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ABSTRACT 

Dry powder inhalers (DPIs) are used predominantly for the treatment of pulmonary 

diseases by delivering drugs directly into the lungs. The drug delivery efficiency is 

typically low and there is significant drug retention inside the DPI. An innovative 

‘green’ initiative aimed at minimizing drug wastage via channeling the residual drug 

into the useful inhaled therapeutic fraction was pioneered. Drug retention could be 

minimized via coating the drug capsule and delivery device with pharmaceutically 

acceptable force-control agents. This coating reduces the adhesion between the drug 

particles and the internal surfaces of the DPI, which in turn increases the fine particle 

dose by as much as 300%.   

 

Keywords: dry powder inhaler, capsule, device, surface coating, powder retention, 

biomimicry 
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1. Introduction 

Many global pharmaceutical companies today are encouraged to adopt ‘green’ 

initiatives into their research and development (R&D) and manufacturing activities 

(Butters et al., 2006; Jimenez-Gonzalez et al., 2011). This is driven by the need to not 

only lower costs and improve productivity, quality and control, but also to create an 

overall awareness of sustainability to the manufacturing process. The key aim is to 

deliver medicines to the patient with minimal environmental impact (Jimenez-

Gonzalez et al., 2011).   

 

Although the ubiquitous dry powder inhaler (DPI) is a much greener alternative over 

the metered dose inhaler (MDI) in terms of stability and avoidance of ozone-depleting 

and global warming propellants (Fischer et al., 1989; Ibiapina et al., 2004; Leach, 

2005), its delivery efficiency is not high and in some cases, only 10% of the inhaled 

dose reaches the lung (Timsina et al., 1994). Therefore, there is a growing need to 

enhance and improve upon the performance of today’s devices and formulations 

(Smith et al., 2010; Weers et al., 2010) from both an efficacy and cost-containment 

standpoint (i.e. drug wastage leads to economic loss (Fasola et al., 2008; Gillerman 

and Browning, 2000; Herold and Hieke, 2003)). 

 

Capsule-based DPIs can be limited by powder retention in the capsule and device, 

which leads to a reduction in the emitted dose (Steckel and Muller, 1997; Vidgren et 

al., 1988). Although the fraction of drug remaining in the mouthpiece is generally 

between 13-20% (determined via in-vitro aerosolization tests), in some inhalers, it 

could be nearly 30-50% (Hu et al., 2008; Kwok et al., 2011; Steckel and Muller, 
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1997; Tajber et al., 2009). In an in-vivo setting (Vidgren et al., 1988), inhaler 

retention of around 15-60% of the administered drug had been reported.  

 

As the pharmaceutical industry embraces nanotechnology (H.-K. Chan and Kwok, 

2011; Chiou et al., 2008; Chow et al., 2007; Heng et al., 2008a, 2008b; Heng et al., 

2011; Heng et al., 2009; Kwok et al., 2011; Tsapis et al., 2002) to improve drug 

delivery and bioavailability, novel developments or inroads have to be made to 

adequately exploit the full benefits of nanomedicine to inhalation aerosol therapy. 

Currently, there are publications indicating inhaler retention as a significant barrier 

towards more effective utilization of nanoparticles (Hu et al., 2008; Kwok et al., 

2011). Capsule and device retention of as high as 40-50% were previously reported 

for budesonide (Hu et al., 2008) and lysozyme nanoagglomerates (Kwok et al., 2011). 

Furthermore, in an age of increasing combination therapy development (J. G. Y. Chan 

et al., 2012; Kumon et al., 2010; Lee et al., 2012; Tajber et al., 2009; Traini et al., 

2012; Wertheimer and Morrison, 2002), drug retention at the inhaler continues to be a 

factor plaguing the performance of these novel inhalers  (Tajber et al., 2009; Traini et 

al., 2012). A high inhaler retention of ≥ 58% was previously reported for an asthma 

combination formulation (Tajber et al., 2009; Traini et al., 2012). 

 

In view of the wide-ranging deficiencies, this work seeks to explore ‘greener’ 

solutions by minimizing drug wastage, and to channel the residual drug into the useful 

inhaled therapeutic fraction. This would aid the performance enhancement of DPIs, as 

the device had previously been shown to be a key limiting factor in optimization 

studies (Heng et al., 2012). Currently, there has been a lot of ‘downstream’ work 

focused on improving dispersion and deaggregation of drug powders via carriers 
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and/or fines (Tee et al., 2000; Zeng et al., 2000; Zeng et al., 1998) with little attention 

paid to the ‘upstream’ mechanics. This work seeks to improve drug retention at the 

inhaler device and capsule region. 

 

It is well-known that force control agents (e.g. fatty acid derivatives such as 

magnesium stearate, amino acids such as leucine and phospholipids such as lecithin) 

(Begat et al., 2008), traditionally used only as surface coatings for powders, would 

help to improve aerosol dispersion (Tay et al., 2010). These force control agents 

typically exhibit anti-adherent and/or anti-friction properties (Begat et al., 2008) and 

had previously been applied to the coating of lactose carriers (Guchardi et al., 2008; 

Kumon et al., 2008; Kumon et al., 2006; Young et al., 2002) and active 

pharmaceutical ingredients (API) (Boraey et al., 2012; Lahde et al., 2008; Raula et al., 

2008, 2009; Swaminathan and Kildsig, 2002; Zhou et al., 2010). 

 

In this work, magnesium stearate (MgSt), a commonly-used force control agent, was 

innovatively applied to the surfaces of the DPI device and capsule to minimize drug 

retention and increase the therapeutic fraction entering the lungs. The extent of 

powder emptying from an inhaler is closely related to the emitted dose (Behara et al., 

2011 ). Turbulent skin friction drag reduction by ‘additives’ (Bushnell and Moore, 

1991; Roy and Larson, 2005) (e.g. bubbles, polymers, lubricants, surfactants, slag 

powder) has potential applications in the throughput enhancements of oil and natural 

resource processing pipelines (Abdul Bari et al., 2012; Abdul Bari et al., 2009), in 

increased aircraft, ship or surfboard speeds (Bushnell and Moore, 1991) and in fire 

fighting (Chen et al., 1998). In the natural world, this phenomenon is evident in the 

movement of Avians and Nektons (i.e. fliers and swimmers) in fluids (Bushnell and 
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Moore, 1991). For example, drag-reducing surfactants (e.g. lipids, phospholipids, 

lipoproteins) are known to be a constituent of fish slime (Bushnell and Moore, 1991). 

 

In the present work, spray-dried lysozyme was used as the model adhesive protein 

powder (Kwok et al., 2011). Two model capsule-based DPIs: the Rotahaler® - low 

efficiency and low resistance (GlaxoSmithKline, UK) and the Aerolizer®

 

 - high 

efficiency and medium/low resistance (Novartis, Switzerland) (Clark and 

Hollingworth, 1993), with different mechanisms of powder emptying 

(rattling/oscillating and spinning respectively) (Behara et al., 2011 ) and flow patterns 

(Coates et al., 2004), were investigated. 

Materials and methods 

Materials 

The Aerolizer® and Rotahaler® dry powder inhalers were manufactured by Novartis® 

and GlaxoSmithKline®

 

 respectively. Lyophilized hen-egg white lysozyme and 

magnesium stearate were purchased from Sigma-Aldrich Co. LLC (Louis, MO, USA). 

Ultrapure water was used in the experiments. 

Preparation of spray-dried powder 

Lysozyme powder was obtained by spray drying an aqueous solution of the protein on 

a B-90 Nano Spray Dryer (Büchi Labortechnik AG, Flawil, Switzerland) (Heng et al., 

2011; Lee et al., 2011) with operating parameters as detailed in Table I. All solutions 

were filtered through a 0.45µm syringe filter (Millipore,  Bedford, MA, USA) prior to 

spray-drying to minimize blockage due to any undissolved particles at the spray mesh. 

The spray-dried powder was collected from the particle collecting electrode using a 
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particle scraper and then stored in a desiccator at room temperature for further 

characterization. 

 

Scanning electron microscope (SEM) imaging  

Powder samples were mounted onto metal sample stubs and coated with gold. The 

samples were then examined under a high resolution field emission scanning electron 

microscope (Jeol JSM 6700, Japan) at 10 kV.  

 

Energy dispersive X-ray (EDX) spectroscopy 

EDX analysis was carried out at 20 kV on a high resolution field emission scanning 

electron microscope (Jeol JSM 6700, Japan) coupled with an energy dispersive X-ray 

detector (Oxford Instruments, UK). 

 

 Particle size determination 

The particle size distribution of spray-dried lysozyme was measured by laser 

diffraction on the Malvern Mastersizer 2000 (Malvern Instruments, UK) using the 

Scirocco dry dispersion unit. The powders were dispersed in triplicates at 3 bars of 

pressure using refractive index (RI) of 1.445 for lysozyme.  

 

Coating methodology 

The inhalers and capsules were coated with ethanol-based magnesium stearate 

suspensions (0.05 – 0.3 g/ml) via painting and dipping respectively and left to dry in a 

desiccator at room temperature for at least an hour before usage.  
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Dispersion methodology 

Dispersion behaviour of the powder was assessed using either a Rotahaler® 

(GlaxoSmithKline, UK) or an Aerolizer® (Novartis, Switzerland) coupled through a 

USP stainless steel throat to a multi-stage liquid impinger (MSLI, Copley, UK), 

operating at 60 L/min. Approximately 15 mg of powder was filled into a 

hydroxypropyl methylcellulose (HPMC) capsule (size 3, Capsugel®, USA), loaded 

into the inhaler and then dispersed through the in-vitro testing system. The test was 

performed in triplicate to obtain mean values. Dispersion was carried out in a walk-in 

environmental chamber (Synersys, Singapore) maintained at 25 o

 

C and 40% RH. 

Drug deposited at different locations was assayed by UV spectrophotometry (Agilent 

Technologies Cary 50 Conc, California, USA) at 280 nm. In this study, fine particle 

fraction (FPF) represents the mass fraction of drug particles smaller than 5 µm in the 

aerosol cloud relative to the total mass recovered and was obtained by interpolation to 

the cumulative percent undersize at 5 µm. FPF(emitted) was obtained when the fine 

particle dose was expressed relative to the emitted dose. Device and capsule retention 

are defined as the mass fraction of the powder remaining in the device and capsule 

respectively, referenced against the recovery. 

Statistical analysis 

Statistical significance was carried out using one-way analysis of variance with 

Tukey’s post-hoc analysis at a p-value of 0.05 using Minitab. 
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3. Results and discussion 

3.1 Powder retention 

Spray-dried lysozyme, consisting of spherical particles of a median diameter of 1.91 ± 

0.15 µm and span 1.53 ± 0.08 (Fig. 1 and Table II), was used as the model adhesive 

protein drug (Kwok et al., 2011). When it was dispersed through the Aerolizer® and 

Rotahaler®

 

 inhalers, the total amount of powder retained was 16.4% (5% capsule, 

11.4% device) and 29.1% (5.8% capsule, 23.3% device) respectively (Fig. 2 and 3). 

Fig.2a shows the amount of lysozyme powder deposited in the capsule and device of 

the Aerolizer®

 

 when MgSt was coated at various concentrations in the capsule. As the 

concentration of MgSt increased, the amount of powder retained in the capsule 

decreased. This could be due to the reduced adhesion between the powder and the 

capsule wall which brought about much improved flow properties (Wang et al., 2010). 

Maximum reduction in capsule retention occurred at a MgSt concentration of 0.3 g/ml, 

facilitating a powder reduction of 89% over the uncoated capsule. In addition, coating 

was beneficial as there was significant reduction in the variability of the retained dose 

in the coated capsules. Reduction of powder on the device walls was not evident 

because the device in this case was not directly coated with MgSt.  

In Fig. 2b, the capsule was not coated, while the device was coated. In a similar 

fashion, as the concentration of MgSt increased, the amount of powder retained in the 

device decreased. Maximum reduction in device retention occurred at a MgSt 

concentration of 0.3 g/ml, facilitating a powder reduction of 52% over the uncoated 

device. As the capsule was not coated, powder reduction in capsule was hence not 

observed. 
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When both the capsule and device were coated (Fig. 2c), powder retention in both 

regions were minimized. The reduction in powder retention improved with increasing 

concentrations of MgSt. Maximum reduction in capsule and device retention occurred 

at a MgSt concentration of 0.3 g/ml, facilitating powder reductions of 79% and 69% 

respectively over their uncoated counterparts. 

 

In conclusion, for the Aerolizer®

 

, it does seem that the highest concentration of 0.3 

g/ml appeared to give the best performance across the three permutations. This was to 

be expected as increased concentrations of MgSt have been known to form stronger 

Langmuir type films on surfaces (i.e. increased surface coverage) and hence confer 

improved anti-adherent properties to the coated surface (Bolhuis et al., 1975; Hussain 

et al., 1988; Uzunovic and Vranic, 2007; Wang et al., 2010). 

Fig.3a shows the amount of lysozyme powder deposited in the capsule and device of 

the Rotahaler® when MgSt was coated at various concentrations in the capsule. For 

the uncoated capsule, there was less variability in capsule retention when compared to 

the Aerolizer®. This was because the  Rotahaler® capsule was more efficient at 

powder emptying, employing a twisting action to completely separate the capsule cap 

from its body (Heng et al., 2012). In contrast, the powder exiting the Aerolizer®

 

 

capsule has to traverse the small pierced holes at the ends of the capsule (Heng et al., 

2012). 

For the coated species, although there was a reduction in capsule retention over the 

uncoated control, it was interesting to note that the coating on the capsule not only 

affected retention in the capsule, but also in the device as well, especially at the higher 
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coating concentrations. There was significant improvement to both the capsule and 

device retention at the highest coating concentration of 0.3 g/ml (i.e. 54% and 67% 

reduction respectively over the uncoated counterparts) (p<0.05). The improvement to 

the device retention at high MgSt concentrations could be due to the efficient 

emptying characteristics of the Rotahaler® 

 

(i.e. twisting and splitting of capsules) 

leading to the ease of indirect MgSt coating on the device walls.  

In Fig. 3b, the capsule was not coated, while the device was coated. With increasing 

concentrations of MgSt, the amount of powder retained in the device decreased with 

reduced variability. Although the capsule was not coated, there appears to be an 

improvement to the capsule retention as well. This could be due to the indirect 

lubrication of the capsule walls arising from the interplay between the coated device 

walls and the large open cross-sectional area of the Rotahaler®

 

 capsule. There was 

significant improvement to the device retention at the highest coating concentration of 

0.3 g/ml (i.e. 74% reduction over the uncoated device) (p<0.05). 

When both the capsule and device were coated (Fig. 3c), powder retention in both 

regions were minimized. Similar to the Aerolizer®, the reduction in powder retention 

for the Rotahaler®

 

 improved with increasing concentrations of MgSt. There was 

significant improvement to both the capsule and device retention at the highest 

coating concentration of 0.3 g/ml (i.e. 73% and 53% reduction respectively over the 

uncoated counterparts) (p<0.05). 
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In conclusion, for the Rotahaler®

 

, when considered as a whole (i.e. both device and 

capsule retention), it does seem that the highest concentration of 0.3 g/ml appeared to 

give the best performance across the three permutations.  

Fig. 4a and b summarizes the total powder retention at the capsule and device under 

various coating conditions for the Aerolizer® and Rotahaler® respectively. Via 

innovative coating of the device and/or the capsule of both inhalers, the residual drug 

trapped inside the inhalers during aerosolization was readily released. Furthermore, 

there was a reduction in the powder retention variability, which was more pronounced 

at the higher coating concentrations and in the combined coating configurations. For 

the Aerolizer®, maximum enhancement to the emitted dose was achieved in the 

combined coating configuration at 0.3 g/ml (Fig. 4a) (i.e. 72% improvement over the 

uncoated inhaler). For the Rotahaler®

 

, it was readily achieved when the capsule or 

device alone was coated at the maximum coating concentration of 0.3 g/ml (Fig. 4b) 

(i.e. 64% and 66% improvement respectively over the uncoated inhaler).   

To investigate the possibility of indirect coating of the device walls during dispersion 

of the coated capsule, the empty coated capsule was dispersed in the inhalers. After 

aerosolization, the internal surfaces at the mouthpiece region of both inhalers were 

sampled for traces of Mg (to detect the presence of MgSt). Indeed, the white powder 

sampled onto ‘sticky’ carbon tape and analyzed via EDX analysis (Fig. 5), revealed 

the presence of Mg (and hence MgSt) on the walls of the inhalers. Thus, this showed 

that even when the coated capsule was singly applied, the patient could also reap the 

benefits of dual lubrication in the inhaler: directly at the capsule walls and indirectly 

at the device walls. 
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3.2 Fine particle fraction (FPF) 

It was previously reported by Coates, et. al. (Coates et al., 2004), that the flow 

generated in the Aerolizer® is of a highly turbulent swirling nature, while that 

occurring in the Rotahaler® is more ordered and less turbulent. The large difference in 

fine particle generation observed experimentally between the two inhalers may be 

attributed to the difference in the turbulence kinetic energy. Indeed, for the present 

case involving the uncoated inhalers (Tables III and IV), the FPF (emitted) was 

significantly higher (p < 0.05) in the Aerolizer® than in the Rotahaler® (i.e. 0.345 and 

0.058 respectively). Even though the trend still holds for the coated species, coating in 

the inhalers appear to minimize this difference (i.e. approx. 0.3-0.4 and 0.1-0.2 

respectively) via significant improvements to the Rotahaler®

 

’s FPF (emitted). 

Data from the Aerolizer® (Table III) showed that the coating does not adversely affect 

the FPF (emitted). Favorably, coating the Aerolizer® device and capsule at a MgSt 

concentration of 0.1g/ml facilitated a 51% increase in the fine particle dose over the 

uncoated control (Table III). Overall, coating in the Aerolizer®

 

 facilitated 

improvements to the fine particle dose across the different configurations (ranging 

from 1-51%) (Table III).  Although the retention reduced with increasing coating 

concentrations, maximum FPF (emitted) often occurred at 0.1 g/ml, the point where 

there was optimal reduction of the cohesive and adhesive properties of the powder. 

Higher coating concentrations could have altered the system to a cohesive one, hence 

reducing the FPF (emitted).  

Data from the Rotahaler® showed that the coating enhanced the FPF (emitted) 

significantly. Maximum increase in fine particle dose over the uncoated control (i.e. 
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319%) occurred when the Rotahaler® capsule was coated at a MgSt concentration of 

0.3g/ml (Table IV). Overall, coating in the Rotahaler®

 

 facilitated significant 

improvements to both the emitted and fine particle dose across the different 

configurations (ranging from 52-319%) (Table IV).  Maximum FPF (emitted) often 

occurred at 0.3 g/ml with the exception of the combined coated capsule and device 

case, whereby a cohesive system was a possibility at the higher concentrations.  

Even though the coating was amenable to both inhalers, the improvements made to 

the Rotahaler® were more pronounced (Tables III and IV) as the inherent flow in the 

device was already of an ordered and less turbulent nature (Coates et al., 2004).  

Turbulence had been linked to increased mechanical impaction (Coates et al., 2004). 

Intuitively, the extent of improvements to the inhalers (as a result of the coating) 

would largely depend on the inhaler’s flow patterns and emptying characteristics. 

Inhaler designs exhibiting reduced turbulent to laminar flow (e.g. Rotahaler®) coupled 

with unobstructed emptying characteristics (e.g. Rotahaler®

 

), are likely to fare much 

better with this technology.   

For the general population, improvements to both the emitted and fine particle dose 

are likely to result in enhanced therapeutic benefits. However, for patients with 

compromised lung functions (e.g. cystic fibrosis, chronic obstructive pulmonary 

disease, ageing) (Brashier et al., 2007; Janssens et al., 2008), lubrication of the inhaler 

could represent a simple but significant approach towards helping these patients 

achieve the minimum required therapeutic dose even at much reduced inspiratory 

flow rates. This could tilt the balance towards treatment success rather than treatment 

failure. Future uptake of this technology by industry (e.g. device and capsule 
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manufacturers) could be via direct incorporation of the surface modifier into the 

device and/or the capsule manufacturing process. 

 

The present work has successfully demonstrated the skin-friction drag reduction 

approach to improving the aerosol performance of dry powder inhalers. It is 

anticipated that further gains could be made via considering the drag-due-to-lift 

reduction approach as well, which could be via the incorporation of sharkskin-

inspired scaly textures onto the inhaler’s internal surface (i.e. applied via paints, films 

or 3D submicron lithography) (Bhushan, 2011; Bushnell and Moore, 1991). Inhibition 

of bacterial growth could be an additional useful feature of such patterned medical 

devices (Reddy et al., 2011). 

 

4. Conclusions 

An innovative ‘green’ concept of coating the drug capsule and delivery device with 

pharmaceutically acceptable force-control agents to minimize drug retention was 

developed. This coating reduced the adhesion between the drug particles and the 

internal surfaces of the DPI, which in turn increased the fine particle dose by as much 

as 300%. The increase in inhaled dose together with the reduction in powder retention 

variability is likely to result in therapeutic benefits.  

 

Acknowledgements 

This work was supported by the Science and Engineering Research Council of 

A*STAR (Agency for Science, Technology and Research), Singapore (Grant No. 

ICES/09-122A02). We are grateful to Mr. Wan Xian Chao, Ms. Tan Li Teng and Ms. 

Agnes Phua, for their assistance in the experiments.  



 16 

References 
 
Abdul Bari, H. A., Kamarulizam, S. N., Rosli, M. Y., & Gupta, A. (2012). 

Introducing slag powder as drag reduction agent in pipeline: an experimental 
approach. Scientific Research and Essays, 7(18), 1768-1776. 

Abdul Bari, H. A., Mohd. Yunus, R. B., Mahmood, W. K., & Hassan, Z. B. (2009). 
Sodium stearate as drag reducing agent in non-aqueous media. International 
Journal of Chemical Technology, 1(1), 11-18. 

Begat, P., Morton, D. A. V., Shur, J., Kippax, P., Staniforth, J. N., & Price, R. (2008). 
The role of force control agents in high-dose dry powder inhaler formulations. 
Journal of Pharmaceutical Sciences, 98(8), 2770-2783. 

Behara, S. R. B., Kippax, P., Larson, I., Morton, D. A. V., & Stewart, P. (2011 ). 
Kinetics of emitted mass - A study with three dry powder inhaler devices. 
Chemical Engineering Science, 66, 5284-5292. 

Bhushan, B. (2011). Biomimetics inspired surfaces for drag reduction and 
oleophobicity/philicity. Beilstein Journal of Nanotechnology, 2, 66-84. 

Bolhuis, G. K., Lerk, C. F., Zijlstra, H. T., & de Boer, A. H. (1975). Film formation 
by magnesium stearate during mixing and its effect on tabletting. 
Pharmaceutisch Weekblad, 110(16), 317-325. 

Boraey, M. A., Hoe, S., Sharif, H., Miller, D. P., Lechuga-Ballesteros, D., & Vehring, 
R. (2012). Improvement of the dispersibility of spray-dried budesonide 
powders using leucine in an ethanol-water cosolvent system. Powder 
Technology, doi:10.1016/j.powtec.2012.02.047. 

Brashier, B., Dhembare, P., Jantikar, A., Mahadik, P., Gokhale, P., Gogtay, J. A., et al. 
(2007). Tiotropium administered by a pressurized metered dose inhaler (pMDI) 
and spacer produces a similar bronchodilator response as that administered by 
a Rotahaler®

Bushnell, D. M., & Moore, K. J. (1991). Drag reduction in nature. Annual Review of 
Fluid Mechanics, 23, 65-79. 

 in adult subjects with stable moderate-to-severe COPD. 
Respiratory Medicine, 101, 2464-2471. 

Butters, M., Catterick, D., Craig, A., Curzons, A., Dale, D., Gillmore, A., et al. (2006). 
Critical assessment of pharmaceutical processes - a rationale for changing the 
synthetic route. Chemical Reviews, 106, 3002-3027. 

Chan, H.-K., & Kwok, P. C. L. (2011). Production methods for nanodrug particles 
using the bottom-up approach. Advanced Drug Delivery Reviews, 63, 406-416. 

Chan, J. G. Y., Chan, H.-K., Prestidge, C. A., Denman, J. A., Young, P. M., & Traini, 
D. (2012). A novel dry powder inhalable formulation incorporating three first-
line anti-tubercular antibiotics. European Journal of Pharmaceutics and 
Biopharmaceutics, http://dx.doi.org/10.1016/j.ejpb.2012.08.007. 

Chen, E. B., Morales, A. J., Chen, C.-C., Donatelli, A. A., Bannister, W. W., & 
Cummings, B. T. (1998). Fluorescein and poly(ethylene oxide) hose stream 
additives for improved firefighting effectiveness. Fire Technology, 34(4), 291-
306. 

Chiou, H., Chan, H.-K., Heng, D., Prud'homme, R. K., & Raper, J. A. (2008). A novel 
production method for inhalable cyclosporine A powders by confined liquid 
impinging jet precipitation. Journal of Aerosol Science, 39, 500-509. 

Chow, A. H. L., Tong, H. H. Y., Chattopadhyay, P., & Shekunov, B. Y. (2007). 
Particle engineering for pulmonary drug delivery. Pharmaceutical Research, 
24(3), 411-437. 

http://dx.doi.org/10.1016/j.ejpb.2012.08.007�


 17 

Clark, A. R., & Hollingworth, A. M. (1993). The relationship between powder inhaler 
resistance and peak inspiratory conditions in healthy volunteers - implications 
for in vitro testing. Journal of Aerosol Medicine, 6(2), 99-110. 

Coates, M., Fletcher, D. F., Chan, H.-K., & Raper, J. A. (2004). A comparative study 
of two marketed pulmonary drug delivery devices using computational fluid 
dynamics. Paper presented at the Respiratory Drug Delivery IX.  

Fasola, G., Aita, M., Marini, L., Follador, A., Tosolini, M., Mattioni, L., et al. (2008). 
Drug waste minimisation and cost-containment in medical oncology: two-year 
results of a feasibility study. BMC Health Services Research, 8(70), 1-8. 

Fischer, F. X., Hess, H., Sucker, H., & Byron, P. R. (1989). CFC propellant 
substitution: international perspectives. Pharmaceutical Technology 
International, 1, 16. 

Gillerman, R. G., & Browning, R. A. (2000). Drug use inefficiency: a hidden source 
of wasted health care dollars. Economics and Health Systems Research, 91, 
921-924. 

Guchardi, R., Frei, M., John, E., & Kaerger, J. S. (2008). Influence of fine lactose and 
magnesium stearate on low dose dry powder inhaler formulations. 
International Journal of Pharmaceutics, 348, 10-17. 

Heng, D., Cutler, D. J., Chan, H.-K., Yun, J., & Raper, J. A. (2008a). Dissolution 
kinetic behavior of drug nanoparticles and their conformity to the diffusion 
model. Langmuir, 24, 7538-7544. 

Heng, D., Cutler, D. J., Chan, H.-K., Yun, J., & Raper, J. A. (2008b). What is a 
suitable dissolution method for drug nanoparticles? Pharmaceutical Research, 
25(7), 1696-1701. 

Heng, D., Lee, S. H., Kwek, J. W., Ng, W. K., Chan, H.-K., & Tan, R. B. H. (2012). 
Assessing the combinatorial influence of climate, formulation and device on 
powder aerosolization using the Taguchi experimental design. Powder 
Technology, 226, 253-260. 

Heng, D., Lee, S. H., Ng, W. K., & Tan, R. B. H. (2011). The nano spray dryer B-90. 
Expert Opinion on Drug Delivery, 8(7), 965-972. 

Heng, D., Ogawa, K., Cutler, D. J., Chan, H.-K., Raper, J. A., Ye, L., et al. (2009). 
Pure drug nanoparticles in tablets: what are the dissolution limitations? 
Journal of Nanoparticle Research, 12, 1743-1754. 

Herold, M., & Hieke, K. (2003). Costs of drug delivery for CHOP, COP/CVP, and 
Fludarabine: an international assessment. Value in Health, 6(2), 167-174. 

Hu, T.-T., Zhao, H., Jiang, L.-C., Le, Y., Chen, J.-F., & Yun, J. (2008). Engineering 
pharmaceutical fine particles of budesonide for dry powder inhalation (DPI). 
Industrial and Engineering Chemistry Research, 47, 9623-9627. 

Hussain, M. S. H., York, P., & Timmins, P. (1988). A study of the formation of 
magnesium stearate film on sodium chloride using energy-dispersive X-ray 
analysis. International Journal of Pharmaceutics, 42, 89-95. 

Ibiapina, C., Cruz, A. A., & Camargos, P. A. M. (2004). Hydrofluoroalkane as a 
propellant for pressurized metered-dose inhalers: history, pulmonary 
deposition, pharmacokinetics, efficacy and safety. Jornal de Pediatria, 80, 
441-446. 

Janssens, W., VandenBrande, P., Hardeman, E., De Langhe, E., Philps, T., Troosters, 
T., et al. (2008). Inspiratory flow rates at different levels of resistance in 
elderly COPD patients. European Respiratory Journal, 31, 78-83. 

Jimenez-Gonzalez, C., Poechlauer, P., Broxterman, Q. B., Yang, B.-S., am Ende, D., 
Baird, J., et al. (2011). Key green engineering research areas for sustainable 



 18 

manufacturing: a perspective from pharmaceutical and fine chemicals 
manufacturers. Organic Process Research and Development, 15, 900-911. 

Kumon, M., Kwok, P. C. L., Adi, H., Heng, D., & Chan, H.-K. (2010). Can low-dose 
combination products for inhalation be formulated in single crystalline 
particles? European Journal of Pharmaceutical Sciences, 40(1), 16-24. 

Kumon, M., Machida, S., Suzuki, M., Kusai, A., Yonemochi, E., & Terada, K. (2008). 
Application and mechanism of inhalation profile improvement of DPI 
formulations by mechanofusion with magnesium stearate. Chemical and 
Pharmaceutical Bulletin, 56(5), 617-625. 

Kumon, M., Suzuki, M., Kusai, A., Yonemochi, E., & Terada, K. (2006). Novel 
approach to DPI carrier lactose with mechanofusion process with additives 
and evaluation by IGC. Chemical and Pharmaceutical Bulletin, 54(11), 1508-
1514. 

Kwok, P. C. L., Tunsirikongkon, A., Glover, W., & Chan, H.-K. (2011). Formation of 
protein nano-matrix particles with controlled surface architecture for 
respiratory drug delivery. Pharmaceutical Research, 28(4), 788-796. 

Lahde, A., Raula, J., & Kauppinen, E. I. (2008). Combined synthesis and in situ 
coating of nanoparticles in the gas phase. Journal of Nanoparticle Research, 
10, 121-130. 

Leach, C. L. (2005). The CFC to HFA transition and its impact on pulmonary drug 
development. Respiratory Care, 50(9), 1201-1208. 

Lee, S. H., Heng, D., Ng, W. K., Chan, H.-K., & Tan, R. B. H. (2011). Nano spray 
drying: A novel method for preparing protein nanoparticles for protein therapy. 
International Journal of Pharmaceutics, 403, 192-200. 

Lee, S. H., Teo, J., Heng, D., Ng, W. K., Chan, H.-K., & Tan, R. B. H. (2012). 
Synergistic combination dry powders for inhaled antimicrobial therapy: 
formulation, characterization and in vitro evaluation. European Journal of 
Pharmaceutics and 
Biopharmaceutics, http://dx.doi.org/10.1016/j.ejpb.2012.09.002. 

Raula, J., Lahde, A., & Kauppinen, E. I. (2008). A novel gas phase method for the 
combined synthesis and coating of pharmaceutical particles. Pharmaceutical 
Research, 25(1), 242-245. 

Raula, J., Lahde, A., & Kauppinen, E. I. (2009). Aerosolization behavior of carrier-
free L-leucine coated salbutamol sulphate powders. International Journal of 
Pharmaceutics, 365, 18-25. 

Reddy, S. T., Chung, K. K., McDaniel, C. J., Darouiche, R. O., Landman, J., & 
Brennan, A. B. (2011). Micropatterned surfaces for reducing the risk of 
catheter-associated urinary tract infection: an in vitro study on the effect of 
sharklet micropatterned surfaces to inhibit bacterial colonization and migration 
of uropathogenic escherichia coli. Journal of Encourology, 25(9), 1547-1552. 

Roy, A., & Larson, R. G. (2005). A mean flow model for polymer and fiber turbulent 
drag reduction. Applied Rheology, 15(6), 370-389. 

Smith, I. J., Bell, J., Bowman, N., Everard, M., Stein, S., & Weers, J. G. (2010). 
Inhaler devices: what remains to be done? Journal of Aerosol Medicine and 
Pulmonary Drug Delivery, 23(2), S25-S37. 

Steckel, H., & Muller, B. W. (1997). In vitro evaluation of dry powder inhalers I: drug 
deposition of commonly used devices. International Journal of Pharmaceutics, 
154, 19-29. 

http://dx.doi.org/10.1016/j.ejpb.2012.09.002�


 19 

Swaminathan, V., & Kildsig, D. O. (2002). Effect of magnesium stearate on the 
content uniformity of active ingredient in pharmaceutical powder mixtures. 
AAPS PharmSciTech, 3(3), 1-5. 

Tajber, L., Corrigan, O. I., & Healy, A. M. (2009). Spray drying of budesonide, 
formoterol fumarate and their composites - II. Statistical factorial design and 
in vitro deposition properties. International Journal of Pharmaceutics, 367, 
86-96. 

Tay, T., Das, S., & Stewart, P. (2010). Magnesium stearate increases salbutamol 
sulphate dispersion: what is the mechanism? International Journal of 
Pharmaceutics, 383(1-2), 62-69. 

Tee, S. K., Marriott, C., Zeng, X. M., & Martin, G. P. (2000). The use of different 
sugars as fine and coarse carriers for aerosolised salbutamol sulphate. 
International Journal of Pharmaceutics, 208, 111-123. 

Timsina, M. P., Martin, G. P., Marriott, C., Ganderton, D., & Yianneskis, M. (1994). 
Drug delivery to the respiratory tract using dry powder inhalers. International 
Journal of Pharmaceutics, 101, 1-13. 

Traini, D., Adi, H., Valet, O. K., & Young, P. M. (2012). Preparation and evaluation 
of single and co-engineered combination inhalation carrier formulations for 
the treatment of asthma. Journal of Pharmaceutical Sciences, 101(11), 4267-
4276. 

Tsapis, N., Bennet, D., Jackson, B., Weitz, D. A., & Edwards, D. A. (2002). Trojan 
particles: large porous carriers of nanoparticles for drug delivery. Proceedings 
of the National Academy of Science, 99(19), 12001-12005. 

Uzunovic, A., & Vranic, E. (2007). Effect of magnesium stearate concentration on 
dissolution properties of ranitidine hydrochloride coated tablets. Bosnian 
Journal of Basic Medical Sciences, 7(3), 279-283. 

Vidgren, M., Karkkainen, A., Karjalainen, P., Paronen, P., & Nuutinen, J. (1988). 
Effect of powder inhaler design on drug deposition in the respiratory tract. 
International Journal of Pharmaceutics, 42, 211-216. 

Wang, J., Wen, H., & Desai, D. (2010). Lubrication in tablet formulations. European 
Journal of Pharmaceutics and Biopharmaceutics, 75, 1-15. 

Weers, J. G., Bell, J., Chan, H.-K., Cipolla, D., Dunbar, C., Hickey, A. J., et al. (2010). 
Pulmonary formulations: what remains to be done? Journal of Aerosol 
Medicine and Pulmonary Drug Delivery, 23(2), S5-S23. 

Wertheimer, A. I., & Morrison, A. (2002). Combination drugs: innovation in 
pharmacotherapy Pharmacy and Therapeutics, 27(1), 44-49. 

Young, P. M., Cocconi, D., Colombo, P., Bettini, R., Price, R., Steele, D. F., et al. 
(2002). Characterization of a surface modified dry powder inhalation carrier 
prepared by 'particle smoothing'. Journal of Pharmacy and Pharmacology, 54, 
1339-1344. 

Zeng, X. M., Martin, G. P., Marriott, C., & Pritchard, J. (2000). The effects of carrier 
size and morphology on the dispersion of salbutamol sulphate after 
aerosolization at different flow rates. Journal of Pharmacy and Pharmacology, 
52, 1211-1221. 

Zeng, X. M., Martin, G. P., Tee, S. K., & Marriott, C. (1998). The role of fine particle 
lactose on the dispersion and deaggregation of salbutamol sulphate in an air 
stream in vitro. International Journal of Pharmaceutics, 176, 99-110. 

Zhou, Q. T., Qu, L., Larson, I., Stewart, P. J., & Morton, D. A. V. (2010). Improving 
aerosolization of drug powders by reducing powder intrinsic cohesion via a 



 20 

mechanical dry coating approach. International Journal of Pharmaceutics, 
394, 50-59. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21 

Table I.   Spray drying parameters 

 

 

 

 

 

 
 
Table II. Volume particle size distribution (mean ± standard deviation, n=3) of 

spray dried lysozyme 
 

Material d10 d (µm) 50 d (µm) 90 Span  (µm) 

Spray-dried 
lysozyme 

0.90 ± 0.04  1.91 ± 0.15 3.71 ± 0.41 1.53 ± 0.08 

 
 
 
Table III. Percentage increase in fine particle dose as a result of coating in the 

Aerolizer
 

® 

Novartis® 
Aerolizer® 

Emitted dose 
(normalized) (b) 

Fine particle fraction 
(emitted) (c)  

Fine particle 
dose (= b x c) 

% increase over 
uncoated 

    Uncoated 1.00   (0.10) 0.345   (0.031) 0.345   (0.047) - 

     Coated capsule 
    0.05 g/ml 1.01   (0.08) 0.351   (0.023) 0.355   (0.038) 3 

0.1 g/ml 1.06   (0.08) 0.358   (0.020) 0.378   (0.035) 10 

0.3 g/ml 1.06   (0.08) 0.331   (0.008) 0.350   (0.029) 1 

     Coated device 
    0.05 g/ml 1.03   (0.08) 0.393   (0.028) 0.403   (0.044) 17 

0.1 g/ml 1.05   (0.09) 0.409   (0.041) 0.431   (0.058) 25 

0.3 g/ml 1.07   (0.08) 0.339   (0.021) 0.364   (0.036) 6 

     Coated capsule + 
Coated device 

    0.05 g/ml 1.07   (0.08) 0.348   (0.007) 0.373   (0.029) 8 

0.1 g/ml 1.09   (0.08) 0.478   (0.021) 0.521   (0.045) 51 

0.3 g/ml 1.14   (0.08) 0.343   (0.022) 0.391   (0.038) 13 

( ) denotes standard deviation 
 

Parameters   
Spray mesh size (µm) 5.5 
Feed concentration (w/v %) 0.75 
Nitrogen flow rate (L/min) 120 
Relative spray rate (mL/h) 4 

Inlet Temperature (o 120 C) 

Outlet Temperature (o 40-45 C) 
Yield (%) 70-80 
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Table IV. Percentage increase in fine particle dose as a result of coating in the 
Rotahaler

 
® 

GSK® 
Rotahaler® 

Emitted dose 
(normalized) (b) 

Fine particle fraction 
(emitted) (c)  

Fine particle 
dose (= b x c) 

% increase over 
uncoated 

    Uncoated 1.00   (0.10) 0.058   (0.016) 0.058   (0.017) - 

     Coated capsule 
    0.05 g/ml 1.04   (0.11) 0.183   (0.017) 0.190   (0.027) 228 

0.1 g/ml 1.11   (0.11) 0.136   (0.029) 0.150   (0.035) 159 

0.3 g/ml 1.26   (0.09) 0.192   (0.010) 0.243   (0.021) 319 

     Coated device 
    0.05 g/ml 1.06   (0.10) 0.127   (0.012) 0.135   (0.018) 133 

0.1 g/ml 1.12   (0.08) 0.131   (0.019) 0.147   (0.024) 153 

0.3 g/ml 1.27   (0.09) 0.170   (0.013) 0.215   (0.022) 271 

     Coated capsule + 
Coated device 

    0.05 g/ml 1.10   (0.08) 0.196   (0.009) 0.215   (0.018) 271 

0.1 g/ml 1.16   (0.09) 0.131   (0.012) 0.152   (0.018) 162 

0.3 g/ml 1.23   (0.09) 0.071   (0.001) 0.088   (0.006) 52 

( ) denotes standard deviation 
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Figure captions 

Fig. 1. FESEM image of spray-dried lysozyme 

Fig. 2. Powder retention in the Aerolizer®

Fig. 3. 

 device and capsule at varying concentrations of 

MgSt when coated at:  (a) the capsule only; (b) the device only; (c) both capsule and 

device (* denotes statistical difference between uncoated and coated species, p < 0.05) 

Powder retention in the Rotahaler®

Fig. 4. 

 device and capsule at varying concentrations of 

MgSt when coated at:  (a) the capsule only; (b) the device only; (c) both capsule and 

device (* denotes statistical difference between uncoated and coated species, p < 0.05) 

Total powder retention in the inhaler unit (device and capsule) of the Aerolizer® and 

Rotahaler®

Fig. 5. 

 under various coating conditions (* denotes statistical difference between 

uncoated and coated species, p < 0.05) 

Coated capsule case: detection of MgSt powder on the inner walls of the device 

(indirect coating) 
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Fig. 5. 

 

 

 

 

 

 

 

 


