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Abstract

:

Rifampicin, a potent broad-spectrum antibiotic, remains the backbone of anti-tubercular therapy. However, it can cause severe hepatotoxicity when given orally. To overcome the limitations of the current oral therapy, this study designed inhalable spray-dried, rifampicin-loaded microparticles using aloe vera powder as an immune modulator, with varying concentrations of alginate and L-leucine. The microparticles were assessed for their physicochemical properties, in vitro drug release and aerodynamic behavior. The spray-dried powders were 2 to 4 µm in size with a percentage yield of 45 to 65%. The particles were nearly spherical with the tendency of agglomeration as depicted from Carr’s index (37 to 65) and Hausner’s ratios (>1.50). The drug content ranged from 0.24 to 0.39 mg/mg, with an association efficiency of 39.28 to 96.15%. The dissolution data depicts that the in vitro release of rifampicin from microparticles was significantly retarded with a higher L-leucine concentration in comparison to those formulations containing a higher sodium alginate concentration due to its hydrophobic nature. The aerodynamic data depicts that 60 to 70% of the aerosol mass was emitted from an inhaler with MMAD values of 1.44 to 1.60 µm and FPF of 43.22 to 55.70%. The higher FPF values with retarded in vitro release could allow sufficient time for the phagocytosis of synthesized microparticles by alveolar macrophages, thereby leading to the eradication of M. tuberculosis from these cells.
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1. Introduction


Tuberculosis (TB) is currently one of the major health problems due to its higher rate of morbidity and mortality throughout the world [1]. It is an airborne communicable disease that occurs when healthy individuals inhale Mycobacterium tuberculosis (M. tuberculosis)-infected droplets exhaled into the air during the coughing and sneezing of a TB patient. These droplets are in the range of 2 to 3 µm, being suitable for deep lung inhalation [2,3]. Once Mycobacterium reaches the lung, alveolar macrophages engulf them by the processes of phagocytosis [4,5]. When M. tuberculosis is taken up by alveolar macrophages, it impairs phagosome maturation and hijacks the cellular processes to induce a necrotic, nutrient-rich environment that promotes its replication, thereby resulting in the formation of granuloma [6,7]. The disease mostly affects the lung and remains localized in 75 to 80% of cases but can also disseminate to other sites causing extrapulmonary tuberculosis [7,8]. The current treatment of TB is complicated due to oral and/or parenteral administration of multiple drugs for a prolonged period, which results in systemic toxicity and patient non-compliance problems.



Rifampicin is one of the most potent and broad-spectrum antibiotics against bacterial pathogens and is a key component of anti-tubercular therapy. Isoniazid and pyrazinamide have maximum efficacy in the extracellular and intracellular environment of the macrophages, respectively. Rifampicin is equally effective in both the extracellular and intracellular environment of the lung [9,10]. It is classified as a BCS class-II drug, having low solubility and high permeability [11]. Due to its lower solubility (solubility 2.50 mg/mL, log p 1.09, pKa 4.96 ± 0.70), rifampicin shows poor bioavailability in fixed as well as single-dose formulations [12]. Similarly, co-administration with other drugs, such as isoniazid, further reduces its bioavailability. Mere rifampicin administration as the inhaled formulation is expected not only to reduce its degradation and improve its bioavailability but will also lead to dose reduction and reduced toxicity due to direct deposition at the site of action.



The oral route of drug delivery remains dominant, but other routes of drug administration such as inhalation are becoming more popular for targeted drug delivery in the treatment of local respiratory and systemic diseases [13,14]. The advantages of pulmonary drug delivery concerning other routes of drug administration include the rapid onset of action, high drug concentrations in the lungs, lower enzymatic activity, avoidance of hepatic first-pass metabolism, lower systemic bioavailability and lesser systemic side effects [15,16,17]. It is a non-invasive route of drug administration, thereby avoiding patient compliance problems [18,19]. Pulmonary drug delivery has been used for many years for the treatment of lung diseases, and it has the potential to improve the treatment of TB [20,21]. The use of particulate carriers to be delivered via DPI is an attractive way of designing pulmonary drug delivery systems. These carriers can control drug release, ensure selective drug targeting to the intended site in the lung and offer improved interaction with biomolecules on both the cell surfaces and within the cells because of their comparable size to biological entities [22]. The behavior of inhaled particles and their deposition in the lung depends on several factors including particle dimensions, density, shape, composition, concentration, surface properties such as particle charge, and the breathing pattern of the individual [23,24].



Currently, the carriers for therapeutic molecules are mostly fabricated using natural polymers due to their abundance, versatility and lower probability of immunogenic responses [25]. Sodium alginate has been extensively investigated for pulmonary drug delivery due to its muco- and bio-adhesive properties, biocompatible and biodegradable nature and nontoxic characteristics [26,27]. It is thermally stable and can be used for the encapsulation of substances with the necessity of prolonged and controlled release [28,29]. However, sodium alginate had been previously found to possess several limitations of poor mechanical properties and microbial degradation due to its hydrophilic nature [30,31]. To overcome these problems, aloe vera and L-leucine were also used in the fabrication of spray-dried powder formulations. The anti-tubercular activity of aloe vera has been well documented [32] and was previously used as adjuvant therapy to improve the efficacy of conventional anti-mycobacterial therapies, decrease their adverse effects due to hepatoprotective properties and reverse the multidrug resistance. The essential amino acid L-leucine has been widely used in the formulation of dry powder and is generally regarded as a safe excipient for pulmonary administration [33]. It increases the aerosolization of drugs from DPI by decreasing surface free energy and improving the physical stability of DPI [14,34]. L-leucine potentially slows the drug release in the lungs due to its hydrophobic nature [35] and improves the percentage yield of spray-dried particles [36,37].



Spray drying allows the synthesis of microparticles with the desired physicochemical properties by optimizing processing parameters [38]. Spray drying is a simple, fast and one-step processing of microparticles synthesis for pulmonary delivery [39]. It is a reproducible, affordable, time saving, continuous and scalable process [40,41]. The long shelf-life stability is largely attributed to the low moisture content of the spray-dried powders [42]. Spray-drying produces a fine powder of the desired size, shape, morphology and surface texture for better aerosolization performance and allows for the large-scale production of powders with high batch-to-batch reproducibility [43,44]. Thus, the current study focuses on designing spray-dried polymeric microparticles of the desired physicochemical properties that can achieve optimum aerodynamic characteristics concerning aerosolization and inhalation.




2. Materials and Methods


2.1. Materials


Rifampicin (Sigma Aldrich, Rockville, MD, USA) was used as a drug of choice, sodium alginate (Sigma Aldrich, Rockville, MD, USA) and aloe vera powder (MINATURE, MARUDHRA IMPEX, Ahmadabad, India) were utilized as matrix former, L-leucine (Sigma Aldrich, Rockville, MD, USA) was added as spray drying excipients. Phosphate buffer saline (Sigma Aldrich, Rockville, MD, USA) was used as a dissolution medium to mimic lung fluid. Methanol (Sigma Aldrich, Rockville, MD, USA) was used as a solubilizing medium for rifampicin. All other chemicals used were of analytical grade and utilized without any further purification.




2.2. Methods


The preparation of microparticles with the desired physicochemical properties was conducted using a Pilotech YC-015 spray-dryer (Pilotech Equipment Co., Ltd., Shanghai, China) [45]. The obtained particles were characterized for their suitability for inhalation drug delivery concerning size and size distribution, morphology, roughness, circularity, density, flow characteristics, drug association efficiency and release behavior. Finally, the powder was evaluated for its aerosolization and inhalation performance using Anderson cascade impactor (ACI).



2.2.1. Optimization of Formulation and Spray-Drying Conditions


The development of drug carriers for inhaled medicine is challenging due to the required suitable physicochemical properties for deposition in the desired region of the lungs [46]. In the case of tuberculosis, the mycobacterium tuberculosis invades alveolar macrophages in the peripheral lung and multiplies inside these cells [38,47]. To target the alveolar macrophages harboring mycobacteria, particles of aerodynamic diameter in the range of 1 to 5 µm and geometric diameter of 1–3 µm were aimed to be synthesized. To fabricate particles of the desired characteristics, the formulations were optimized using variable concentrations of sodium alginate and L-leucine at constant rifampicin and aloe vera powder concentrations. In the optimized batch of the first five formulations, the concentration of L-leucine was gradually increased from F1 to F5 in a ratio of 1:1; 1:2; 1:3; 1:4 and 1:5, respectively. In the next batch of experiments, the concentration of sodium alginate was gradually decreased (1:5; 1:4; 1:3; 1:2 and 1:1) from F6 to F9 as mentioned in Table 1. The spray drying allows the engineering of microparticles with the desired physicochemical properties by optimizing processing parameters such as feed rate, atomizing air pressure, inlet and outlet air temperature, etc. [38]. The spray drying conditions were optimized in initial experiments and used as follows: inlet air temperature 120 °C, outlet temperature = 70 to 90 °C, solution feed rate = 2 mL/min and atomizing air pressure = 5.5 bar.




2.2.2. Synthesis of Microparticles


The microparticles were prepared using variable concentrations of sodium alginate and L-leucine at the constant therapeutic dose of rifampicin and aloe vera powder concentration. Briefly, the rifampicin was dissolved in methanol at 25 ± 1 °C under continuous stirring at 1000 rpm for 1 h. The L-leucine and aloe vera powder were dissolved in distilled water until a clear solution was obtained. Sodium alginate solution was separately prepared in distilled water and added dropwise to L-leucine and aloe vera powder solution at constant magnetic stirring for 1 h. Finally, the rifampicin solution was added dropwise to form the final mixture of spray drying feed solution. The feed solution was pumped to a stainless-steel inner nozzle (tip diameter 0.7 mm) at optimized spray-drying conditions as mentioned previously. The spray-dried powders were retrieved using a rubber spatula into a 10 mL amber diagnostic vial and kept in a desiccator at room temperature (25 ± 1 °C) till further use. The percentage yield was calculated concerning the total solid content of the feed solution as mentioned in Equation (1). It depicts the efficiency of the spray dryer in producing DPI formulation for inhalation drug delivery.


  Percentage   yield =    Total   weight   of   powder   obtained     Total   solid   content   of   feed   solution    × 100  



(1)








2.2.3. Size and Size Distribution


The particle size and size distribution of the spray-dried particles were evaluated using a Horiba particle size analyzer (Horiba Ltd., LA-300, Kyoto, Japan). The sample was suspended in HPLC grade cyclohexane, added to the liquid dispersion unit of the Horiba particle size analyzer to determine the particle size distribution by measuring the intensity of light scattered as a laser beam passes through a dispersed particulate sample. The median particle sized (0.5) was reported based on volume distribution.




2.2.4. Zeta Potential


The zeta potential of the particles was determined using Zetasizer (Malvern Zetasizer Nano ZS 90, Malvern Instruments Ltd., Malvern, UK). The sample was dispersed in phosphate buffer (pH 7.4), and an aliquot of 700 µL was introduced to the zeta potential cell for analysis of surface charge of spray-dried particles.




2.2.5. Morphology


The morphology of the spray-dried particles was evaluated using a scanning electron microscope (SEM). Briefly, 2 mg of sample was spread on double-sided carbon adhesive taps attached to aluminum stubs. The excess particles were removed by gentle tapping, followed by platinum coating at a current intensity of 20 mA using an auto fine coater (JFC1600, JEOL, Tokyo, Japan). The representative sections were photographed at various magnifications.




2.2.6. Roughness and Circularity


The roughness and circularity of particles were determined using processing software ImageJ (NIH, Bethesda, MD, USA) [48]. Briefly, the SEM photograph of each formulation was selected at suitable magnification (2700×) and processed for calculation of roughness and circularity values quantitatively using the specific plugin. The values were shown as an average of five readings.




2.2.7. Powder Density and Flow Properties


The flow property of powder formulation is a direct indicator of dispersed fraction from DPI device and was determined from the bulk and tapped density of powder as mentioned previously [49]. Briefly, the weight of the spray-dried powder was determined using a microbalance (Metler Tolendo Inc., model-MX5, Urdorf, Switzerland). The microparticles of known weight were poured under gravity in a 5 cm3 graduated cylinder. The sample in the graduated cylinder was gently tapped until no measurable change in the occupied volume of powder was noticed. The bulk and tapped density of the powder were expressed as the quotient of the weight (g) to the bulk and tapped volume, respectively. Carr’s index and Hausner’s ratio were calculated using Equations (2) and (3), respectively.


  Carr’s   index =    Tapped   density  −  Bulk   density     Tapped   density    × 100  



(2)






  Hausner’s   ratio =    Tapped   density     Bulk   density     



(3)







All the readings were taken as a mean of at least three readings.




2.2.8. Drug Content and Association Efficiency


An accurately weighed 5.0 mg of microparticles were dissolved in 100 mL of phosphate buffer (pH 7.4). The solution was sonicated three times for 30 s with a gap of 2 min between each sonication cycle to ensure the complete release of the drug from the spray-dried powders. The resultant solution was filtered through a syringe filter (pore size = 0.45 µm; Durapore, Millipore corporation, Cork, Ireland). The samples were analyzed spectrophotometrically at λmax of 333 nm, and rifampicin content was determined from the absorbance recorded concerning similarly blank microparticles solution as a control. The drug content was expressed as the quantity of drug encapsulated in a unit weight of spray-dried microparticles. The drug association efficiency was calculated as a percentage of rifampicin associated with spray-dried microparticles concerning the amount of rifampicin used in the formulation. The results were computed as the mean of triplicate analysis for each batch of microparticles.




2.2.9. Crystallinity of Powder


The interaction of the drug with the polymer and physical nature of spray-dried rifampicin and fabricated microparticles were analyzed using an X-ray powder diffractometer (JDX-3532, JEOL, Tokyo, Japan). A radiation source of Cu-Kα (Wavelength = 1.5418 A°) at 40 kV voltage and 30 mA current was employed. The sample was placed in an aluminum sample holder and scanned over the range between 4 to 80° and position 2 Theta (ɵ) with increments of 0.008° at a rate of 3°/min at an ambient temperature. The raw data is converted into the graphical form using Origin Pro® 2021 software (OriginLab Corporation, Northampton, MA, USA) [50]. The percentage crystallinity index (% CI) was determined using Equation (4). Mean ± SD was calculated from three measurements.


CI (%) = (I 110 − I amour) × 100/I110



(4)




where I110 is the maximum intensity at 20° and I amour is the intensity of amorphous diffraction at 16° [48].




2.2.10. Thermal Analysis


The thermal properties of spray-dried rifampicin and spray-dried microparticles were evaluated by differential scanning calorimetry (DSC 250, TA Instruments Thermal Analysis-DSC-TGA Standard, New Castle, PA, USA). Approximately 3 mg of powder was weighed in standard heating aluminum pans (Tzero low mass), crimped with Tzero lids (TA instrument crimper) and exposed to heating ramping at 30 °C/min. The samples were scanned on a heating range of 25 to 600 °C followed by a cooling cycle from 600 to 25 °C at the same heating rate (30 °C/min) under nitrogen gas, at a flow rate of 20 mL/min in the presence of empty aluminum pan as reference. Thermograms were integrated using software supplied by the manufacturer (Program Universal V4. 5A, cell constant 1.0060). The images at every unit degree change in temperature were recorded during the analysis. The raw data was then analyzed in graphical form using Origin Pro® 2021 software (OriginLab Corporation, Northampton, MA, USA) [51].




2.2.11. FTIR Analysis


The FTIR spectra were noted for raw rifampicin, aloe vera powder, sodium alginate, L-leucine and spray-dried microparticles (Perkin Elmer, FTIR spectrometer, Spectrum TWO LITA, Llantrisant, UK). The powdered samples (approximately 2 mg) were processed by the potassium bromide (KBr) pellet method in triplicate over the wavelength of 450 to 4000 cm−1, using a spectral resolution of 1 cm−1. An average of 16 scans per sample was recorded. Spectra were plotted and analyzed using Origin Pro® 2021 software (OriginLab Corporation, Northampton, MA, USA) [50].




2.2.12. The In Vitro Drug Release Profile


The in vitro release of rifampicin from spray-dried particles was studied using the dialysis membrane method [52]. The microparticles (containing 50 mg rifampicin) were introduced into activated dialysis membrane (MWCO 12000) containing 3 mL of phosphate buffer as release media (inner dissolution medium). The dialysis bag was sealed and placed in a larger vessel containing 300 mL of phosphate buffer (pH 7.4) as dissolution media mimicking the physiological conditions of the lung (outer media/compartment). The microparticles-filled dialysis bag was agitated at 50 rpm in the dissolution media in a thermostatically controlled shaking water bath at temperature 37 ± 2°. An aliquot of 5 mL was withdrawn at specific time intervals of 0.5, 1, 2, 4, 8, 16 and 24 h. The samples were filtered using syringe filters and analyzed spectrophotometrically at λ-max 333 nm using similarly processed blank microparticles as control. The samples were stirred overnight and exposed to sonication at least three times for 30 s at a gap of 2 min to completely extract the drug from the microparticles. The cumulative percentage of drug release was then plotted against the time of drug release. The in vitro release data were fitted in various kinetic release models to calculate the values of r2 and K to determine the relevant drug release mechanism for the linear curve obtained from regression analysis.




2.2.13. Aerodynamic Behavior


The aerodynamic behavior of microparticles was determined using an Anderson cascade impactor (Copley Scientific, Nottingham, UK) equipped with an induction port and pre-separator that fractionates the particles according to their aerodynamic diameter. Briefly, 20 mg of microparticles were added to the Size “2” hard gelatin capsule (Gelcap Pakistan LTD, Karachi, Pakistan). The filled capsule was introduced into the sample chamber of Handihaler® (Boehringer Ingelheim, Germany), pierced to activate the powder for inhalation into ACI. The airflow rate was modulated in such a way to produce a pressure drop of 4 kPa over the Handihaler, for the duration (T = 240/Qout, in seconds) consistent with the withdrawal of 4 L of air from the mouthpiece of the inhaler within the ACI. The capsule content was discharged from Handihaler® by piercing the hard gelatin capsule, the amount of drug deposited in each stage of ACI was rinsed with phosphate buffer (pH 7.4), dissolved properly, filtered and analyzed for rifampicin content following analytical protocol as mentioned for drug content analysis. The data was then processed to determine matrices that include mass median aerodynamic diameter (MMAD), geometric standard deviation (GSD), fine particle fraction (FPF) and a respirable fraction (RF).




2.2.14. Statistical Analysis


All the results were presented as mean ± SD for triplicate experiments. Student t-test was used to compare the results of two formulations, while the effect of each parameter on aerosolization and inhalation performance was determined using ANOVA (SPSS version 2.1).






3. Results and Discussion


3.1. Synthesis of Microparticles


The rifampicin-loaded microparticles were prepared using aloe vera powder as an immune modulator to circumvent the side effects of rifampicin with varying concentrations of alginate and L-leucine by the spray-drying method. In the nine designed formulations, five formulations (F1–F5) were fabricated with increasing concentrations of L-leucine, while the remaining four formulations contained increasing concentrations of sodium alginate (F9 to F6; Table 1). The addition of L-leucine (5 to 40% w/w) is known to control the inter-particulate interactions and improve the aerosolization of small particles without the need for a coarse carrier [33]. The spray drying technique is commonly used in the preparation of polymeric microparticles due to reliability, reproducibility and control of particle size, shape and drug release characteristics [53]. It is a one-step continuous process that can be applied to both hydrophilic and hydrophobic polymers and/or drugs, is easy to scale up and can be applied for both heat-resistant and heat-sensitive drugs [54]. The percentage yield of spray-dried powder was in the range of 45 to 65% (Table 2). Generally, the percentage yield of spray-dried powder decreased from F1 to F3 due to the surfactant nature of L-leucine that decreases the surface tension thereby leading to the atomization of small particles exposed to inlet air temperature of 120 °C. The small droplets thus dried and deposited as an agglomerated mass in the collection bottle (Figure 1; F1–F4). When the concentration of L-leucine in formulations (F5) was increased, the percentage yield was also improved due to the hydrophobic coating of L-leucine on the surface of spray-dried particles that were deposited as individual particles. The results of our study were in coherence with the previous study, whereby L-leucine incorporated formulations achieved a higher yield of spray-dried microparticles [36]. The higher yield of spray-dried microparticles as a function of alginate concentration could be contributed to a corresponding increase in feed solution viscosity, which has been shown to affect particle size (Table 2) [55]. The higher density of spray-dried microparticles could also contribute to a higher yield of spray-dried microparticles (F9–F6).




3.2. Particle Size and Zeta Potential


The size and size distribution of microparticles prepared by spray-drying feed solution containing different concentrations of L-leucine (F1–F5) and sodium alginate (F6–F9) is presented in Table 2. The particles size of the initial three formulations increased with as the concentration of L-leucine increased in spray drying feed solution. This was due to the higher solubility of L-leucine in the feed solution, thereby drying within the matrix of spray-dried powder (F1–F3; Table 2). The resultant particles were more cohesive with high tendency to aggregate as shown from particle size distribution data (Table 2). When the concentration of L-leucine was further increased, (F4–F5; Table 2) it migrated to the surface of the drying droplet [56] and the resultant spray-dried microparticles were less aggregated with reduced particle size distribution. L-leucine has been previously shown to achieve substantially higher concentrations on the surface than the bulk of spray-dried microparticles due to a significant reduction in surface energy of spray-dried formulations [57]. The formulation with a higher L-leucine concentration (F5) enhanced the yield of the spray-dried microparticles [36]. The formulations (F6–F9) containing a higher amount of sodium alginate exhibited increased particle size and lower particle size distribution due to effective encapsulation of the drug within the highly viscous spray-drying feed solution. The particle size of all synthesized formulations ranged from 2.0 to 4.0 µm, being optimum for deep lung inhalation and passive drug targeting to alveolar macrophages [58]. The literature reports preferential macrophage uptake of particles with sizes between 1 and 3 µm [47]. The zeta potential of spray-dried particles depicts that most of these particles were negatively charged due to the presence of sodium alginate in the formulations. However, pure drug microparticles and F5 showed positive zeta potential due to charge masking properties of non-polar L-leucine at higher concentrations (Table 1 and Table 2).




3.3. Morphology, Roughness and Circularity


The surface morphology, roughness and circularity of microparticles can affect the aerosol dispersion from the DPI device as well as the deposition of particles in the lung. The shape of synthesized particles is an important feature in the macrophage uptake process. It was reported that spherical particles are readily internalized by macrophages, whereas elongated particles may hinder phagocytosis [18,59]. The surface morphology of microparticles prepared by spray drying feed solution of either pure drug or drug containing polymer blends is presented in Figure 1. The spray-dried pure rifampicin microparticles were mostly elongated with cylindrical shape. The circularity of particles increased while agglomeration tendency of the powder decreased with increasing concentration of L-leucine in formulation F1–F3 (Table 2). The first four formulations had irregular morphology with wrinkles on their surfaces. In the case of F5, where L-leucine concentration is maximized with respect to sodium alginate (1:5), completely flocculated round shape monodisperse particles were obtained (Figure 1). In F9, having sodium alginate to L-leucine ratio of 2:1, the obtained particles were completely spherical with smooth surfaces. The spherical shape of the microparticles formed as the droplets dry in the stream of hot air, is a characteristic of amorphous powder [54]. As the concentration of sodium alginate increased with respect to L-leucine in spray drying feed solution (F8 to F6), the particles became porous inside and rounded with cup-shaped morphology (Figure 1). The roughness of spray-dried pure drug microparticles was significantly higher than drug encapsulated polymeric drug microparticles (p ≤ 0.05; Table 2). The rough surfaces at nanoscale in the case of F5, F6 and the pure drug could reduce the cohesion/adhesion forces between approaching surfaces of individual particles, thereby playing a role in improved aerosolization and inhalation performance of spray-dried microparticles [60]. Thus, the addition of L-leucine and/or sodium alginate not only affects the size, but also the surface properties of spray-dried particles as mentioned previously [53].




3.4. Powder Density and Flow Properties


The flow properties of powder formulations depend on numerous factors that include particle size distribution, the shape of the particle, chemical composition, moisture content and temperature. The bulk density, tapped density, compressibility index and Hausner’s ratio are primary parameters considered to evaluate the flow of powder from dry powder inhalers [61]. The free-flowing powder has bulk and tapped density values closer to each other, thereby giving Carr’s index value of less than 15, while cohesive powder would have higher Carr’s index values due to significant variation in bulk and tapped density [62]. The tapped density of formulations (F9-F6) containing higher concentrations of sodium alginate with respect to L-leucine was lower than other formulations (F1–F5) due to the formation of hollow particles. The formulations whereby L-leucine (F5) or sodium alginate (F8–F6) concentration was maximized produced a powder that can achieve comparatively higher flowability as depicted from their lower Carr’s index and Hausner’s ratio (Table 3). This was due to the presence of small particles that can act as a glidant between the powder formulations of DPI. In the case of pure spray-dried rifampicin microparticles, the particles were cylindrical in shape that lowers the overall contact between individual particles. Carr’s index values in the range of 37 to 65 and Hausner’s ratio higher than 1.50 depicted the cohesive nature of spray-dried particles due to their small particle size.




3.5. Drug Content and Association Efficiency


The drug content and drug association efficiency of the spray-dried rifampicin microparticles are presented in Table 3. The drug content of microparticles ranged from 0.24 to 0.39 mg/mg of powder, with drug association efficiency of 39.28 to 96.15%. The drug association efficiency of spray-dried particles increased significantly with increasing L-leucine concentration (F1–F5) as well as sodium alginate (F9–F6). Rifampicin, being a class-II drug, mainly remains entrapped in the polymer matrix at a higher polymer concentration that protects the drug from degradation at a higher inlet air temperature.



The formulations (F4, F5, F6 and F7) having maximum drug association efficiency, optimum particle size and comparatively better flow properties were further evaluated for their drug release and aerodynamic properties using ACI.




3.6. XRD Analysis


The crystalline and/or amorphous nature of spray-dried powders of pure rifampicin and formulations containing a higher concentration of L-leucine (F4 and F5) or sodium alginate (F6 and F7) were evaluated using X-ray diffractogram as shown in Figure 2. The diffractogram was plotted against position 2 theta and intensity 4 to 80 on an arbitrary scale. When individual formulation was evaluated, L-leucine was found to be crystalline, while rifampicin, sodium alginate and aloe vera powder were amorphous in nature. The XRD diffractogram confirmed that all the formulations were amorphous in nature with some crystalline peaks of 5.59° and, 5.6°, 18.90° and 24.02°, respectively, in F4 and F5. The F4 and F5 formulations have crystalline peaks because they contain the highest concentration of L-leucine. The primary peak 6° (5.59, 5.6 and 5.91, 5.62) is apparent in all the formulations (Figure 2). There were no sharp peaks in F6 and F7, having a higher concentration of sodium alginate with respect to L-leucine. Thus, L-leucine overall contributes to the crystallinity of powder in spray-dried formulations. The influence of L-leucine on improving dispersibility and aerosolization properties has been previously revealed [63,64]. When the crystallinity of formulations was compared to pure spray-dried rifampicin (cCI = 25%), the formulation was found be to more crystalline (cCI = 27–36%). Theoretically, the amorphous form exists in a higher free energy state and is thus a metastable form with higher water solubility compared to the crystalline form, which is more stable [65]. Overall, the XRD analysis showed successful incorporation of the drug into the polymeric matrix was achieved, which further improves the stability of rifampicin.




3.7. DSC Analysis


The DSC thermogram of pure spray-dried rifampicin and rifampicin-loaded polymeric microparticles (Figure 3) was conducted to evaluate the effect of sodium alginate and L-leucine on thermal properties of the drug. Rifampicin existed in two polymorphic forms (form I and II), where form-I has lower chemical stability and quickly decomposes before melting at 140–160 °C. The meta-stable form-II rifampicin melted at 189 °C and re-crystallized as a form-I at 204 °C [66]. In the DSC thermogram, a broad endothermic peak can be seen in the range of 140 to 160 °C, indicating the melting of spray-dried amorphous rifampicin (Figure 3 (a)). The pattern of melting endotherm was observed for L-leucine-containing formulations F4 and F5 (Figure 3 (b) and (c)). In the case of formulations with higher sodium alginate concentration (F6 and F7), the melting peak was more broadened due to the higher concentration of entrapped drugs in the polymeric matrix. The sharp exothermic peak observed at 225 °C in pure spray-dried rifampicin and formulations with higher L-leucine concentration (F4 and F5, Figure 3 (a), (b) and (c)) signified the re-crystallization of rifampicin as form-I. The subsequent peaks observed at 250 °C and above represents the decomposition of rifampicin [65]. The lack of sharp peaks or presence of shallow peaks in all the samples revealed the amorphous nature of the powders which is in line with the XRD diffractogram.




3.8. FTIR Analysis


The ATR-FTIR spectra of raw materials and fabricated microparticles (F4–F7) are shown in Figure 4. The presence of characteristic peaks in each of the raw material depicts the purity of material used in the fabrication of microparticles. The characteristic bands of rifampicin appeared at 3477 cm−1 (-OH), 1728 cm−1 (furanone), 1644 cm−1 (amide near C-O), 1567 cm−1 (C=C) and 1490 cm−1 (amide close to the C-C). The aloe vera powders have shown spectral bands at 3350 cm−1, that attributed to the stretching vibration of the hydroxyl group, and the peak that appeared at 1599 cm−1 was attributed to the amino groups present in alcohol, phenol and amines [67,68,69]. In the case of sodium alginate, the functional group region of 3480 cm−1 and 2920 cm−1 were related to the OH stretching mode of the hydroxyl group and the CH stretching, respectively [70]. The characteristic peak of L-leucine at 2953 cm−1 was due to aliphatic CH3 bending, a peak at 1577 cm−1 could be allotted to the N-H band, while the band at 1399 cm−1 appeared due to COO−asymmetric vibration (Figure 4) [71,72]. In the rifampicin-loaded formulation with a higher concentration of L-leucine (F4 and F5), all the characteristic bands of the drug appeared that indicate the chemical stability of rifampicin even after encapsulation into the polymer matrix (Figure 4). However, the characteristic peak of L-leucine for aliphatic CH3 bending at 2953 cm−1 was more prominent due to a higher concentration of L-leucine (Figure 4). In the case of formulation with a higher concentration of sodium alginate (F6 and F7), the 3420 cm−1 (OH stretching) and 2918 cm−1 (CH stretching) bands appeared at higher intensity due to some level of chemical interaction between formulation components. Overall, the FTIR spectra confirmed the presence and integrity of raw materials during the spray drying process of microparticles synthesis, and no potential interaction and chemical incompatibility were found.




3.9. Drug Dissolution and Mechanism of Drug Release


The drug dissolution profile of rifampicin from selected spray-dried microparticles was shown in Figure 5. Overall, the release of the drug from microparticulate formulations was significantly controlled in comparison to pure spray-dried rifampicin which achieved complete dissolution within 8 h. The sustained release of the drug from polymeric particles (F4–F7) was attributed to the slow penetration of the dissolution medium through the polymeric coating around the drug. Rifampicin is a BCS class-II drug, and its dissolution is mainly dependent on formulation components. In the case of formulations (F4–F5) with higher L-leucine concentration, the release was significantly retarded when compared to formulations with higher concentrations of sodium alginate (p ≤ 0.05; Figure 5), due to the hydrophobic nature of L-leucine. The amorphous powder has a higher solubility and faster dissolution rate than crystalline; therefore, the crystalline nature of F5 could also be responsible for controlled drug release [73]. Overall, the slow dissolution of drug from spray-dried particles could allow sufficient time for phagocytosis of these particles by alveolar macrophages thereby leading to the eradication of M. tuberculosis from these cells. The in vitro release of rifampicin from spray-dried microparticles can be best explained by the Korsmeyer–Peppas model showing maximum linearity (0.9756) as mentioned in Table 4. The n value in the Korsmeyer–Peppas model varied between 0.60 and 0.85, suggesting a diffusion-controlled (non-Fickian) release [74,75].




3.10. In Vitro Aerodynamic Behavior


The matrices that depict the aerodynamic performance of rifampicin-loaded microparticles prepared from aloe vera powder with variable concentrations of sodium alginate and L-leucine are shown in Table 5. The emitted dose (ED) was found to be in the range of 60 to 70%, comparatively higher in the case of F4 than F5 due to large particle size (Table 5 vs. Table 2). The same pattern of higher dispersed fraction (PD) was observed when F6 was compared to F7. Previous studies have shown that any increase in particle size increases the aerosol dispersion from the DPI device [76]. However, complete dispersion of drug from DPI device could not be achieved due to the cohesive nature of microparticles having the propensity to aggregate, thereby showing poor aerosolization performance [77]. Both roughness and circularity of particles had been previously shown to affect the aerosolization of drug from DPI’s devices [76]. The roughness at nanoscale promotes higher dispersion of aerosol mass due to smaller aggregation strength between the approaching surfaces of microparticles [60]. However, our results were in contradiction to the previous finding due to the dominating effect of other physicochemical properties. The MMAD of designed particles are in close proximity to theoretical aerodynamic diameter (Table 5). The particles in the range of 1 to 2 µm had been shown to be best suited for deposition in the peripheral lung [78,79]. The MMAD of microparticles formulations (F4–F6) achieved in the range of 1.44 to 1.60 µm will promote particle deposition in the deep lung by the mechanism of sedimentation and diffusion [77,80]. When inhalation performance was evaluated using ACI, significantly higher inhaled fraction (PI) along with FPF and RF was achieved for F7, in comparison to other formulations due to higher circularity, lower tapped density and the presence of fine particles among large particles that promotes its deposition in the lower lung. The deposition pattern of spray-dried polymeric microparticles has shown that powder exists in the form of soft agglomerates due to cohesive nature that promotes < 25% aerosol mass to be deposited in induction port (throat) and pre-separator (Figure 6). The majority of aerosol mass gets deposited on stage 4 to stage 7, corresponding to aerosol mass with an aerodynamic diameter of 2.53 µm to 0.31 µm. When aerosol particles deposit in the alveolar region, alveolar macrophages get activated and engulf the deposited particles encapsulating rifampicin by means of phagocytosis [81,82]. Thus, the amount of drug in alveolar macrophages harboring Mycobacterium tuberculosis could be maximized by designing optimum polymeric microparticles to achieve effective eradication of mycobacterium bacilli from the lung.





4. Conclusions


In this study, inhalable rifampicin-loaded polymeric microparticles were prepared using the spray drying technique. The concentration of L-leucine was gradually increased in the first five formulations (F1–F5), while in the case of the last five formulations (F9-F6), the sodium alginate content was gradually increased, keeping all other formulations components at a constant level. It has been observed that F4, F5, F6 and F7 were lead formulations due to their desired physicochemical properties with respect to particle size (1.44 to 1.59 µm), rounded morphology (circularity ≥ 0.7), flow characteristics and drug content. The dissolution data depicts that F4 and F5 with a higher L-leucine concentration have significantly retarded the release of rifampicin from microparticles compared to formulations with a higher concentration of sodium alginate (F6 and F7), due to the hydrophobic nature of L-leucine. The amorphous powder has a higher solubility and faster dissolution rate than crystalline; therefore, the crystalline nature of F5 could also account for the controlled drug release. The “n” value in the Korsmeyer–Peppas model varied between 0.60 and 0.85, suggesting a diffusion-controlled release mechanism. The slow release of a drug from spray-dried microparticles could allow sufficient time for phagocytosis of these particles by alveolar macrophages, thereby leading to the eradication of M. tuberculosis from these cells. The aerosol performance of the spray-dried microparticles was assessed using ACI and found that microparticles achieved optimum MMAD of around 1.42 to 1.59 for deep lung deposition with comparatively higher aerodynamic particle size variation as depicted by GSD values of 3.0 to 4.0. The deposition of the majority of aerosol mass at stage 3 to stage 7 mimics deeper parts of the lung as shown by higher FPF and RF values which requires further studies to scale-up rifampicin powder formulations for inhalation drug delivery.







Author Contributions


Conceptualization, F.F.N. and K.U.S.; methodology, F.F.N. and M.Z.; software, K.U.S. and M.A.; validation, F.F.N.; formal analysis, K.U.S. and Z.R.N.; investigation, V.L.; resources, K.U.S.; data curation, F.F.N. and K.U.S.; writing—original draft preparation, K.U.S. and F.F.N.; writing—review and editing, M.A. and V.L.; supervision, K.U.S.; project administration, K.U.S. and M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data, models and code generated or used during the study appear in the published article.




Acknowledgments


All the authors are thankful to the Higher Education Commission (HEC) of Pakistan and Unversiti Sultan Zainal Abidin for the facility support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Carneiro, S.P.; Carvalho, K.V.; de Oliveira Aguiar Soares, R.D.; Carneiro, C.M.; de Andrade, M.H.G.; Duarte, R.S.; dos Santos, O.D.H. Functionalized rifampicin-loaded nanostructured lipid carriers enhance macrophages uptake and antimycobacterial activity. Colloids Surf. B Biointerfaces 2019, 175, 306–313. [Google Scholar] [CrossRef] [PubMed]

	



Kaufmann, S.H. How can immunology contribute to the control of tuberculosis? Nat. Rev. Immunol. 2001, 1, 20–30. [Google Scholar] [CrossRef]

	



Paramothayan, S. Essential Respiratory Medicine; John Wiley & Sons: Hoboken, NJ, USA, 2019. [Google Scholar]

	



Hirota, K.; Hasegawa, T.; Hinata, H.; Ito, F.; Inagawa, H.; Kochi, C.; Soma, G.-I.; Makino, K.; Terada, H. Optimum conditions for efficient phagocytosis of rifampicin-loaded PLGA microspheres by alveolar macrophages. J. Control. Release 2007, 119, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Reyes-Ruvalcaba, D.; González-Cortés, C.; Rivero-Lezcano, O.M. Human phagocytes lack the ability to kill Mycobacterium gordonae, a non-pathogenic mycobacteria. Immunol. Lett. 2008, 116, 72–78. [Google Scholar] [CrossRef] [PubMed]

	



Hirota, K.; Hasegawa, T.; Nakajima, T.; Inagawa, H.; Kohchi, C.; Soma, G.-I.; Makino, K.; Terada, H. Delivery of rifampicin–PLGA microspheres into alveolar macrophages is promising for treatment of tuberculosis. J. Control. Release 2010, 142, 339–346. [Google Scholar] [CrossRef] [PubMed]

	



Sosnik, A.; Carcaboso, Á.M.; Glisoni, R.J.; Moretton, M.A.; Chiappetta, D.A. New old challenges in tuberculosis: Potentially effective nanotechnologies in drug delivery. Adv. Drug Deliv. Rev. 2010, 62, 547–559. [Google Scholar] [CrossRef]

	



Yadav, A.B.; Sharma, R.; Muttil, P.; Singh, A.K.; Verma, R.K.; Mohan, M.; Patel, S.K.; Misra, A. Inhalable microparticles containing isoniazid and rifabutin target macrophages and ‘stimulate the phagocyte’ to achieve high efficacy. Indian J. Exp. Biol. 2009, 47, 469–474. [Google Scholar]

	



Hartkoorn, R.C.; Chandler, B.; Owen, A.; Ward, S.A.; Bertel Squire, S.; Back, D.J.; Khoo, S.H. Differential drug susceptibility of intracellular and extracellular tuberculosis, and the impact of P-glycoprotein. Tuberculosis 2007, 87, 248–255. [Google Scholar] [CrossRef]

	



Zhang, Y.; Shi, W.; Zhang, W.; Mitchison, D. Mechanisms of Pyrazinamide Action and Resistance. Microbiol. Spectr. 2013, 2, 1–12. [Google Scholar] [CrossRef]

	



Ntutela, S.; Smith, P.; Matika, L.; Mukinda, J.; Arendse, H.; Allie, N.; Estes, D.M.; Mabusela, W.; Folb, P.; Steyn, L. Efficacy of Artemisia afra phytotherapy in experimental tuberculosis. Tuberculosis 2009, 89, S33–S40. [Google Scholar] [CrossRef]

	



Patwardhan, B.; Vaidya, A.D.; Chorghade, M. Ayurveda and natural products drug discovery. Curr. Sci. 2004, 86, 789–799. [Google Scholar]

	



Buttini, F.; Colombo, P.; Rossi, A.; Sonvico, F.; Colombo, G. Particles and powders: Tools of innovation for non-invasive drug administration. J. Control. Release 2012, 161, 693–702. [Google Scholar] [CrossRef] [PubMed]

	



Momin, M.A.; Rangnekar, B.; Sinha, S.; Cheung, C.-Y.; Cook, G.M.; Das, S.C. Inhalable dry powder of bedaquiline for pulmonary tuberculosis: In vitro physicochemical characterization, antimicrobial activity and safety studies. Pharmaceutics 2019, 11, 502. [Google Scholar] [CrossRef] [PubMed]

	



Misra, A.; Hickey, A.J.; Rossi, C.; Borchard, G.; Terada, H.; Makino, K.; Fourie, P.B.; Colombo, P. Inhaled drug therapy for treatment of tuberculosis. Tuberculosis 2011, 91, 71–81. [Google Scholar] [CrossRef] [PubMed]

	



Rau, J.L. The inhalation of drugs: Advantages and problems. Respir. Care 2005, 50, 367–382. [Google Scholar] [PubMed]

	



Eedara, B.B.; Tucker, I.G.; Das, S.C. In vitro dissolution testing of respirable size anti-tubercular drug particles using a small volume dissolution apparatus. Int. J. Pharm. 2019, 559, 235–244. [Google Scholar] [CrossRef] [PubMed]

	



Miranda, M.S.; Rodrigues, M.T.; Domingues, R.M.; Torrado, E.; Reis, R.L.; Pedrosa, J.; Gomes, M.E. Exploring inhalable polymeric dry powders for anti-tuberculosis drug delivery. Mater. Sci. Eng. C 2018, 93, 1090–1103. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, Y.; Xi, R.; Wang, Y.; Yang, X. Process optimization of spray-dried fanhuncaoin powder for pulmonary drug delivery and its pharmacokinetic evaluation in rats. Drug Dev. Ind. Pharm. 2018, 44, 1357–1370. [Google Scholar] [CrossRef]

	



Sacks, L.V.; Pendle, S.; Orlovic, D.; Andre, M.; Popara, M.; Moore, G.; Thonell, L.; Hurwitz, S. Adjunctive salvage therapy with inhaled aminoglycosides for patients with persistent smear-positive pulmonary tuberculosis. Clin. Infect. Dis. 2001, 32, 44–49. [Google Scholar] [CrossRef]

	



Sermet-Gaudelus, I.; Le Cocguic, Y.; Ferroni, A.; Clairicia, M.; Barthe, J.; Delaunay, J.-P.; Brousse, V.; Lenoir, G. Nebulized antibiotics in cystic fibrosis. Pediatric Drugs 2002, 4, 455–467. [Google Scholar] [CrossRef]

	



Todoroff, J.; Vanbever, R. Fate of nanomedicines in the lungs. Curr. Opin. Colloid Interface Sci. 2011, 16, 246–254. [Google Scholar] [CrossRef]

	



Wu, X.; Hayes, D., Jr.; Zwischenberger, J.B.; Kuhn, R.J.; Mansour, H.M. Design and physicochemical characterization of advanced spray-dried tacrolimus multifunctional particles for inhalation. Drug Des. Dev. Ther. 2013, 7, 59. [Google Scholar]

	



Adjei, A.; Garren, J. Pulmonary delivery of peptide drugs: Effect of particle size on bioavailability of leuprolide acetate in healthy male volunteers. Pharm. Res. 1990, 7, 565–569. [Google Scholar] [CrossRef] [PubMed]

	



Valente, S.A.; Silva, L.M.; Lopes, G.R.; Sarmento, B.; Coimbra, M.A.; Passos, C.P. Polysaccharide-based formulations as potential carriers for pulmonary delivery—A review of their properties and fates. Carbohydr. Polym. 2022, 277, 118784. [Google Scholar] [CrossRef]

	



Hariyadi, D.M.; Islam, N. Current status of alginate in drug delivery. Adv. Pharmacol. Pharm. Sci. 2020, 2020, 8886095. [Google Scholar] [CrossRef] [PubMed]

	



Spadari, C.d.C.; Lopes, L.B.; Ishida, K. Potential use of alginate-based carriers as antifungal delivery system. Front. Microbiol. 2017, 8, 97. [Google Scholar] [CrossRef] [PubMed]

	



Möbus, K.; Siepmann, J.; Bodmeier, R. Zinc–alginate microparticles for controlled pulmonary delivery of proteins prepared by spray-drying. Eur. J. Pharm. Biopharm. 2012, 81, 121–130. [Google Scholar] [CrossRef]

	



Farid, R.M.; Etman, M.A.; Nada, A.H.; Ebian, A.-E.A. Sodium alginate-based microspheres of salbutamol sulphate for nasal administration: Formulation and evaluation. Am. J. Pharma Tech Res. 2012, 2, 289–307. [Google Scholar]

	



Kumar, M.M.; Abhishek, S.; Kumar, P.A.; Rajat, S.; Krishna, K. Recently investigated polymeric natural gums and mucilages for various drug delivery system. World J. Adv. Res. Rev. 2020, 6, 050–072. [Google Scholar] [CrossRef]

	



Sabuj, M.Z.R.; Islam, N. Inhaled Antibiotics-Loaded Polymeric Nanoparticles for the Management of Lower Respiratory Tract Infections. Nanoscale Adv. 2021, 3, 4005–4018. [Google Scholar] [CrossRef]

	



Arya, V. A review on anti-tubercular plants. Int. J. Pharma Tech Res. 2011, 3, 872–880. [Google Scholar]

	



Alhajj, N.; O’Reilly, N.J.; Cathcart, H. Leucine as an excipient in spray dried powder for inhalation. Drug Discov. Today 2021, 26, 2384–2396. [Google Scholar] [CrossRef] [PubMed]

	



Arpagaus, C. Pharmaceutical particle engineering via nano spray drying—Process parameters and application examples on the laboratory-scale. Int. J. Med. Nano Res. 2018, 5, 026. [Google Scholar] [CrossRef]

	



Riley, T.; Christopher, D.; Arp, J.; Casazza, A.; Colombani, A.; Cooper, A.; Dey, M.; Maas, J.; Mitchell, J.; Reiners, M. Challenges with developing in vitro dissolution tests for orally inhaled products (OIPs). Aaps Pharmscitech 2012, 13, 978–989. [Google Scholar] [CrossRef]

	



Shahin, H.I.; Vinjamuri, B.P.; Mahmoud, A.A.; Shamma, R.N.; Mansour, S.M.; Ammar, H.O.; Ghorab, M.M.; Chougule, M.B.; Chablani, L. Design and evaluation of novel inhalable sildenafil citrate spray-dried microparticles for pulmonary arterial hypertension. J. Control. Release 2019, 302, 126–139. [Google Scholar] [CrossRef]

	



Thiyagarajan, D.; Huck, B.; Nothdurft, B.; Koch, M.; Rudolph, D.; Rutschmann, M.; Feldmann, C.; Hozsa, C.; Furch, M.; Besecke, K.F. Spray-dried lactose-leucine microparticles for pulmonary delivery of antimycobacterial nanopharmaceuticals. Drug Deliv. Transl. Res. 2021, 11, 1766–1778. [Google Scholar] [CrossRef]

	



Guerreiro, F.; Swedrowska, M.; Patel, R.; Flórez-Fernández, N.; Torres, M.D.; da Costa, A.M.R.; Forbes, B.; Grenha, A. Engineering of konjac glucomannan into respirable microparticles for delivery of antitubercular drugs. Int. J. Pharm. 2021, 604, 120731. [Google Scholar] [CrossRef]

	



Mosén, K.; Bäckström, K.; Thalberg, K.; Schaefer, T.; Kristensen, H.G.; Axelsson, A. Particle formation and capture during spray drying of inhalable particles. Pharm. Dev. Technol. 2005, 9, 409–417. [Google Scholar] [CrossRef]

	



Rattes, A.L.R.; Oliveira, W.P. Spray drying conditions and encapsulating composition effects on formation and properties of sodium diclofenac microparticles. Powder Technol. 2007, 171, 7–14. [Google Scholar] [CrossRef]

	



Sosnik, A.; Seremeta, K.P. Advantages and challenges of the spray-drying technology for the production of pure drug particles and drug-loaded polymeric carriers. Adv. Colloid Interface Sci. 2015, 223, 40–54. [Google Scholar] [CrossRef]

	



Anandharamakrishnan, C. Spray Drying Techniques for Food Ingredient Encapsulation; John Wiley & Sons: Hoboken, NJ, USA, 2015. [Google Scholar]

	



Chow, A.H.; Tong, H.H.; Chattopadhyay, P.; Shekunov, B.Y. Particle engineering for pulmonary drug delivery. Pharm. Res. 2007, 24, 411–437. [Google Scholar] [CrossRef] [PubMed]

	



Shoyele, S.A.; Cawthorne, S. Particle engineering techniques for inhaled biopharmaceuticals. Adv. Drug Deliv. Rev. 2006, 58, 1009–1029. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, F.; Zhu, S.; Chen, F.; Gao, Q.; Yu, S. Effect of different drying methods on the structure and digestibility of short chain amylose crystals. Food Hydrocoll. 2016, 52, 721–731. [Google Scholar] [CrossRef]

	



Hadiwinoto, G.D.; Lip Kwok, P.C.; Lakerveld, R. A review on recent technologies for the manufacture of pulmonary drugs. Ther. Deliv. 2018, 9, 47–70. [Google Scholar] [CrossRef] [PubMed]

	



Pacheco, P.; White, D.; Sulchek, T. Effects of microparticle size and Fc density on macrophage phagocytosis. PLoS ONE 2013, 8, e60989. [Google Scholar] [CrossRef] [PubMed]

	



Alhajj, N.; Zakaria, Z.; Naharudin, I.; Ahsan, F.; Li, W.; Wong, T.W. Critical physicochemical attributes of chitosan nanoparticles admixed lactose-PEG 3000 microparticles in pulmonary inhalation. Asian J. Pharm. Sci. 2020, 15, 374–384. [Google Scholar] [CrossRef]

	



Healy, A.; McDonald, B.; Tajber, L.; Corrigan, O. Characterisation of excipient-free nanoporous microparticles (NPMPs) of bendroflumethiazide. Eur. J. Pharm. Biopharm. 2008, 69, 1182–1186. [Google Scholar] [CrossRef]

	



Tyukova, V.; Kedik, S.; Panov, A.; Zhavoronok, E.; Mendeleev, D.; Senchikhin, I.; Fursova, A.Z.; Rumyantseva, Y.V.; Kolosova, N. Synthesis of a Disulfuram Inclusion Complex with Hydroxypropyl-β-Cyclodextrin and Its Effect on Cataract Development in Rats. Pharm. Chem. J. 2020, 53, 1158–1163. [Google Scholar] [CrossRef]

	



Guzelgulgen, M.; Ozkendir-Inanc, D.; Yildiz, U.H.; Arslan-Yildiz, A. Glucuronoxylan-based quince seed hydrogel: A promising scaffold for tissue engineering applications. Int. J. Biol. Macromol. 2021, 180, 729–738. [Google Scholar] [CrossRef]

	



D’Souza, S. A review of in vitro drug release test methods for nano-sized dosage forms. Adv. Pharm. 2014, 2014, 304757. [Google Scholar] [CrossRef]

	



Salama, R.; Hoe, S.; Chan, H.-K.; Traini, D.; Young, P.M. Preparation and characterisation of controlled release co-spray dried drug–polymer microparticles for inhalation 1: Influence of polymer concentration on physical and in vitro characteristics. Eur. J. Pharm. Biopharm. 2008, 69, 486–495. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, G.G.; Santos-Oliveira, R.; Albernaz, M.S.; Canema, D.; Weismüller, G.; Barros, E.B.; Magalhães, L.; Lima-Ribeiro, M.H.M.; Pohlmann, A.R.; Guterres, S.S. Microparticles of Aloe vera/vitamin E/chitosan: Microscopic, a nuclear imaging and an in vivo test analysis for burn treatment. Eur. J. Pharm. Biopharm. 2014, 86, 292–300. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Wang, C.-H. Effects of fabrication conditions on the characteristics of etanidazole spray-dried microspheres. J. Microencapsul. 2002, 19, 495–510. [Google Scholar] [CrossRef]

	



Sou, T.; Kaminskas, L.M.; Nguyen, T.-H.; Carlberg, R.; McIntosh, M.P.; Morton, D.A. The effect of amino acid excipients on morphology and solid-state properties of multi-component spray-dried formulations for pulmonary delivery of biomacromolecules. Eur. J. Pharm. Biopharm. 2013, 83, 234–243. [Google Scholar] [CrossRef] [PubMed]

	



Mangal, S.; Meiser, F.; Lakio, S.; Morton, D.; Larson, I. The role of physico-chemical and bulk characteristics of co-spray dried l-leucine and polyvinylpyrrolidone on glidant and binder properties in interactive mixtures. Int. J. Pharm. 2015, 479, 338–348. [Google Scholar] [CrossRef] [PubMed]

	



Baranov, M.V.; Kumar, M.; Sacanna, S.; Thutupalli, S.; Van den Bogaart, G. Modulation of immune responses by particle size and shape. Front. Immunol. 2021, 11, 607945. [Google Scholar] [CrossRef]

	



Yoo, J.-W.; Mitragotri, S. Polymer particles that switch shape in response to a stimulus. Proc. Natl. Acad. Sci. USA 2010, 107, 11205–11210. [Google Scholar] [CrossRef]

	



Kwon, Y.-B.; Kang, J.-H.; Han, C.-S.; Kim, D.-W.; Park, C.-W. The effect of particle size and surface roughness of spray-dried bosentan microparticles on aerodynamic performance for dry powder inhalation. Pharmaceutics 2020, 12, 765. [Google Scholar] [CrossRef]

	



Baldelli, A.; Boraey, M.A.; Nobes, D.S.; Vehring, R. Analysis of the particle formation process of structured microparticles. Mol. Pharm. 2015, 12, 2562–2573. [Google Scholar] [CrossRef]

	



Aulton, M.E.; Taylor, K. Aulton’s Pharmaceutics: The Design and Manufacture of Medicines; Elsevier Health Sciences: Amsterdam, The Netherlands, 2013. [Google Scholar]

	



Dimer, F.A.; Ortiz, M.; Pohlmann, A.R.; Guterres, S.S. Inhalable resveratrol microparticles produced by vibrational atomization spray drying for treating pulmonary arterial hypertension. J. Drug Deliv. Sci. Technol. 2015, 29, 152–158. [Google Scholar] [CrossRef]

	



Karthikeyan, S.; Prasad, N.R.; Ganamani, A.; Balamurugan, E. Anticancer activity of resveratrol-loaded gelatin nanoparticles on NCI-H460 non-small cell lung cancer cells. Biomed. Prev. Nutr. 2013, 3, 64–73. [Google Scholar] [CrossRef]

	



Khadka, P.; Hill, P.C.; Zhang, B.; Katare, R.; Dummer, J.; Das, S.C. A study on polymorphic forms of rifampicin for inhaled high dose delivery in tuberculosis treatment. Int. J. Pharm. 2020, 587, 119602. [Google Scholar] [CrossRef] [PubMed]

	



Bhise, S.B.; More, A.B.; Malayandi, R. Formulation and in vitro evaluation of rifampicin loaded porous microspheres. Sci. Pharm. 2010, 78, 291–302. [Google Scholar] [CrossRef] [PubMed]

	



Medda, S.; Hajra, A.; Dey, U.; Bose, P.; Mondal, N.K. Biosynthesis of silver nanoparticles from Aloe vera leaf extract and antifungal activity against Rhizopus sp. and Aspergillus sp. Appl. Nanosci. 2015, 5, 875–880. [Google Scholar] [CrossRef]

	



Nithya, A.; Rokesh, K.; Jothivenkatachalam, K. Biosynthesis, characterization and application of titanium dioxide nanoparticles. Nano Vis. 2013, 3, 169–174. [Google Scholar]

	



Rasli, N.I.; Basri, H.; Harun, Z. Zinc oxide from Aloe vera extract: Two-level factorial screening of biosynthesis parameters. Heliyon 2020, 6, e03156. [Google Scholar] [CrossRef]

	



Uyen, N.T.T.; Hamid, Z.A.A.; Ahmad, N.B. Synthesis and characterization of curcumin loaded alginate microspheres for drug delivery. J. Drug Deliv. Sci. Technol. 2020, 58, 101796. [Google Scholar] [CrossRef]

	



Makled, S.; Boraie, N.; Nafee, N. Nanoparticle-mediated macrophage targeting—A new inhalation therapy tackling tuberculosis. Drug Deliv. Transl. Res. 2021, 11, 1037–1055. [Google Scholar] [CrossRef]

	



Al-Jeboori, F.; Al-Shimiesawi, T.; Jassim, O. Synthesis and characterization of some essential amino acid metal complexes having biological activity. J. Chem. Pharm. Res. 2013, 5, 172–176. [Google Scholar]

	



Skrdla, P.J.; Floyd, P.D.; Dell’orco, P.C. Practical estimation of amorphous solubility enhancement using thermoanalytical data: Determination of the amorphous/crystalline solubility ratio for pure indomethacin and felodipine. J. Pharm. Sci. 2016, 105, 2625–2630. [Google Scholar] [CrossRef]

	



Sinclair, G.W.; Peppas, N.A. Analysis of non-Fickian transport in polymers using simplified exponential expressions. J. Membr. Sci. 1984, 17, 329–331. [Google Scholar] [CrossRef]

	



Ritger, P.L.; Peppas, N.A. A simple equation for description of solute release II. Fickian and anomalous release from swellable devices. J. Control. Release 1987, 5, 37–42. [Google Scholar] [CrossRef]

	



Lee, H.-J.; Kang, J.-H.; Lee, H.-G.; Kim, D.-W.; Rhee, Y.-S.; Kim, J.-Y.; Park, E.-S.; Park, C.-W. Preparation and physicochemical characterization of spray-dried and jet-milled microparticles containing bosentan hydrate for dry powder inhalation aerosols. Drug Des. Dev. Ther. 2016, 10, 4017. [Google Scholar] [CrossRef] [PubMed]

	



Peng, T.; Lin, S.; Niu, B.; Wang, X.; Huang, Y.; Zhang, X.; Li, G.; Pan, X.; Wu, C. Influence of physical properties of carrier on the performance of dry powder inhalers. Acta Pharm. Sin. B 2016, 6, 308–318. [Google Scholar] [CrossRef]

	



Darquenne, C. Aerosol deposition in health and disease. J. Aerosol Med. Pulm. Drug Deliv. 2012, 25, 140–147. [Google Scholar] [CrossRef]

	



Heyder, J. Deposition of inhaled particles in the human respiratory tract and consequences for regional targeting in respiratory drug delivery. Proc. Am. Thorac. Soc. 2004, 1, 315–320. [Google Scholar] [CrossRef]

	



Cheng, Y.S. Mechanisms of pharmaceutical aerosol deposition in the respiratory tract. AAPS PharmSciTech 2014, 15, 630–640. [Google Scholar] [CrossRef]

	



Geiser, M. Update on macrophage clearance of inhaled micro-and nanoparticles. J. Aerosol Med. Pulm. Drug Deliv. 2010, 23, 207–217. [Google Scholar] [CrossRef]

	



Mohning, M.P.; Thomas, S.M.; Barthel, L.; Mould, K.J.; McCubbrey, A.L.; Frasch, S.C.; Bratton, D.L.; Henson, P.M.; Janssen, W.J. Phagocytosis of microparticles by alveolar macrophages during acute lung injury requires MerTK. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2018, 314, L69–L82. [Google Scholar] [CrossRef]








[image: Polymers 14 02491 g001a 550][image: Polymers 14 02491 g001b 550] 





Figure 1. Morphological features of spray-dried microparticles (F1–F5) and pure rifampicin (R) and spray-dried, rifampicin-loaded microparticles (F6–F9). 
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Figure 2. XRD diffractogram of (a) SD rifampicin (b) F4, (c) F5, (d) F6, (e) F7 at position 2 theta and intensity 4 to 80 (arbitrary scale). 
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Figure 3. DSC thermogram of (a) spray-dried rifampicin (b) F4, (c) F5, (d) F6 and (e) F7. 
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Figure 4. (I). FTIR Spectra of rifampicin (a), aloe vera (b), sodium alginate (c) and L-leucine; (II) (d) spray-dried microparticles formulations F4 (e), F5 (f), F6 (g) and F7 (h); (III) schematic representation of molecular structures of drug, carriers and spray-dried microparticles. 
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Figure 5. In vitro release profile of rifampicin from spray-dried microparticles (F4–F7) and pure rifampicin. 
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Figure 6. In vitro aerosol deposition pattern of microparticles at various stages of ACI. 
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Table 1. Formulation designs of spray-dried rifampicin-loaded microparticles.
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	Sample
	Rifampicin (g)
	Aloe Vera Powder (g)
	Sodium Alginate (g)
	L-Leucine (g)
	Alginate: L-Leucine (w:w)





	F1
	0.20
	0.02
	0.05
	0.05
	1:1



	F2
	0.20
	0.02
	0.05
	0.10
	1:2



	F3
	0.20
	0.02
	0.05
	0.15
	1:3



	F4
	0.20
	0.02
	0.05
	0.20
	1:4



	F5
	0.20
	0.02
	0.05
	0.25
	1:5



	F6
	0.20
	0.02
	0.25
	0.05
	5:1



	F7
	0.20
	0.02
	0.20
	0.05
	4:1



	F8
	0.20
	0.02
	0.15
	0.05
	3:1



	F9
	0.20
	0.02
	0.10
	0.05
	2:1



	Pure drug
	0.20
	NA
	NA
	NA
	NA
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Table 2. Particle size, PDI, zeta potential and percentage yield of microparticles.
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	Formulation Code
	Particle Size (µm)
	PDI
	Zeta Potential (mV)
	Roughness (nm)
	Circularity
	Yield (%)





	F1
	2.41 ± 0.79
	0.04 ± 0.00
	−0.78 ± 0.14
	1.13 ± 0.40
	0.68 ± 0.02
	60.47 ± 5.01



	F2
	2.82 ± 0.92
	0.03 ± 0.00
	−0.61 ± 0.24
	0.99 ± 0.39
	0.74 ± 0.06
	56.53 ± 4.03



	F3
	3.69 ± 0.53
	0.02 ± 0.00
	−0.33 ± 0.12
	0.88 ± 0.38
	0.77 ± 0.00
	48.38 ± 5.06



	F4
	2.62 ± 0.62
	0.05 ± 0.00
	−0.86 ± 0.18
	0.85 ± 0.12
	0.74 ± 0.02
	46.50 ± 8.01



	F5
	2.08 ± 0.71
	0.03 ± 0.00
	1.69 ± 0.11
	1.20 ± 0.22
	0.83 ± 0.01
	59.51 ± 6.01



	F6
	3.21 ± 0.89
	0.03 ± 0.00
	−0.26 ± 0.21
	1.14 ± 0.22
	0.89 ± 0.01
	65.47 ± 5.01



	F7
	2.82 ± 0.55
	0.04 ± 0.00
	−0.40 ± 0.09
	0.77 ± 0.33
	0.94 ± 0.01
	60.76 ± 7.04



	F8
	2.93 ± 0.95
	0.03 ± 0.00
	−0.46 ± 0.18
	0.76 ± 0.14
	0.72 ± 0.02
	55.11 ± 6.03



	F9
	2.65 ± 0.78
	0.02 ± 0.00
	−0.61 ± 0.148
	0.67 ± 0.52
	0.96 ± 0.03
	52.07 ± 4.01



	Pure drug
	3.19 ± 0.53
	0.04 ± 0.00
	0.28 ± 0.22
	1.44 ± 0.23
	0.46 ± 0.02
	45.87 ± 2.01
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Table 3. Drug content, density and flow characteristics of the spray-dried microparticles.
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	Formulation Code
	Drug Content (mg/mg)
	Association Efficiency (%)
	Bulk Density (g/mL)
	Tapped Density (g/mL)
	Carr’s

Index (%)
	Hausner’s Ratio





	F1
	0.245 ± 0.008
	39.28 ± 1.064
	0.20 ± 0.01
	0.47 ± 0.03
	57.50
	2.35



	F2
	0.265 ± 0.010
	49.08 ± 1.91
	0.18 ± 0.03
	0.50 ± 0.02
	64.30
	2.80



	F3
	0.373 ± 0.012
	78.42 ± 2.57
	0.13 ± 0.01
	0.38 ± 0.03
	65.00
	2.86



	F4
	0.397 ± 0.011
	93.36 ± 2.52
	0.15 ± 0.01
	0.37 ± 0.04
	60.00
	2.50



	F5
	0.368 ± 0.007
	95.68 ± 1.94
	0.25 ± 0.05
	0.40 ± 0.03
	37.50
	1.60



	F6
	0.370 ± 0.008
	96.15 ± 2.15
	0.18 ± 0.04
	0.35 ± 0.05
	47.99
	1.92



	F7
	0.373 ± 0.007
	87.65 ± 1.59
	0.12 ± 0.01
	0.21 ± 0.03
	42.85
	1.75



	F8
	0.355 ± 0.008
	74.64 ± 1.78
	0.08 ± 0.01
	0.20 ± 0.05
	60.00
	2.50



	F9
	0.332 ± 0.009
	61.62 ± 1.77
	0.27 ± 0.03
	0.43 ± 0.02
	37.21
	1.61
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Table 4. The correlation coefficient (R2), n value and rate constant (K) of Korsmeyer–Peppas model equation for spray-dried rifampicin microparticles.
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	Formulation
	R2
	n
	K
	Mechanism





	F4
	0.9756
	0.6429
	0.024 ± 0.0565
	non-Fickian mechanism



	F5
	0.9792
	0.7335
	0.076 ± 0.1868
	non-Fickian mechanism



	F6
	0.9972
	0.8496
	0.353 ± 0.8873
	non-Fickian mechanism



	F7
	0.9789
	0.6461
	0.023 ± 0.0653
	non-Fickian mechanism
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Table 5. Aerodynamic performance of the spray-dried rifampicin loaded microparticles.
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Aerodynamic Parameters

	
F4

	
F5

	
F6

	
F7






	
Daer

	
1.03

	
2.025

	
1.571

	
1.345




	
MMAD

	
1.44 ± 0.03

	
1.59 ± 0.05

	
1.42 ± 0.02

	
1.59 ± 0.03




	
GSD

	
3.16 ± 0.02

	
4.08 ± 0.07

	
3.79 ± 0.05

	
3.13 ± 0.07




	
TD (mg)

	
7.94

	
7.36

	
7.40

	
7.46




	
ED (mg)

	
5.46 ± 0.25

	
4.54 ± 0.28

	
4.84 ± 0.56

	
5.28 ± 0.14




	
DD (mg)

	
3.38 ± 0.18

	
2.74 ± 0.19

	
3.20 ± 0.21

	
3.91 ± 0.11




	
PD

	
68.72 ± 3.85

	
61.72 ± 4.34

	
65.35 ± 3.19

	
70.71± 5.39




	
PI

	
42.54 ± 2.25

	
37.18 ± 1.95

	
43.22 ± 2.23

	
52.39 ± 2.95




	
A. Mass deposited on all stages




	
FPD

	
3.38 ± 0.16

	
2.74 ± 0.25

	
3.20 ± 0.21

	
3.91 ± 0.15




	
FPF

	
61.95 ± 4.78

	
60.24 ± 3.25

	
66.15 ± 2.25

	
74.09 ± 2.33




	
RF

	
100 ± 0.00

	
100

	
100

	
100




	
B. Mass deposited on stage 2 and below




	
FPD

	
3.09 ± 0.15

	
2.35 ± 0.18

	
2.81 ± 0.19

	
3.52 ± 0.13




	
FPF

	
56.72 ± 4.03

	
51.74 ± 3.43

	
58.16 ± 2.93

	
66.77 ± 2.44




	
RF

	
91.57 ± 2.38

	
85.89 ± 3.03

	
87.93 ± 4.11

	
90.12 ± 3.93




	
C. Mass deposited on stage 2 and below




	
FPD

	
2.73 ± 0.14

	
1.96 ± 0.24

	
2.43 ± 0.17

	
2.94 ± 0.14




	
FPF

	
50.13 ± 3.97

	
43.22 ± 4.07

	
50.28 ± 3.15

	
55.70 ± 2.17




	
RF

	
80.93 ± 3.98

	
71.74 ± 4.57

	
76.01 ± 2.27

	
75.18 ± 2.44




	
D. Aerosol mass in the range of ≥ 0.5 ≤ 3µm




	
FPD

	
1.96 ± 0.13

	
1.32 ± 0.11

	
1.65 ± 0.19

	
2.16 ± 0.06




	
FPF

	
35.97 ± 0.16

	
29.14 ± 1.22

	
34.18 ± 1.34

	
40.94 ± 0.22




	
RF

	
57.90 ± 1.89

	
48.37 ± 2.42

	
51.68 ± 1.98

	
55.26 ± 1.03
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