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Summary 

Surface modification of drugs for inhalation provides an approach to improve powder dispersibility and reduce 
intrinsic cohesion as micronised drugs tend to agglomerate. The intention of this study is to change 
interparticulate forces and improve the aerosolisation behaviour. The drug surface can be modified by using force 
control agents (FCAs). Mechanofusion systems use the applied mechanical forces for dry particle coating. In this 
study the picobond

®
 system with AMS module was used to alter the surface of salbutamol sulphate (SBS) with 

different concentrations of the additive, magnesium stearate (Mgst). A design of experiments (DoE) was applied 
to evaluate the influencing parameters on the powder de-agglomeration which was investigated using a Next 
Generation Impactor (NGI). The fine particle fraction (FPF) (≤ 5 µm) was calculated and defined as response 
factor of the three factor central composite design (CCD) which is a standard response surface methodology 
(RSM). It was possible to find a significant model (p-value < 0.05) for the FPF. Furthermore, it could be shown 
that the rotational speed and the interaction between process time and Mgst concentration have a significant 
influence on the FPF. For higher excipient concentrations it is better to use a longer process time and vice versa. 
In this study the mechanofusion parameters are systematically investigated to obtain an improved process 
understanding. 
 
 
Introduction 

Powder de-agglomeration during inhalation is one of the main aspects when delivering fine drug particles to the 
lung with carrier-free DPI formulations. As the drug particles are micronised, they tend to agglomerate and show 
poor aerosolisation behaviour. The surface modification of the drug is one possibility to reduce the cohesiveness 
and agglomerate strength. This can improve flowability and fluidisation as interparticulate forces are changed. 
Contact area, particle morphology, chemical composition of the particles or hygroscopicity are factors which 
influence powder properties [1]. One approach for surface modification is mechanical dry particle coating [2-4] 
with mechanofusion systems [5]. During this process high shear and compression forces are acting on the 
particles and can create new composite particles. No solvent is needed and normally just one process step is 
necessary.  
Only a few studies investigated the applicability of mechanofusion systems for surface modification of drugs for 
inhalation [6, 7] instead of carrier materials [8-10]. 
In this study a mechanofusion system was used to modify the hydrophilic model drug salbutamol sulphate (SBS) 
with hydrophobic magnesium stearate (Mgst) to improve powder dispersibility. The mechanofusion system is 
used to distribute Mgst on the surface of SBS. A lot of different factors have an impact on this coating process like 
excipient concentration, process time and rotational speed. To investigate these parameters a design of 
experiments (DoE) was used to find out how they influence powder properties. In addition, factor interactions can 
be detected. The fine particle fraction of delivered dose (FPF) was measured as response factor as indicator for 
powder de-agglomeration.    
 
 
Materials and Methods 
 
Materials:  

Surface modification was performed with micronised salbutamol sulphate (SBS) with a mean particle size of 
2.4 µm (x90=6.1 µm). Magnesium stearate, Mgst (Magnesia 4263, Magnesia GmbH, Lüneburg, Germany), was 
used as a surface modifying substance (x90=15.7 µm). 
 
Design of experiments: 

A central composite design (CCD) was chosen for process evaluation generated with the software DesignExpert
®
 

(version 8.0.5, Stat-Ease Inc., Minneapolis, MN, USA). This design can help to optimise the parameters with a low 
number of experiments, as well as for analysis of interactions between the parameters. The CCD consists of 2

n
 

factorial runs with 2n axial runs and six center points, where n is the number of factors. In this study three factors 
were investigated. This results in 20 runs (2

3 
+ 2*3 + 6). The center points are used to determine the experimental 

error and the reproducibility of the data. The axial points are located outside the design space with α=1.682 which 
is used to calculate the distance from the center and makes the design rotatable. The variables were coded to the 
(-1, 1) interval. The experimental sequence was randomised to minimise effects of uncontrolled factors.  
The complete design matrix is given in Tab. 1. The design space was defined for Mgst concentration from 3-10% 
(w/w), rotating speed from 2000-5500 rpm and process time from 5-15 min. A batch size of 10 g was used for all 
runs. The level of significance was defined with α < 0.05 or a p-value < 0.05, respectively [11]. 
 



Tab. 1: Experimental design matrix 

 

Run 
Time 
(min) 

Rotational 
speed (rpm) 

Mgst-
concentration 

(%) 
Run 

Time 
(min) 

Rotational 
speed (rpm) 

Mgst-
concentration 

(%) 

1 10 3750 6.5 11 10 6693 6.5 

2 5 5500 3.0 12 10 3750 0.6 

3 15 2000 3.0 13 5 5500 10.0 

4 10 3750 6.5 14 10 3750 12.4 

5 15 5500 10.0 15 10 807 6.5 

6 18.4 3750 6.5 16 5 2000 3.0 

7 15 5500 3.0 17 5 2000 10.0 

8 10 3750 6.5 18 10 3750 6.5 

9 15 2000 10.0 19 10 3750 6.5 

10 10 3750 6.5 20 1.6 3750 6.5 

 
Mechanofusion: 

The picobond
®
 system with AMS module (Picoline, Hosokawa-Alpine, Augsburg, Germany) was used for surface 

modification (Fig. 1). The powder is forced between the rotor and the fixed stator. Thereby compression and 
shear forces are acting on the particles. A scraper removes the powder from the inner surface of the rotor and 
leaves the rotor through two lateral holes. Two blades are responsible for the return transport to the working area. 
The gap width between rotor and stator was kept constant for all experiments. The system was cooled with water 
during the process. Before the mechanofusion process, SBS was premixed with different concentrations of Mgst 
in a T2C Turbula blender (Bachofen AG, Basel, Switzerland) for 30 minutes at 42 rpm.  
After the mechanofusion process all samples showed similar particle size distribution (PSD) determined by laser 
diffraction (HELOS, Sympatec GmbH, Clausthal-Zellerfeld, Germany) using the RODOS system equipped with 
lens R1 and operated at a dispersion pressure of 3 bar (data not shown). 
 
 

  
 
Fig. 1: picobond

® 
AMS-module a) rotor b) lid with stator and scraper  

  
Powder de-agglomeration – Next Generation Impactor: 

Powder de-agglomeration was tested using the Next Generation Impactor. Approximately 2.5 mg were weighed in 
aluminium weighing cups and stored in a desiccator with a saturated K2CO3 solution at 43% relative humidity (rh) 
for at least 12 h before analysis. All measurements were done under controlled conditions (21°C, 45% rh) in a 
climate chamber. A special feeding device was used to deliver the powder, see Fig. 2. This construction offers the 
possibility to insert small amounts of powder to the NGI without the influence of any turbulence generating device. 
Flow was adjusted to 80 L/min which corresponds to a 4 kPa pressure drop. The powder was transferred to the 
cavity of the applicator. Then the valve was opened for 6 sec and after 3 sec the powder was fed into the 
airstream. All stages were coated to avoid particle bouncing and to get an effective impaction. The drug 
deposition in the applicator, throat, preseparator and the eight stages was determined using a HPLC method. The 
drug remaining in the weighing cup was also analysed to check the recovery. The fine particle fraction of 
delivered dose (≤ 5 µm) (without application system), was calculated using the Copley Inhaler testing data 
analysis software (Version 3.00, Nottingham, UK). All samples were analysed in duplicate.         
 
         

 
  

Fig. 2:  Deviceless application system 

a) b) 



     
Results and discussion 
 
Design of experiments: 

It was possible to find a significant model with a p-value < 0.05 (Tab. 2). There is only a 0.1% chance that a 
“Model F-Value” this large could occur due to noise. The "lack of fit F-value" of 3.93 implies that the lack of fit is 
not significant relative to the pure (experimental) error. The impactor analysis resulted in FPF values varying from 
26 to 42%. All factors listed in Tab. 2 are included in the model to maintain model hierarchy. The rotational speed 
has the greatest effect on the response. The interaction between Mgst concentration and process time has also a 
significant influence on the response, but was considered moderate. The Mgst concentration itself is less 
significant regarding the p-value with 0.0568. 
After excluding insignificant quadratic terms and interactions the final empirical two factor interaction (2FI) model 
in terms of coded factors is:  
 

FPF = 34.67 + 0.14*A+3.59*B-1.54*C+2.59*A*C 
 
Two runs (3, 18) were ignored for analysis as outliers. The predicted R-squared value of 0.4727 was in 
reasonable agreement with the adjusted R-squared value of 0.6564 and also the adequate precision of 11.4 > 4 
indicated adequate model discrimination as it compares the range of the predicted values at the design points to 
the average prediction error. 
 
     Tab. 2: Analysis of variance (ANOVA) for response surface  

  

Source 
Sum of 

Squares 
(SS) 

Degree of 
freedom 

(df) 

Mean Squares 
(MS) 

F-Value 
p-value 

Prob > F 

Model 241.12 4 60.28 9.12 0.0010 

A: time (min) 0.24 1 0.24 0.036 0.8530 

B: rotational speed (rpm) 157.01 1 157.01 23.75 0.0003 

C: Mgst-concentration (%) 28.89 1 28.89 4.37 0.0568 

AC 44.54 1 44.54 6.74 0.0222 

Residuals 85.93 13 6.61   

Lack of fit 77.2 9 8.58 3.93 0.1003 

Pure error 8.73 4 2.18   
 
 

  
 
 

 

 
 

 

 

Fig. 3: Three-dimensional response surface a) Mgst-conc. 6.5%  b) rotational speed 3750 rpm  

 

Fig. 3 shows the three-dimensional response surfaces of the model. The process time itself has no influence on 
the FPF with a fixed Mgst concentration of 6.5%. In contrast, a higher rotational speed increases the powder de-
agglomeration tendency. The interaction between Mgst concentration and process time can be seen if the 
rotational speed is kept constant. For higher Mgst amounts it is better to use longer process times in comparison 
to lower contents where shorter times are preferable. Contrary to the expectations, the process time alone seem 
to have almost no influence. The powder transportation during the process can explain this observation. 

a) b) 



Micronised particles may stick to the wall and stay there for the rest of the process time. High excipient 
concentrations are disadvantageous for powder aerosolisation while excessive Mgst may hinder the de-
agglomeration. The highest FPF was achieved with 3% Mgst for 5 min at 5500 rpm. This is in good agreement 
with findings published by Morton et al. (2010). They found an optimal coating with approximately 2% Mgst and 
also a decrease in aerosol performance when Mgst content further increased [12]. 

 
Conclusions 

This study shows the possibility to use a mechanofusion system for surface modification of drugs for inhalation. 
The effect of three different process parameters on the de-agglomeration behaviour was studied by conducting a 
CCD. Through analysis of the response surfaces derived from the model, rotational speed and the interaction 
between process time and excipient concentration has a significant effect on FPF.  
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