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Summary 

Press-on forces are thought to play an important role in the effects of drug content and added fine lactose particles on 
the dispersion behaviour of adhesive mixtures for inhalation. The mechanical stress experienced by the drug particles 
during the mixing process due to such forces can be assessed by a change in the apparent solubility of the drug in the 
mixture, as has previously been shown for salmeterol xinafoate (SX). The apparent solubility of SX was therefore 
used to study the effects of changes in the formulation variables mentioned on the occurrence and relevance of press-
on forces. An increase in salmeterol content and the addition of ‘fine lactose fines’ (FLF, X50 = 1.95 µm) resulted in a 
lower apparent solubility of SX after prolonged mixing, whereas ‘coarse lactose fines’ (CLF, X50 = 3.94 µm) did not. 
These findings do not support the previously proposed hypotheses that higher fine particle contents increase the 
susceptibility of drug particles to press-on forces, and that CLF may act as a buffer between colliding particles to 
reduce the susceptibility of drug particles to press-on forces. However, it can be reasoned that a direct relationship 
between press-on effects and apparent solubility does not necessarily exist, especially when the carrier surface is 
covered by a multi-particulate layer. Therefore, the hypotheses cannot be conclusively rejected. It is shown, however, 
that the apparent solubility of salmeterol xinafoate is a useful measure for the characterisation of carrier-based dry 
powder inhalation formulations. 

Introduction 

During blending of drug and lactose carrier particles into adhesive mixtures for inhalation inertial and frictional forces 
are generated that act on the constituent particles. These mixing forces are necessary to obtain homogeneous 
blends, but they may also negatively affect the mixture’s dispersion performance. Drug particles may be compressed 
onto the lactose carrier surface by a vector component of the mixing forces that is directed towards the carrier surface. 
The mixing forces are then mostly referred to as ‘press-on forces’. These press-on forces likely increase the average 
drug-carrier binding energy, which lowers the chance of drug particle detachment from the carrier surface during 
inhalation. Some workers have hypothesised that press-on forces play an important role in the effects of numerous 
formulation variables, such as drug content in the mixture, mixing time, carrier size fraction and the size distribution 
and content of naturally present or added fine lactose particles

1-4
. Basically, these variables are suggested to partly 

affect dispersion performance through an influence on the susceptibility of drug particles to press-on forces, the 
magnitude of these forces or the number of ‘compression events’ during the mixing process. In the remainder of this 
abstract such effects will be referred to as ‘press-on effects’. 

Currently, no method exists to directly measure the press-on forces to which drug particles are subjected during 
mixing. This makes it difficult to test the hypotheses regarding the occurrence of press-on effects. However, we 
previously introduced a method in which the apparent solubility of salmeterol xinafoate was used as an indirect 
measure of the mechanical stress imparted on the drug particles during mixing

5
. This method was based on the work 

by Mosharraf and Nyström
6, 7

. As can be expected, the degree of mechanical stress and thus the apparent solubility 
was positively related to mixing time and carrier size fraction, which relate to the number of compression events and 
the magnitude of the press-on forces, respectively. Because the forces that cause mechanical stress are also the 
forces that result in compression, it was reasoned that the apparent solubility could also be used as an indirect 
measure of press-on effects. 

The apparent solubility method is again used in this study to measure the occurrence of press-on effects in relation to 
drug content and different amounts and types of lactose fines. In addition, it is used to test the ‘buffer hypothesis’, 
which was discussed previously as one of the explanations for a difference in effect on drug detachment between fine 
and coarse added lactose fines

8
. It is expected that the significance of press-on effects depends on the baseline 

degree of compression in the mixture; e.g. if drug particles are hardly compressed against the carrier surface after 
short mixing, there is no buffering potential for significant reduction of compression. Mixtures are therefore prepared at 
different mixing times. 

Materials and methods 

Lactose carrier particles with a size fraction of 250-315 µm were obtained from Pharmatose 80M (DMV-Fonterra 
excipients, Goch, Germany) by vibratory and air-jet sieving. Micronised salmeterol xinafoate (SX) was used with a 
volume median diameter of 1.41 µm, as determined by dry laser diffraction analysis using a RODOS disperser 
(Sympatec, Clausthal-Zellerfeld, Germany). Fine lactose fines (FLF) and coarse lactose fines (CLF) used in this study 



are from the same batch as those used previously
8
. The volume median diameters of FLF and CLF, also determined 

by dry dispersion laser diffraction analysis, are 1.95 and 3.94 µm, respectively.  

The lactose carrier was mixed with 0.4 or 4% SX, or 0.4% SX and 3.6% FLF or CLF. The drug and fine lactose were 
mixed with the carrier simultaneously. Mixtures were prepared in batches of 25 g using a Turbula blender at 90 rpm 
for 2, 10 or 60 minutes (WA Bachofen, Basel, Switzerland). 

The mixtures were tested for content uniformity, apparent solubility of SX (n = 3) and drug detachment during 
inhalation. In brief, the apparent solubility of SX in the mixtures was measured by adding an excess amount of the 
mixtures to aqueous solutions saturated with the SX starting material, allowing some time for dissolution and 
subsequent filtration of the obtained suspensions. Drug detachment experiments were performed at 20, 40 and 60 
L/min using a classifier based test inhaler. Samples were analysed spectrofotometrically. These experiments are all 
described in more detail elsewhere

5
. 

Homoscedastic 2-tailed Student’s t-tests were performed to determine the statistical significance of differences in 
apparent solubility. The F-test was used to test for the equality of standard deviations between compared data sets.   

Results 

The RSDs in salmeterol content of 10 samples was between 0.7-2% for all mixtures prepared. The mixtures were 
therefore considered sufficiently homogeneous. 

An overview of the detached drug fractions at 20, 40 and 60 L/min for the different mixtures is presented in Figure 1. 
Overall, the observed effects on the detached drug fraction of mixing time, drug content, FLF and CLF, as well as any 
interactions with inhalation flow rate, are very similar to the effects of these variables previously presented for 
salmeterol or other drugs

5, 8, 9
. New in this study is the accounting for possible interactions between mixing time and 

the effects of FLF and CLF on drug detachment. 

At a flow rate of 20 L/min, the highest detached drug fraction was obtained with the mixture containing CLF, followed 
by the mixtures containing 0.4% SX, 4% SX and FLF respectively. This order of dispersion performance does not 
change with increased mixing time from 2-60 minutes, although the absolute difference in the detached drug fraction 
between the mixtures changes considerably. For example, after 2 minutes of mixing, CLF result in a 29.4% absolute 

Figure 1 - Detached drug fractions of the different formulations at different flow rates and mixing times. Error bars 
represent maximum and minimum values measured (n = 5). 

 



increase in the detached drug fraction of 0.4% SX, whereas after 60 minutes of mixing this increase is only 4.6%. The 
lower beneficial effect of CLF after a longer mixing time is primarily the result of an increase in the detached drug 
fraction of 0.4% SX alone, which was previously attributed to the agglomeration and deformation of a fraction of the 
salmeterol particles

5
. At 40 L/min, both the order of dispersion performance and the absolute difference in drug 

detachment between the formulations changes from 2-60 minutes of mixing. At this flow rate, the detached drug 
fraction decreases from 2-60 minutes of mixing for all formulations, but this decrease is strongest for the mixture 
containing FLF (36%) followed by 0.4% SX (24.4%), CLF (24.3%) and 4% SX (17%). At 60 L/min, mixing time only 
slightly affects the difference in the detached drug fraction between the formulations, but not their order of dispersion 
performance (which is 4% SX > FLF > CLF > 0.4% SX).  

The results of the apparent solubility tests are presented in Figure 2. In the 0.4% SX mixture, the apparent solubility of 
SX increases with mixing time, which results in a 
significant increase of the measured absorbance from 
0.35 (reference) to 0.39 after 2 minutes of mixing (p < 
0.05) up to 0.51 after 60 minutes of mixing (p < 0.001). 
After 2 minutes of mixing, neither an increase in 
salmeterol content from 0.4 to 4% nor the addition of 
FLF or CLF to 0.4% SX results in a significant change 
in the apparent solubility of SX. After 10 minutes of 
mixing, the increase in drug content from 0.4 to 4% 
and the addition of FLF to 0.4% SX result in a 
significantly lower absorbance by 0.09 (p < 0.01) and 
0.05 (p < 0.05), respectively. This is the same after 60 
minutes of mixing, although absolute differences are 
then larger (0.12 and 0.06, respectively). The addition 
of CLF to 0.4% SX does not result in a significantly 
lower apparent solubility of SX in the mixture for any 
of the mixing times applied. The increase in drug 
content causes a larger decrease in apparent 
solubility than the addition of either FLF or CLF after 
10 (p < 0.05) and 60 (p < 0.01) minutes of mixing. 
Furthermore, after 60 minutes of mixing, a significant 
difference exists (p < 0.05) between the effects of FLF 
and CLF on the apparent solubility of SX in the 
mixture (i.e. no effect of CLF, and a reduction by FLF). 

It was observed during the apparent solubility measurements that the suspensions obtained with 4% SX mixtures 
were clearer and contained larger agglomerates than those obtained with the other formulations. To check whether 
this had affected the dissolution rate of SX, and thus explained the lower absorbance values in Figure 2, a control 
measurement was performed in which the four formulations mixed for 60 minutes were dispersed by short sonication 
(20 seconds) at the start of dissolution. Visually similarly opaque suspensions were obtained this way. The resulting 
absorbance values were 0.556, 0.409, 0.530 and 0.505 for 0.4% SX, 4% SX, CLF and FLF, respectively. Thus, 
although all values were higher than those presented in Figure 2 due to sonication, the same trend was observed and 
agglomeration was unlikely to be the cause of the lower apparent solubility of SX in the 4% mixture. 

Discussion 

Although the effects on drug detachment of drug content, FLF and CLF can be explained with the press-on and buffer 
hypothesis, these hypotheses are not supported by the apparent solubility data presented in Figure 2. According to 
these hypotheses, higher drug or lactose fines contents result in a higher susceptibility of drug particles to press-on 
forces

1, 2
. Furthermore, CLF might potentially act as a buffer between colliding carrier particles or between carrier 

particles and the wall of the mixing vessel, thereby reducing the degree of compression of the drug particles onto the 
carrier surface

4
. These hypotheses thus explain the lower detached drug fraction at 20 L/min when increasing the 

salmeterol content from 0.4 to 4% or when adding FLF (Fig. 1). In addition, the buffer hypothesis could explain the 
great difference in effect on drug detachment between FLF and CLF, especially at a low flow rate of 20 L/min. 
Assuming that the degree of compression of the salmeterol particles is related to the degree of mechanical stress and, 
ultimately, the apparent solubility of SX in the mixture, then, according to the hypotheses, the apparent solubility of SX 
in the mixtures containing 4% SX or FLF should be higher than that in the mixture containing 0.4% SX. Furthermore, 
the apparent solubility of the mixture containing ‘buffering’ CLF should be lowest. However, none of this is true in 
practice; on the contrary, CLF does not result in a significantly lower apparent solubility, whereas FLF and a higher 
drug content do. This suggests that the hypothesised press-on effects of these variables do not occur, that they are 
dominated by other effects or that compression of drug particles is not related to their apparent solubility as assumed.  
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Figure 2 - apparent solubility of SX in the mixtures, 
represented by the absorbance at 280 nm. SX = reference 
(micronised salmeterol xinafoate starting material). *, o, # and 
$ denote a significant difference relative to SX, 0.4% SX, 4% SX 
and CLF, respectively. One, two or three symbols represent p-
values < 0.05, < 0.01 and < 0.001, respectively. Error bars 
represent maximum and minimum values measured (n = 3). 

 



Although the filling up of carrier surface irregularities with increasing drug or lactose fines content may indeed result in 
a higher susceptibility to press-on forces for a larger fraction of the drug particles, the magnitude of the press-on 
forces acting on individual drug particles may not be similar to the situation with a low content of 0.4%. For example, it 
is known that higher fine particle contents lower powder flowability (e.g.

10
). As a result, carrier particles may collide at 

lower velocity when mixtures contain a higher drug or added lactose fines content, which lowers the press-on force. In 
addition, when press-on forces act on particle multi-layers, the mechanical stress imparted on individual drug particles 
may be reduced because the compressive pressure is distributed over multiple particles. Furthermore, part of the 
energy involved is likely absorbed by the fine powder bed on the carrier surface due to particle rearrangement and 
consolidation. This could cause a reduction in drug detachment efficacy during inhalation due to an increased 
coherence or tensile strength of the fine particle network. Hence, a paradoxical situation is imaginable, where the 
detrimental effect of compression to drug detachment increases even though the mechanical stress on individual drug 
particles is reduced. In such cases, the apparent solubility obviously is not a good indication of the occurrence of 
press-on effects. Lactose fines may cause a lower tensile strength of the fine particle bed on the carrier surface due to 
differences in adhesion or cohesion properties. This may cause the energy from ‘compression events’ to be more 
directly or efficiently transferred to the individual salmeterol particles contained in multi-layers with lactose fines. This 
may explain the higher apparent solubility of SX in the mixtures containing FLF and CLF than that in the 4% SX 
mixture. 

Conclusions 

The apparent solubility of salmeterol in adhesive mixtures for inhalation can provide a greater fundamental 
understanding of the mechanisms behind the effects of formulation variables. The results from this study are not in 
agreement with the previously hypothesised increased susceptibility of drug particle to press-on forces with an 
increase in drug or FLF content. They neither support the ‘buffer hypothesis’ that was previously used to explain the 
favourable effects of CLF on drug detachment. However, a direct relationship between ‘press-on effects’ and apparent 
solubility does not necessarily exist, especially when the carrier surface is covered by multi-layers of fine particles. 
Therefore, a better understanding of press-on effects may result from studies that also consider other factors, such as 
powder bulk flowability and the tensile strength of fine particle networks on the carrier surface. 
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