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Summary  
 
Background: Two of the major characteristics of chronic obstructive pulmonary disease (COPD) are 
inflammation of the airways and hyper-secretion of mucus. Current therapies to treat these symptoms 
include bronchodilators and anti-mucolytic therapy. This study focuses on the co-engineering of 
salbutamol sulphate (SS), a common bronchodilator and mannitol, an anti mucolytic, as a potential 
combination therapy for COPD. This combination was chosen to have an augmented effect on the 
airways: the SS will act on the β2 receptor for relaxation of smooth muscle, while mannitol will decrease 
mucus viscosity, consequently enhancing its clearance from the lung. A series of co-spray dried 
samples, containing therapeutically relevant doses of salbutamol and mannitol were prepared and tested 
in terms of physico-chemical characteristics. Additionally the formulation was evaluated for its effect on 
epithelial cell viability, transport and cilia beat frequency. 
Methods: Mannitol (MA) with different concentrations of salbutamol sulphate was co-spray dried to 
obtain dry powders within a respirable range. The ratios (% w/w) were: 100% MA, 99.95% MA : 0.05% 
SS, 99.9% MA : 0.1% SS and 99.8% MA : 0.2% SS. The particles size and the morphology were 
analysed using a Mastersizer and scanning electron microscopy (SEM). The toxicity of MA and SS was 
tested on Calu-3 bronchial epithelial cell lines at different concentrations, using a liquid covered culture.  
Results: The dry powder formulations showed a median volume diameter of 3.16 ± 0.46 µm, suitable for 
inhalation therapy. Toxicity studies have shown that both MA and SS are not toxic to the Calu-3 over the 
concentration range studied. Furthermore, SS 10-6 M, MA 10-3 M and the combined ratios gave a 
significant increase in cilia beat frequency compared to the control.  
Conclusion: These studies have established that co-spray dried combination formulations of mannitol 
and salbutamol sulphate can be successfully prepared that have limited toxicity, good aerosol 
performance and increase the ciliary beat frequency (CBF) for improving the mucociliary clearance in 
patients, whilst simultaneously acting on the underlying smooth muscle.  
 
Introduction 
 
In healthy airways, mucus can be easily transported out of the lung via cough and cilia beating. 
Diseases like COPD are characterised by airflow limitation and hypersectration of mucus, with 
associated poor mucociliary clearance[1]. In COPD, mucus develops into a thicker, more tenacious 
viscous layer that becomes less penetrable to active pharmaceutical ingredients [1]. Furthermore, this 
will also reduce mucociliary clearance and increase the likelihood of recurrent respiratory tract infections 
[1]. Potential therapies to overcome these symptoms include β2 agonists to relax the airways [2] and 
mannitol to increase water flux into the bronchial lumen and improve mucociliary clearance [1]. In this 
investigation two drugs, namely mannitol and salbutamol sulphate, have been co-spray dried to asses 
their potential benefits once deposited on the lung epithelium. In addition to the anti-mucolytic and 
bronchodilating effects of these molecules in combination, they may also provide enhanced cilia beat 
frequency and thus further promote clearance. It is envisaged that these complementary mode of 
actions may enhance health-care outcomes in patients with COPD. 
 
Aim 
 
The aim of this work was to formulate and characterize a combination of co-spray dried mannitol and 
salbutamol sulphate as an inhalable dry powder at different ratios that could simultaneously improve 
mucus clearance and ciliary beat activity, whilst causing bronchodilation in the underlying smooth 
muscle. The novel formulations were further physico-chemicaly characterized and evaluated for toxicity 
on Calu-3 bronchial epithelial cells. This cell line is one of the few respiratory cells that form tight 
junctions in vitro and it is well established as a model of the airway epithelial barrier in lung research [3, 
4]. The single and co-spray dried formulations were also investigated in vitro on nasal ciliated cells for 
their effects on ciliary beat frequency. Cells from the upper airway, specifically from the nose, were 
chosen as model of the lung bronchial area of the lung. 
 



	  

 
Materials and methods 
 
Materials  
 
Raw mannitol (MA; Pearlitol® 160C) and raw salbutamol sulphate were obtained from Rocquette Frères 
(Lestrem, France) and S&D Chemicals (Sydney, Australia) respectively. Calu-3 cells were purchased 
from the American Type Cell Culture Collection (ATCC, Rockville, US). The Cell Titer96® AQueosus 
One Solution Cell Proliferation Assay was obtained from Promega (USA). Dulbecco’s Modified Eagle’s 
Medium (DMEM) was obtained from Invitrogen (Australia). Transwell cell culture inserts (0.33cm2 

polyester, 0.4µm pore size) were purchased from Corning Costar (Lowell, USA); all other sterile culture 
plastic wares were from Sarstedt (Adelaide, Australia). Epithelial cells were obtained via nasal brushing 
from healthy volunteers at Concord Hospital (Concord, Australia). 
 
Methods 
 
Particle production: single and co-spray-dried mannitol and salbutamol sulphate 
 
Single and combination powders were obtained by spray drying aqueous solutions of MA alone and MA-
SS together at different ratios: 100% MA, 99.95% MA: 0.05% SS, 99.9% MA: 0.1% SS and 99.8% MA 
:0.2% SS, using a Buchi B-290 spray dryer (Flawil, Switzerland), under specific conditions shown in 
Table 1. These specific drug concentrations were chosen since a 400 mg dose would contain the 
appropriate amount of anti-mucolytic (ca. 400mg) and salbutamol sulphate (ca. 100-200 µg), as used in 
commercial formulations. Similarly, the dose of 400 mg dry powder will be administered using 5 
consecutive capsules each containing 40mg of the combination formulations.   
 

Table 1: Spray drying conditions for single and co-spray dried mannitol and salbutamol sulphate 
powders (MA: mannitol; SS: salbutamol sulphate) 

 

 
 
Particle size analysis 
 
Particle size distributions of single and co-spray dried powders were determined using laser diffraction, 
using a Mastersizer 3000 (Malvern, UK) with small volume liquid cell. The samples were measured with 
a refractive index of 1.54 using chloroform as a dispersant and 1 %v/v Tween to prevent particles 
agglomeration. Each sample was analysed in triplicate. 
 
Scanning electron microscopy  
 
Images of the powders were taken using a scanning electron microscope (Zeiss Ultra Plus), operating at 
5kV. The samples were prepared on carbon sticky tapes, which were attached to aluminium stubs and 
gold coated at 80 nm thickness with gold under vacuum prior to imaging.	  	  
	  
Cell toxicity studies  

The culture of Calu-3 bronchial epithelial cells is described in detailed elsewhere [3].	  The toxicity of SS 
and MA were assessed using CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega, 
USA). This is a colorimetric method for determining the number of viable cells in cytotoxicity assays. 
Calu-3 cells were seeded into 96 well microtitre plates at a density of 5x104 cell/well and were left 
overnight for cell attachment. The cells were then treated with increasing concentrations of SS and MA 
in 200 µl of complete Dulbecco’s Modified Eagle’s medium. Plates were then incubated for a further 72 
hours in 5% CO2 and 95% humidity at 37 °C. After this period, the cells were analysed by adding 20µl of 
AQueous One Solution and incubated for 4 hours at the same conditions as before. Absorbance of the 
cells were measured at 490nm using a fluorescence plate reader (POLARstar Optima, BMG Labtech, 
Germany) and were normalised to control.   
 
Cilia beating frequency studies  
 

SAMPLE  
     (%) 

INLET 
(°C) 

OUTLET 
(°C) 

FEED 
RATE 

(mL/min) 

ASPIRATION 
RATE  
(m3h-1) 

ATOMIZING 
PRESSURE 

(L h-1) 
100 MA 150 59 4 47.6 50 
0.05 SS:99.95 MA 150 87 4 47.6 50 
0.1 SS:99.9 MA 150 83 4 47.6 50 
0.2 SS:99.8 MA 150 83 4 47.6 50 



	  

The effects of SS, MA and combination of both drugs on ciliary activity was analysed using primary 
nasal epithelial cells from healthy volunteers. The cells were suspended in approximately 5mL of 
Medium 199 (Sigma, Australia) to maintain cell viability and aliquots of cell suspensions were treated 
with the drugs for 15 to 30 minutes. Previous study by Devalia et al. (1992) have indicated that the 
optimal concentrations to achieve significant increase in cilia beat frequency (CBF) are between 10-6 
and 10-4 M on cultured bronchial epithelial cells [5]. Hence, taking into consideration the solubility of 
mannitol and toxicity of these drugs on the epithelial cells, concentrations of SS used were 0.5x10-6M, 
1x10-6M and 2x10-6 M SS together with 10-3 M of MA based on the combination therapy formulated in 
this study. Analysis of the CBF was performed under a light microscope (Olympus IX70, Japan) 
connected to a photo-multiplier (Zeiss, West Germany). The ciliary beat frequency was measured based 
on the electronic signals from the photometer (Tektronix), which was delivered through an oscilloscope 
and subsequently recorded by Mac-Lab recording system. For each sample, three measurements of 
CBF were taken from different regions of interest that contains strips of ciliated epithelial cells to obtain 
a precise frequency values.  
 
Results and discussion 
 
Particle size analysis of each formulation is shown in Table 2. In general, all powders exhibited a 
volumetric diameter suitable for inhalation drug delivery [6]. However, aerodynamic properties are yet to 
be confirmed.  
 

Table 2: Particle size distribution parameters for the single and co-spray-dried formulations	  
 

SAMPLE d10 (µm ± StDev) d50 (µm ± StDev) d90 (µm ± StDev) SPAN 
100MA 1.448 ± 0.001 2.497 ± 0.006 4.077 ±0.014 1.053 

0.05SS:99.95MA 1.417 ± 0.010 3.241 ± 0.311 6.580 ± 0.777 1.593 
0.1SS:99.9MA 1.617 ± 0.035 3.631 ± 0.162 6.776 ± 0.526 1.246 
0.2SS:99.8MA 1.683 ±0.002 3.245 ±0.004 5.725 ± 0.008 1.421 

 
The particle size of the formulations was further confirmed using SEM (Figure 1). Micrographs displayed 
a spherical geometry with crystalline ‘finger-like’ projections structure on the surface, typical of mannitol 
[7]. The combined formulations did not show any particular difference probably due to the low 
concentration of SS in the formulations. 
 

	  
 

Figure 1: Scanning electron micrograph of (A) 100% Mannitol and (B) 0.2% SS: 99.8 % MA  
 
The cytotoxicity response of Calu-3 bronchial epithelial cells towards MA and SS was established and 
presented in Figure 2. Calu-3 cells were exposed to increasing concentrations of MA and SS ranging 
from 0.01 to 1000 µM for 72 hours. The cells tolerated a wide range of MA and SS concentrations and 
hence ciliary beat frequency studies using these concentration ranges could be performed confidently 
without detrimental effects to cell viability. 
 
Both MA and SS, individually and in combination, were found to be cilia stimulatory, as shown in Figure 
3. There was a significant increase in ciliary beat frequency in all treatment groups (≈10Hz) when 
compared to baseline measurements (Control: 6±0.5 Hz). However, no significant difference was found 
between the treatment groups (i.e. combination and individual drugs). As both MA and SS stimulate 
CBF when administered separately, it is expected that an augmented response can be achieved when 
administered in combination. Consequently, there is evidence to suggest that the ciliary activity has 
reached its maximum response. The increased in the CBF by both SS and MA may be mediated via the 
β2 adrenergic pathway leading to the release in cyclic AMP and increase in intracellular calcium in 
response to hyperosmolar stimuli respectively [5].  
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Figure 2: Cells viability after 72 hours SS and MA drug exposure.  

 

                               
Figure 3: Ciliary beat frequency (CBF) of different MA:SS formulations (SS 0.5x10-6 M, SS 1x10-6 M, SS 

2x10-6 M in combination with MA 10-3 M) compared to baseline (control). 
** Statistically different to control (p<0.05) 

 
 
Conclusions  
 
An inhalable dry powder combination formulation of mannitol and salbutamol sulphate was successfully 
produced and characterised. This combination formulation has proven to be non-toxic on Calu-3 cells 
and showed increased ciliated beat frequency in vitro. Future work will report on aerosol performance, 
transport and effectiveness on smooth muscle relaxation. This formulation has the potential to be used 
as a dry powder therapy for the treatment of hyper-mucus production for pulmonary diseases and 
broncho-constriction. 
 
References 
 
1. Yang, Y., et al., Mannitol‐Guided delivery of ciprofloxacin in artificial cystic fibrosis mucus 

model. Biotechnology and bioengineering, 2011. 108(6): p. 1441-1449. 
2. Koskela, H., et al., Hypertonic saline cough provocation test with salbutamol pre‐treatment: 

evidence for sensorineural dysfunction in asthma. Clinical & Experimental Allergy, 2008. 38(7): 
p. 1100-1107. 

3. Haghi, M., et al., Deposition, diffusion and transport mechanism of dry powder microparticulate 
salbutamol, at the respiratory epithelia. Molecular Pharmaceutics, 2012. 9(6): p. 1717-1726. 

4. Ong, H.X., et al., The effects of mannitol on the transport of ciprofloxacin across respiratory 
epithelia. Molecular Pharmaceutics, 2013. 10(8): p. 2915-2924. 

5. Devalia, J., et al., The effects of salmeterol and salbutamol on ciliary beat frequency of cultured 
human bronchial epithelial cells, in vitro. Pulmonary pharmacology, 1992. 5(4): p. 257-263. 

6. Traini, D., Inhalation Drug Delivery. Inhalation Drug Delivery: Techniques and Products, 2013: 
p. 1-14. 

7. Adi, H., et al., Co-spray-dried mannitol–ciprofloxacin dry powder inhaler formulation for cystic 
fibrosis and chronic obstructive pulmonary disease. European Journal of Pharmaceutical 
Sciences, 2010. 40(3): p. 239-247. 

 
 


