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Summary 

Inhaled therapy is potentially more efficient than current oral and parenteral anti-tubercular treatments due to its 
ability to deliver a higher drug concentration to the lungs. For treating TB, a high dose of the drug (many 
milligrams) needs to be delivered to the lungs requiring to develop highly aerosolizable powders. This study 
investigated the influence of lung surfactant, DPPC, on the aerosolization of a first line hydrophilic anti-TB drug, 
pyrazinamide and a second line relatively hydrophobic drug, moxifloxacin HCl in the presence or absence of L-
leucine. Using spray drying, individual powders of supplied pyrazinamide (PSD) and moxifloxacin HCl (MSD) alone 
and with 10% L-leucine (PL, ML) and 10% DPPC (PLD, MLD) were produced. The powders were characterized 
for physicochemical properties and aerosolization behaviour. The particle size of all powders except PSD was < 5 
µm. The emitted doses of all the spray dried powders were very high (75-89%). The PSD showed poor 
aerosolization behaviour (FPF of 18.7 ± 3.4%) due to the presence of large (>10 µm) crystalline particles. 
However, the addition of L-leucine (PL) produced spherical hollow particles and improved aerosolization (FPF 
53.0 ± 3.2%). The addition of DPPC and L-leucine to pyrazinamide (PLD) further improved aerosolization (FPF 
74.5 ± 5.3%). However, the aerosolization of MSD although increased by the addition of L-leucine (FPF from FPF 
55.6 ± 3.3% to 74.1 ± 1.3%), it was not further increased when both DPPC and L-leucine were added. In 
conclusion, DPPC in the presence of L-leucine significantly increased aerosolization of pyrazinamide, but not of 
moxifloxacin. 

Introduction 

Despite the availability of anti-TB drugs for almost a century, TB remains a major health problem with around 2 
billion people currently carrying the causative microorganism of TB, Mycobacterium tuberculosis; and in 2012, 1.4 
million people died and 8.7 million new cases were reported worldwide 

[1]
. Pulmonary delivery of powders 

containing anti-TB drugs is potentially more efficient than current oral and parenteral anti-tubercular treatments 
due to its ability to deliver a higher drug concentration to the primary site of infection i.e. the lungs. In treating TB, 
it is important to deliver higher doses of the drug (many milligrams as opposed to <500 µg for asthma) to the 
lower respiratory tract in the form of an aerosol of particles 1-5 µm in size 

[2]
. However, these tiny particles are, in 

general, forming agglomerates due to high cohesiveness which are difficult to de-agglomerate resulting in low fine 
particle fractions. To ensure high dose delivery, highly aerosolizable inhalable powders which are carrier-free or 
contain minimum amount of excipients (‘high drug-load’) are essential.  
 
One of the strategies to improve aerosolization of ‘high drug-load’ powders is by coating the particle surface with 
a hydrophobic material. We reported the achievement of high aerosolization by the dry coating of inhalable drug 
particles using magnesium stearate 

[3]
. However, the surface coating of particles can also be achieved by spray 

drying through appropriate selection of spray drying conditions and excipients. Lung surfactants (LS) can be used 
for such coating since they have a hydrophobic chain. LS, being endogenous, can be rapidly metabolized and 
eliminated from the lungs after inhalation 

[4]
. Dry powder formulations composed of phospholipids either alone or 

in combination with other carriers have demonstrated improved aerosolization behaviour with maximum fine 
particle fraction (FPF) ~50% 

[4-5]
. We have recently reported achievement of >70% fine particle fraction using 

phospholipids 
[6]

; however, the excipient concentration was limiting high drug-load.  
 
Thus, this study was designed to investigate the influence of lung surfactant on the aerosolization of ‘high drug-
load’ inhalable powders of two anti-TB drugs, pyrazinamide and moxifloxacin HCl produced by spray drying. 
Pyrazinamide is a first line anti-TB drug and the only drug which is effective in latent TB 

[7]
. Moxifloxacin HCl is a 

second line anti-TB drug belonging to the fluoroquinolone class, and if taken concomitantly with a first line anti-TB 
drug, has the potential to shorten the TB treatment period 

[8]
. These two drugs were chosen since pyrazinamide is 

hydrophilic, moxifloxacin HCl is relatively less hydrophilic. Pyrazinamide, and moxifloxacin HCl will be spray dried 
with 10% of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) and/or L-leucine to achieve the high drug 
load. DPPC was used as this is the most abundant component in the lung surfactant. L-leucine was used since it 
is one of the widely used amino acids in the spray dried inhalation powders to improve aerosolization. The 
concentrations of excipients were kept low (≤ 20%) to ensure high drug loading. This results will hopefully 
facilitate the development of powder formulations for high dose delivery, and an effective anti-TB inhalable 
powder. 
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Materials and methods 

 
Materials  
 
Pyrazinamide and moxifloxacin HCl were purchased from Amsal Chem. Pvt. Ltd. (Gujarat, India) and Hubei 
Yuancheng Saichuang Technology Co., Ltd. (Wuhan, China), respectively. L-leucine and DPPC were obtained 
from Hangzhou Dayangchem Co., Ltd. (Hangzhou, China) and Lipoid (Ludwigshafen, Germany), respectively. All 
other reagents and chemicals utilized in this study were of high-performance liquid chromatography (HPLC) grade 
and purchased from Merck (Darmstadt, Germany).  
 
Preparation of the spray dried powders:  
 
Spray dried powder formulations of pyrazinamide and moxifloxacin HCl alone or with 10% of L-leucine and 10% 
DPPC were produced using a laboratory scale spray dryer (BUCHI B-290 Mini Spray Dryer, BUCHI Labortechnik 
AG, Switzerland), with a stainless steel standard 2-fluid nozzle with a 0.7 mm (internal diameter) nozzle tip and 
1.5 mm cap. Feed solutions (0.5% w/v) were prepared in ethanol-water mixture (70:30% v/v) and were spray 
dried at a pump flow rate of 2 mL/min, air flow rate of 670 L/h, aspiration rate of 50%, the inlet temperature of 70 
°C and the outlet temperature of 41 ± 1 °C. All the obtained powders were collected and stored in a desiccator at 
room temperature. 
 
Surface morphology and physicochemical characterization:  
 

Morphological features of the powder particles were visualized using JEOL 6700F FE-SEM (SEM, JEOL Ltd., 
Tokyo, Japan) at an acceleration voltage of 5 kV. The geometric mean diameter (dg; n > 300 particle count; mean 
± SD) of the spray dried powders was measured from the SEM images (×2000 magnification) of the respective 
powder samples using ImageJ 1.48 software (National Institutes of Health, Maryland, USA). Solid state nature of 
the supplied drugs, excipients and spray dried powders, and the physicochemical interaction between the 
components of the spray dried powders was characterized using X-ray powder diffraction (XRPD) analysis, 
differential scanning calorimetry (DSC) study, hot stage microscopy (HSM) study, thermogravimetric analysis 
(TGA) and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. 
 
In vitro aerodynamic performance test:  
 
The aerodynamic behaviour of the spray dried powders from the Aerolizer

®
 device (Novartis, Surrey, UK) was 

assessed using the Next Generation Impactor (NGI; Copley Scientific, Nottingham, UK). NGI set up comprises of 
a stainless steel induction port attached with a mouthpiece adaptor, eight removable stainless steel collection 
cups located at seven plus a micro orifice collector (MOC) stages, a high capacity vacuum pump (Model HCP5), 
and a critical flow controller (TPK 2000). Before each run, the NGI collection cups were coated with silicone oil to 
minimize the particle entrainment after deposition. The air flow rate (Q) was tested and tuned at 100 L/min using 
the Copley’s flow meter (Model DFM 2000). Aerolizer

®
 device with a powder sample (~ 20 mg) filled hard gelatine 

PEG capsule (size 3; colourless; Qualicaps, Osaka, Japan) was activated for 2.4 s into the NGI assembly at an 
air flow rate of 100 L/min. The Aerolizer

®
 device with empty capsule shell, mouth piece, induction port and 

collection cups were rinsed with specific volumes of water: methanol (80:20% v/v) mixture and transferred into the 
volumetric flasks, shaken, filtered, and assayed using HPLC.  
 
Statistical analysis 
All data were processed and their mean ± standard deviation values determined using Microsoft

®
 Excel 

spreadsheets. Statistical analysis of data was performed by one way analysis of variance (ANOVA) and Student-
Newman-Keuls post-hoc testing using GraphPad Prism 5 software (GraphPad Software, CA, USA) with p ≤ 0.05 
as the minimum level of significance. 
 
Results 

 
All the spray dried powders (Fig. 1B-F) except PSD (Fig. 1A) produced fairly spherical shaped porous particles. 
While pyrazinamide before spray drying was non-spherical (Fig 1A), the addition of L-leucine in pyrazinamide 
resulted in spray dried particles of corrugated surface (1B and C). Although MSD particles were found to 
agglomerate, the agglomeration was less evidenced in L-leucine and DPPC containing powders.  
 
The particle size of (geometric diameter) of all spray dried powders was < 5 μm (PL 2.5 ±1.0 μm, PLD 3.8 ± 1.4 
μm, MSD 1.9 ± 0.8 μm, ML 2.4 ± 1.0 μm and MLD 2.2 ± 1.0 μm) except PSD (> 10 μm). The X-ray powder 
diffraction analysis of the supplied pyrazinamide (Fig. 2A) and moxifloxacin HCl (Fig. 2B) showed intense 
diffraction peaks which represent the crystalline nature of both the drugs in their supplied form. XRPD 
diffractograms of the pyrazinamide spray dried powder formulations (Fig. 2E-G) showed the presence of 
pyrazinamide in crystalline form with altered peak positions indicating polymorphic transformation compared to its 

supplied form (-polymorphic form).  
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The diffraction pattern of the pyrazinamide in the PSD without any excipients (Fig. 2E) matched with the δ-
polymorphic form. However, the spray dried powder formulations PL and PLD composed of L-leucine and DPPC 
produced a γ-polymorphic form of the pyrazinamide. In contrast, moxifloxacin spray dried powders (Fig. 2H-J) 
representing the amorphous form of the moxifloxacin HCl after the spray drying process as characterized by a 
hollow diffraction pattern without any diffraction peaks at their respective positions compared to the supplied 
crystalline form. Similarly, DSC, TGA, HSM results exactly match with the findings of the XRPD and confirms the 
presence of pyrazinamide in the crystalline form with altered polymorphic form and moxifloxacin in the amorphous 
form after spray drying process. ATR-FTIR studies reveal no chemical incompatibility between the combined 
drugs and excipients. 
 
All the spray dried powders showed high emitted doses of >80% except MSD (75.7 ± 1.3%) as determined by NGI. 
The spray dried pyrazinamide (PSD) showed very poor aerosolization behaviour with a minimal depositions on the 
deeper stages of the NGI and showed an FPF of 18.7 ± 3.4% only. Of the particles emitted, 39.9 ± 7% were 
deposited in the inhalation port and mouthpiece. The addition of L-leucine improved FPF to 53.0 ± 3.2%. The 
addition of DPPC along with L-leucine to the pyrazinamide further improved the FPF to 74.5 ± 5.3%. Figure 3 
shows the % drug deposited on stages 1-7 of the Next Generation Impactor™ (NGI™) for the developed spray 
dried powder formulations. Similarly, spray dried moxifloxacin HCl composed of L-leucine showed the significantly 
(p<0.05) improved FPF (74.7 ± 4.7%) compared to the spray dried moxifloxacin without excipients (FPF 55.6 ± 
3.3%). As opposed to pyrazinamide, the addition of DPPC along with L-leucine has not shown any significant 
(p<0.05) change in the FPF (74.1 ± 1.3%). 
 

  

 

Figure 3. Aerosol dispersion performance as % deposited on stage 1-7 of the Next Generation Impactor™ 

(NGI™) for spray dried powder formulations: spray dried pyrazinamide (PSD), pyrazinamide with 10% L-leucine 

Figure 1. Representative scanning electron 

microscopic images of spray dried pyrazinamide 
(A), pyrazinamide with 10% L-leucine (B), 
pyrazinamide with 10%L-Leucine and 10% DPPC 
PLD (C), moxifloxacin HCl (D), moxifloxacin with 
10% L-leucine (E) and moxifloxacin with 10% L-
leucine and 10% DPPC (F). Scale bar represents 

a length of 10 m in Fig. 1A and 1 m in all others. 

Figure 2. X-ray powder diffractograms of the 

supplied pyrazinamide (A), moxifloxacin HCl (B), 
L-leucine (C), DPPC (D), and spray dried 
formulations: pyrazinamide (E), pyrazinamide with 
10% L-leucine (F), pyrazinamide with 10%L-
leucine and 10% DPPC PLD (G), moxifloxacin 
HCl (H), moxifloxacin with 10% L-leucine (I) and 
moxifloxacin with 10% L-leucine and 10% DPPC 
(J). 
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(PL), pyrazinamide with 10%L-leucine and 10% DPPC PLD (PLD), moxifloxacin HCl (MSD), moxifloxacin with 10% 
L-leucine (ML) and moxifloxacin with 10% L-leucine and 10% DPPC (MLD). 
 
Discussion 
 

Although the particle size distributions of the two powders (PL and PLD) were similar, the addition of DPPC 
improved the aerosolization of pyrazinamide which could be due to the surface active nature of DPPC and 
migration of DPPC to the droplet surface during the spray drying process and settling on the droplet surface with 
the hydrophobic tails positioning outward 

[5]
. These hydrophobic chains of DPPC might have decreased the 

cohesive forces between the spray dried particles improved aerosolization. However, determination of the surface 
composition of the spray dried particles and measuring particle interactions are necessary to confirm these. The 
very poor aerosolization behaviour of the spray dried pyrazinamide (PSD) was due to the presence of larger size 
crystalline particles which were deposited in the inhalation port and mouthpiece resulting in less drugs available 
for the following stages of NGI. The significant improvement in the FPF of pyrazinamide due to the addition of L-
leucine could be due to the production of porous particles of inhalable range. On the other hand, the 
aerosolization of moxifloxacin HCl (MSD) improved significantly when L-leucine was added (ML) by the formation 
of porous particles and reducing agglomeration. Since moxifloxacin HCl itself is relatively hydrophobic, the 
addition of L-leucine might have converted the surface hydrophobic to its peak level leaving the little scope of 
further change. Thus, the aerosolization was not further increased when DPPC was added with L-leucine in 
moxifloxacin HCl (MLD).   
 
Conclusion  

 
The lung surfactant, DPPC can improve aerosolization of a relatively hydrophilic anti-TB drug, pyrazinamide in 
presence of L-leucine. However, the aerosolization of relatively hydrophobic moxifloxacin HCl can be increased 
with L-leucine, the addition of DPPC with L-leucine cannot increase aerosolization. Although further studies are 
required, it is postulated that improved aerosolization could be due to the migration of DPPC on to the surface of 
the liquid droplet during the spray drying process.  
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