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Summary 
 

High dose delivery of drugs to the lung using a dry powder inhaler is an emerging approach to combat multi-drug 
resistant local infections. To achieve high dose delivery, high aerosolization of the powders is important. 
Hygroscopic drugs are a particular challenge since moisture uptake and resultant agglomeration reduces 
aerosolization. We hypothesize that, under appropriate conditions, a solution of hygroscopic drug and a 
hydrophobic compound can be spray-dried to produce particles with surfaces rich in the hydrophobic compound 
and this surface enrichment improves the aerosolization of these spray-dried powders. 
 
A hygroscopic drug, kanamycin was combined with a hydrophobic drug, rifampicin (at a ratio of 3:2 w/w), and 
spray-dried using a Buchi Mini Spray-dryer under optimized conditions. X-ray photoelectron spectroscopy (XPS) 
and time-of-flight secondary ion mass spectrometry (ToF-SIMS) were used to study the surface composition. The 
in vitro aerosolization efficiency was investigated using a next generation impactor (NGI). The powders were also 

investigated for physicochemical properties. 
 
All the spray-dried powders were within the inhalable range (1.1-5.9 µm). XPS and ToF-SIMS showed the surface 
of the powder was enriched with rifampicin (approximately 98% rifampicin). The fine particle fraction (FPF) 
significantly increased from 31.3 ± 1.8% (kanamycin-only) to 76.6 ± 3.8% (kanamycin/rifampicin combination). All 
the spray-dried powders were amorphous in nature. 
 
Surface enrichment of kanamycin by hydrophobic rifampicin improves aerosolization. Improved aerosolization 
may be helpful to deliver high dose to the lung and combat multi-drug resistant local infections.   
 
Introduction 
 

Drug-resistance is a major challenge in the treatment of pulmonary infections 
[1]

. Sub-therapeutic levels of drugs 
in the infected lung is the principal cause of the development of drug-resistance 

[2]
, so high dose delivery to the 

target site is essential. Dry powder inhalation (DPI) is a useful delivery route and has been used for many years 
for low dose drugs; but high dose delivery using DPI depends on the production of highly aerosolizable powders 
with appropriate properties 

[3-5]
. The hygroscopic nature of a drug is a risk for good aerosolization efficiency due to 

the tendency of moisture uptake and resultant agglomeration 
[6]

. 
 
This work aims to develop an approach to improve the aerosolization of hygroscopic drugs by hydrophobic 
enrichment of the surface of particles which are made by spray-drying. Kanamycin sulfate was used as a 
hygroscopic drug and rifampicin as a hydrophobic compound. Kanamycin alone is used for drug-resistant 
tuberculosis and the kanamycin/rifampicin combination is synergistic against Mycobacterium avium-intracellulare 
complex 

[7]
. In this study, the combination powder of kanamycin sulfate and rifampicin was prepared at a mass 

ratio of 3:2 based upon the currently recommended dosage regimens of both drugs.  
 
Experimental methods 
 
Materials 

Kanamycin sulphate and rifampicin were purchased from Hangzhou Dayangchem Co., Ltd., Zhejiang, China. 
Acetonitrile and ethanol (High performance liquid chromatography, HPLC, grade) were purchased from Merck, 
Germany. Sodium dihydrogen phosphate, phenylisocyanate, triethylamine, orthophosphoric acid (analytical 
reagent grade) and silicone oil (viscosity 10 cSt) were purchased from Sigma–Aldrich, St. Louis, USA. Size 3 hard 
gelatin capsules were kindly donated by Capsugel Co., Ltd., Tokyo, Japan. Fresh Milli-Q water was collected and 
filtered through 0.45 μm membrane filter before use. 
 
Preparation of powders 
Powder particles were produced using a Buchi B-290 Mini Spray-Dryer (Buchi Labortechnik AG, Flawil, 
Switzerland) with a high performance cyclone in a closed-mode. Feed solutions (kanamycin with or without 
rifampicin) were prepared in a co-solvent system of ethanol and water (70:30, v/v). Rifampicin was first dissolved 
in ethanol; kanamycin sulfate was dissolved in water. The two solutions were then mixed (at rifampicin and 
kanamycin ratio of 40 and 60% w/w) and sonicated for 5 min to give a total concentration of 0.67% w/v. The 
formulations were spray-dried using the aspiration 100%, drying gas flow rate 670 L/h (55 mm height), inlet 
temperature 170 ºC, outlet temperature 89–92 ºC, pump feeding rate 2 mL/min, and the nozzle diameter 0.7 mm. 
The spray-dried powders from the sample collector were transferred into screw-capped glass vials and stored at 
room temperature and used within 3 days. 



Drug Delivery to the Lungs 27, 2016 - Enrichment of the surface of spray-dried powder particles with a 
hydrophobic material to improve their aerosolization 

In vitro aerosolization 
The in vitro aerosolization performance of the spray-dried powders was determined using a next generation 

impactor (NGI) equipped with Copley HCP5 vacuum pump and Copley TPK 2000 critical flow controller (Copley 
Scientific Ltd., Nottingham, UK). Approximately 20 mg of powder samples were dispersed and collected from 
different stages (1 to 7 and micro-orifice collector, MOC) and analysed using a validated high-performance liquid 
chromatography (HPLC) method. The aerosolization efficiency was represented as fine particle fraction (FPF), 
defined as a quotient of drug deposited on stages 2 to MOC and drug emitted from the inhaler device (emitted 
dose, ED). The Copley Inhaler Testing Data Analysis Software (CITDAS 3.10) was used to calculate the mass 
median aerodynamic diameter (MMAD) and geometric standard deviation (GSD). 
 
Surface composition 

Surface compositions (to a depth of 5-10 nm) of the single-drug and combination powders were evaluated using 
X-ray photoelectron spectroscopy (XPS), (AXIS Ultra DLD Spectrometer, Kratos Analytical Ltd., Manchester, UK). 
The elemental distribution on the surface (top 1-2 nm) was determined using time-of-flight secondary ion mass 
spectrometry (ToF-SIMS), (PHI TRIFT V nanoTOF instrument, Physical Electronics Inc., Chanhassen, MN, USA). 
 
Physicochemical properties 
The powders were characterized for particle size, morphology and crystallinity by laser diffraction, scanning 
electron microscopy and X-ray diffractometry, respectively. 
 
Statistical analysis 
All data were expressed as mean ± standard deviation. Statistical analyses were performed by one-way analysis 
of variance (ANOVA) with Student-Newman-Keuls test (compare all pairs) as a post hoc test at (P < 0.05) using 

Instat Graphpad Prism software (version 4.00; GraphPad Software, San Diego CA). 
 
Results 

 
All the spray-dried powder particles were within the inhalable size range (1.1 to 5.9 µm) with the maximum 
process yield of 75.9 ± 1.7% for kanamycin/rifampicin combination powder. The surface composition measured by 
XPS showed the surface of the kanamycin/rifampicin combination powder was composed of approximately 98% 
rifampicin (Table 1). The enrichment of hydrophobic rifampicin was also evident in the ToF-SIMS distribution 
study of kanamycin/rifampicin combination powder (Figure 1). All the spray-dried powders had high emitted doses 
of above 85.0% (Table 2). The combination powder particles showed higher aerosolization efficiency (%FPF: 76.6 
± 3.8) than kanamycin-only powder (%FPF: 31.3 ± 1.8) (Table 2). The surface morphology of kanamycin-only 
powders was smooth and spherical with some elongated particles (Figure 2a) whereas flake-shaped particles 
were present in the combination powder (Figure 2c). The X-ray diffraction results showed that all the spray-dried 
powders were amorphous (Figure 3).  
 
Table 1- Elemental composition of spray-dried powders determined by X-ray photoelectron spectroscopy (XPS) 
(expressed as percentage relative atomic concentrations) (SD means spray-dried, K, R and KR represent kanamycin, 
rifampicin and kanamycin/rifampicin combination, respectively: Last two rows are molar percentages of kanamycin 
and rifampicin based on elemental composition). 

 

Elements SD-K SD-R SD-KR 

C 56.6 74.5 72.6 
N 9.3 6.0 6.2 
O 31.9 19.4 21.2 
S 2.2 - - 
Kanamycin (%) 100 0 2.0 
Rifampicin (%) 0 100 98.0 

 
Table 2- In vitro aerosolization performances of spray-dried powders (mean ± standard deviation, n=3, SD means 
spray-dried; K, R and KR mean kanamycin, rifampicin and kanamycin/rifampicin combination; K-KR means kanamycin 
in the KR combination and R-KR means rifampicin in the KR combination; ED means emitted dose, FPF means fine 
particle fraction, MMAD and GSD mean mass median aerodynamic diameter and geometric standard deviation, 
respectively. 

 

Powders ED (%) FPF (%) MMAD (µm) GSD (µm) 

SD-K 91.0±0.9 31.3±1.8 4.2±0.7 3.0±1.1 
SD-R 85.8±1.2 82.2±3.1 2.1±0.2 2.8±1.0 
K-KR 88.5±1.4 76.6±3.8 1.9±0.2 2.7±0.5 
R-KR 89.5±1.9 83.4±0.9 1.4±0.2 2.7±0.3 
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Figure 1- Distribution of kanamycin (red) and rifampicin (green) on the surface of kanamycin/rifampicin combination 
powder determined by ToF-SIMS (scale bar represents 10 µm). 
 

 
 
 
Figure 2- Representative scanning electron micrographs of spray-dried (a) kanamycin-only; (b) rifampicin-only; (c) 
kanamycin/rifampicin combination. 

 
Figure 3- X-ray diffractograms of spray-dried powders (SD means spray-dried; K, R and KR mean kanamycin, 
rifampicin and kanamycin/rifampicin combination). 
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Discussion 

The XPS study, which measures the elemental composition of powder surfaces to a depth of 5-10 nm, gave 
elemental compositions which were consistent with the theoretical values of the pure kanamycin sulfate and 
rifampicin (theoretical values not shown). The percentage of rifampicin in the upper 5-10 nm layer of the 
kanamycin/rifampicin powder was calculated based on the elemental composition of the XPS data. These data 
indicate that the surface layer is approximately 98% rifampicin. This finding was supported by the ToF-SIMS 
study. The surface (top 1-2 nm layer) distribution in the 50 x 50 μm field (Figure 1) is dominated by rifampicin 
(green) although there is some evidence of kanamycin (red dots) also present. The presence of some kanamycin 
signals indicates that the coverage of rifampicin on the combination powder surface is not be complete, in 
agreement with the XPS results which indicates about 2% kanamycin sulphate on the surface. Thus it is 
concluded that the co-solvent system of water and ethanol used for spray-drying of kanamycin-rifampicin 
combination formulation produced a surface-modified powder, enriched with hydrophobic rifampicin. This is 
probably due to the higher solubility of rifampicin in ethanol and migration towards droplet surfaces during the 
rapid drying process 

[8]
. Further increase of rifampicin ratio in the combination formulation may produce almost 

completely rifampicin enriched particle surfaces. 
  
The in vitro aerosolization efficiency of kanamycin-rifampicin combination powder was significantly (P < 0.05) 
higher than kanamycin-only powder (Table 2). If we encapsulate 100 mg of the combination powder (ED 88.5% 
and FPF 76.6%), 67.8 mg will reach the deep lungs. The improved aerosolization of the combination powder may 
be due to the enrichment of the surface of the powder particles with hydrophobic rifampicin, as the surface 
modification with hydrophobic materials should reduce particle interactions and improve powder dispersibility 

[9]
. 

However, the improved aerosolization may be due to the flake-shaped morphology of the combination powder 
particles (Figure 2) which reduces particle contact area 

[10]
. Further research is required to distinguish these 

potential mechanisms. The MMAD (1.4 and 1.9 µm) and GSD (2.7 µm) values in the combination powder indicate 
that the formulation is appropriate for deep lung delivery 

[11]
. 

All the spray-dried powders were amorphous in nature and their behaviour on storage should be investigated. The 
average recoveries of kanamycin calculated from drug contents were more than 95% which is within the 
pharmacopoeial range for inhalation powders 

[12]
. 

 
Conclusion 

Spray-dried powder particles with hydrophobic surface enrichment were successfully produced using a co-solvent 
system of ethanol and water. Hydrophobic surface enrichment and/or change in particle morphology significantly 
improved the aerosolization efficiency of hygroscopic kanamycin possibly by reducing interparticulate interactions. 
Improved aerosolization may be helpful to deliver high doses of kanamycin/rifampicin to the lung to treat multi-
drug resistant local infections. Further research is required to investigate the effect of other ratios of kanamycin 
and rifampicin on the surface enrichment and the applicability of the current approach to other drugs used for 
inhalation. 
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