The geometric diameters of both the supplied materials were >10 µm (Figure 1a,b) which would not be suitable for deep lung delivery.



After spray-drying, the bedaquiline-only (SD-B) particles were mostly spherical, smooth dimpled, and aggregated with occasionally plate-like and porous (Figure 1c) forms, but the addition of l-leucine in bedaquiline formulation (SD-BL) produced plate-shaped particles with rough surfaces (Figure 1d). The differences in the shape and surface texture between SD-B and SD-BL particles could be due to the presence of surface active l-leucine in SD-BL. l-leucine precipitates on the droplet surface during the rapid drying process due to the differences in the solubility of components in the co-solvent systems and evaporation of co-solvent [20,44,51,52]. l-leucine adsorbs at the interface of the droplet to produce a surface film which eventually produces rough surfaces of the SD-BL particles. On the other hand, for SD-B formulation, there was no comparative precipitation of the component since only bedaquiline is present in the formulation. The geometric diameters of both SD-B and SD-BL particles were <5 µm (Figure 1) indicating the suitability for deep lung delivery [53]. However, the SD-B particles were more aggregated than SD-BL. The plate-shaped particles with rough surfaces in SD-BL might be advantageous for aerosolization [54,55].




3.4. Crystallinity


Both supplied bedaquiline and l-leucine had sharp diffraction peaks in the X-ray diffractograms indicating the crystallinity of these materials (Figure 2). After spray drying, l-leucine remained crystalline but the peak intensities decreased. Halo diffraction peaks with reduced peak intensities were present in the spray-dried bedaquiline and bedaquiline with l-leucine powders suggesting the amorphous nature of these powders with traces of crystals (Figure 2) which is in agreement with the previous report that powders generally become amorphous in nature during spray-drying [20]. Amorphous materials are sensitive to amorphous–crystalline transition in the presence of moisture which affects their stability.




3.5. Thermal Analysis


Figure 3 and Figure 4 show the results of thermal analysis. Supplied l-leucine did not have any peak in the temperature range shown (Figure 3). However, supplied bedaquiline showed a sharp endothermic peak at 187 °C corresponding with its melting point and indicating the crystallinity of this material which is matching with the X-ray powder diffraction (XRPD) results (Figure 2).



The hot stage microscopy images for supplied bedaquiline (Figure 4B) also supports the findings of DSC and XRPD analyses. Supplied bedaquiline showed melting of the particles at 187 °C which continued until 207 °C (Figure 4B).



After spray-drying, bedaquiline-only (SD-B) powder showed a melting peak at around 180 °C and bedaquiline with l-leucine (SD-BL) powder showed a melting peak at around 185 °C (Figure 3). The peak in SD-B at around 190 °C can be attributed to a crystalline change of bedaquiline [56]. The broad peaks both in SD-B and SD-BL after 190 °C can be attributed to the decomposition of the materials. Similar to the DSC events, the hot-stage images of SD-BL particles showed signs of melting at 175 °C which gradually began to decompose at 183 °C which then continued (Figure 4C). The exothermic peaks in SD-B (at around 120 °C) and SD-BL (at around 130 °C) showed a possible solid–solid transition (amorphous to crystalline) of these materials.




3.6. Drug-Excipient Interaction Study


Figure 5 shows the ATR–FTIR spectra of the supplied and spray-dried powders. Similar characteristic peaks were observed in the ATR–FTIR spectra of both the supplied and spray-dried bedaquiline powders. The spectra of supplied bedaquiline powder showed major peaks for ether (at 1180 cm−1, 1067 cm−1 and 1058 cm−1), alcohol (3178 cm−1) and aromatic (3095 cm−1, 3053 cm−1, 3026 cm−1, 2974 cm−1, 2945 cm−1, 1616 cm−1, 1597 cm−1 and 1453 cm−1) functional groups (Figure 5).



After spray-drying with l-leucine (SD-BL) the peak positions were similar to the supplied bedaquiline with some bands of supplied l-leucine which is due to the lower percentage of l-leucine present in the formulation in comparison to bedaquiline. These findings confirm that there is no FTIR-detectable interaction between the components of the formulations during spray-drying.




3.7. Aerosolization


Table 2 shows the data for aerosolization performance of the spray-dried powders. Satisfactory recovery (between 84.1% and 91.4%) from the NGI was achieved during aerosolization studies. Both of the spray-dried powders had >80% of emitted dose (Table 2). The spray-dried bedaquiline-only powder had 31.3% FPF. Addition of l-leucine in the bedaquiline formulation improved the FPF to 74.4% (P < 0.05). Although it was reported that the aerosolization performance increases with the increase in l-leucine concentration in the formulation [23], a concentration beyond 20% w/w of l-leucine in the formulation does not improve the aerosolization performance and the physicochemical properties of the powders remain unchanged [57,58]. In this study, 20% w/w l-leucine was used since we previously found that 20% l-leucine was an appropriate concentration to improve the aerosolization performance and physical stability of powder formulations [35]. Since the fine particle fraction of bedaquiline with l-leucine formulation is higher than the bedaquiline alone formulation and both have the same MIC (Table 1), the use of bedaquiline with l-leucine formulation will be more effective.



The improved FPF in l-leucine-containing powder could be due to the change in morphology and aerodynamic properties. The addition of l-leucine produced plate-shaped particles with rough surfaces (Figure 1), and the mass median aerodynamic diameter was ≤ 2.4 µm (Table 2). On the other hand, SD-B particles were mostly spherical, smooth dimpled, and aggregated with occasional plate-like and porous (Figure 1c) forms, and the aerodynamic diameter was > 5.0 µm (Table 2). Previously it has been reported that particles with rough surfaces are better aerosolized than smooth surface particles, and the particles with < 3 µm aerodynamic diameter are better for deep lung delivery [30,31,59,60]. Particle aerodynamic diameter plays an important role in powder deposition at different regions of lungs by influencing deposition mechanisms. For particles with < 3 μm aerodynamic diameter, approximately 80% reach the lower airways and 50–60% the alveoli [30]. However, particle shape and surface roughness are important properties of dry powder particles which affect aerodynamic behaviour. Shape factor is directly used to calculate the aerodynamic diameter [30,31]. It is true that aerodynamic diameter plays an important role in powder deposition in the lungs. For example, for a similar aerodynamic size range, a pollen-shaped particle with a petal-like surface structure can improve the deposition more than other shapes [54]. Wrinkled and flake-shaped particles also had higher aerosolization than spherical and smooth surface particles due to their lower interparticulate contact [61]. On the other hand, particles with smooth surfaces showed higher flow property and aerosolization than similar sized particles with rough surfaces [62]. In reality, for similar size particles improved aerosolization was reported for both rough and smooth surfaces [54,62,63] indicating there is no clear relationship between the surface texture and aerosolization performance of DPI. The GSD values of the spray-dried particles were between 2.0 and 2.7 (Table 2), indicating the unimodal particle size distribution [64].



In comparison to SD-B, the deposition of bedaquiline from SD-BL powder was higher on stages 2 to 7 and MOC (Figure 6) (P < 0.05). However, SD-B had higher depositions in MP and S1 than SD-BL, which has contributed to the higher FPF of SD-BL powder than SD-B (P < 0.05). Since SD-BL had the highest aerosolization performance, we proceeded with this powder for stability.




3.8. Stability


The results for aerodynamic parameters of the stored powder (SD-BL) are shown in Table 3. In comparison to the initial state, after one month storage at both desiccator and elevated humidity conditions, no significant difference was found in the FPF (P > 0.05). The MMAD and GSD values also remained unchanged after storage. However, ED was significantly decreased after storage at both conditions (P < 0.05) and the reason for this is not clear.



The physical state and particle morphology of the powder remained almost unchanged after one month’s storage at both desiccator and elevated humidity conditions (Figure 7 and Figure 8). After storage, the slight differences in the XRPD without a clear sign of crystallization indicates that the powder remained amorphous with an intuitive sign of changes which might be clearly visible after long-term storage of this powder. No degradation peaks were observed during HPLC analysis indicating the chemical stability of the stored powder. Previously it has been reported that l-leucine prevents moisture-induced deterioration in aerosolization and protects powder stability [65,66]. While no significant changes in aerosolization, morphology and crystallinity of SD-BL were observed during one month’s storage, it is not unlikely to have some changes during a longer-term storage (more than a month).




3.9. Cytotoxicity Studies


Spray-dried bedaquiline-only (SD-B) powder (Figure 9a) had no cytotoxic effects on A549 cells (>99% cell viability) and Calu-3 cells (>89% cell viability) up to the concentration (50 μg/mL) evaluated indicating the safety of the powder for inhalation delivery.



On the other hand, although l-leucine containing bedaquiline powder showed no toxicity on A549 cells at 50 μg/mL, for the same concentration the powder was toxic to Calu 3 cells (< 67% cell viability) (Figure 9b). This formulation was safe for Calu-3 cells up to a concentration of 25 μg/mL. The greater cytotoxicity of SD-BL powder than the SD-B could be due to the enhanced permeability of SD-BL powder in the presence of surface active l-leucine [67,68].





4. Conclusions


Inhalable dry powder particles of bedaquiline with high aerosolization efficiency were successfully produced using a spray-drying technique. The powders were amorphous in nature. The aerosolization efficiency of l-leucine containing bedaquiline powder (%FPF: 74.4) was higher than that of spray-dried bedaquiline-only powder (%FPF: 31.3) which is possibly due to the change in surface morphology and aerodynamic diameter. l-leucine containing powder particles were plate-shaped with rough surfaces and had a favourable aerodynamic diameter (≤ 2.4 µm) but the bedaquiline-only powder was spherical, smooth dimpled, and aggregated with occasionally plate-like and porous and >5.0 µm in size. The aerosolization, morphology and crystallinity of l-leucine containing bedaquiline powder were stable during one month’s storage at both desiccator and elevated humidity conditions. The powders were also non-toxic to the A549 respiratory cell-line at drug concentration up to 50 µg/mL and were potent inhibitors of M. tuberculosis growth. Further research is required to test the long-term stability, efficacy against infected animal models, and safety of the prepared formulations on animal models.
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Figure 1. Representative scanning electron micrographs of: (a) supplied bedaquiline; (b) supplied l-leucine; (c) spray-dried bedaquiline-only and (d) spray-dried bedaquiline with 20% l-leucine. 
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Figure 2. X-ray diffractograms of supplied materials and spray-dried powders (L and B mean l-leucine and bedaquiline; SD means spray-dried; BL means bedaquiline with 20% w/w of l-leucine). 
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Figure 3. Differential scanning calorimetry (DSC) thermograms of supplied and spray-dried powders (L and B mean l-leucine and bedaquiline; SD means spray-dried; BL means bedaquiline with 20% w/w l-leucine). 






Figure 3. Differential scanning calorimetry (DSC) thermograms of supplied and spray-dried powders (L and B mean l-leucine and bedaquiline; SD means spray-dried; BL means bedaquiline with 20% w/w l-leucine).



[image: Pharmaceutics 11 00502 g003]







[image: Pharmaceutics 11 00502 g004 550] 





Figure 4. Representative hot-stage microscopy images for: (A) supplied l-leucine, (B) bedaquiline and (C) spray-dried bedaquiline with l-leucine. 
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Figure 5. Attenuated total reflectance–Fourier transform infrared (ATR–FTIR) spectra of supplied l-leucine and bedaquiline and spray-dried powders of bedaquiline with and without l-leucine (L and B mean l-leucine and bedaquiline; SD means spray-dried; BL means bedaquiline with 20% w/w of l-leucine). 
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Figure 6. Deposition behaviour of spray-dried bedaquiline-only (SD-B) and bedaquiline with 20% w/w l-leucine (SD-BL) powders on different stages of next-generation impactor (NGI) (MP: mouthpiece, S1–S7 represent stages 1 to 7; MOC: micro-orifice collector, error bars represent standard deviations, n = 3). 
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Figure 7. X-ray diffractograms of spray-dried bedaquiline with 20% w/w of l-leucine powder after one month’s storage at 30 ± 2% RH and ambient room temperature (in desiccator) and at 75 ± 2% RH and 25 ± 2 °C (elevated condition) (initial data from Figure 2 was used for comparison). 
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Figure 8. Scanning electron micrographs of spray-dried bedaquiline with 20% w/w of l-leucine powder after one month’s storage at two different conditions: (a) at 30 ± 2% RH and ambient room temperature (in desiccator) and (b) at 75 ± 2% RH and 25 ± 2 °C (elevated condition). 
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Figure 9. Cytotoxicity studies of spray-dried bedaquiline-only (a) and bedaquiline with l-leucine (b) powders using A549 cells and Calu-3 cells (data are means ± standard deviations, n = 3). 
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