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Summary 

Adhesive powder mixtures for inhalation consist of very fine drug particles (typically 1 - 5 µm in diameter) which are 
admixed with carrier particles of an inert excipient. In this work, the formation of adhesive mixtures is investigated 
both using in silico simulations and experimentally, in order to assess the time scales of the different mechanisms 

involved.   

Four mechanisms can be identified in the formation of adhesive powder mixtures. The first one, random mixing of 
carrier with aggregates of fine particles, was shown to occur within a few seconds of mixing, both from two-fluid 
Computational Fluid Dynamics (CFD) modelling and from experiments. The second step, which is the disintegration 
of the fine particle aggregates, has a time scale of around one minute for the placebo studied system, as was 
experimentally evidenced via particle sizing of the blend as a function of mixing time. The third step, adhesion of 
fine particles to the carrier, was found to occur instantaneously thereafter, which was also in line with Discrete 
Element Method (DEM) simulations. The fourth step, redistribution and rearrangement of the fine particles on the 
carrier surfaces, was experimentally studied by adding coloured carrier to a homogeneous blend of (white) carrier 
and lactose fines, has a time scale of just a few seconds. This demonstrates the dynamic nature of fine particle 
attachment to carriers in adhesive powder mixtures.  

From the results obtained, it seems obvious that mixing times currently used in the industry may be significantly 
shortened. The exact mixing time to use will however depend on the specific nature of the API(s) used. 

Introduction 

Micronised APIs intended for inhalation are generally in the particle size range 1 – 5 µm and spontaneously form 
agglomerates of various size. The exact nature of these will depend on the API itself, and on a range of other factors 
such as how the particles are captured from the microniser, and how they are stored. In all cases, the API will 
consist of agglomerates to a high degree, and it has been shown that significant air pressure is needed in order to 
disperse APIs intended for inhalation [1]. 

 

Figure 1 - Schematic picture of the different mechanisms involved in the formation of an adhesive mixture.  

With this knowledge, four different mechanisms in the formation of adhesive mixtures for inhalation can be identified, 
see Figure 1. These are: 

1. Mixing of fine particle agglomerates with carrier particles to produce a random mixture 
2. De-agglomeration of agglomerates 
3. Adhesion of fine particles to the carriers 
4. Redistribution and rearrangement of the fine particles on the carrier surfaces. 

To assess the time scales of the four mechanisms, simulation work and experimental investigations were set up to 
assess their relative time scales in high shear mixing, as laid out in the following sections.  

Mechanism 1: Mixing of fine particle agglomerates with carrier particles 

To study the first mechanism, simulation of high shear mixing was set up using a two fluids Eulerian-Eulerian CFD 
model [2]. The modelled blender was a Mipro high shear blender (ProCept, Belgium) with a 2 L bowl at the speed of 
500 rpm, see Figure 2 a and b. Material properties were set to correspond to mannitol, which was also used for 
experimental validation. It was found that mixing on the macro-scale is very rapid, on the order of a few seconds. 

Experimentally, mannitol carrier particles (Non-pareil 108-200, 150-250µm, Freund, Japan) were coloured with 
Rhodamin B dissolved in dimethylformamide in a Wurster fluidized bed for 30 minutes. Dry particle sizing using 
Sympatec HELOS Laser diffraction and Sympatec QicPic showed negligible changes in particle shape and size 
(2μm difference in median particle size).  The coloured particles were layered in-between white mannitol particles 

in the high shear mixer, and the rate of mixing was monitored in line using a digital camera (Canon 40D) at a frame 

rate of 8fps, which confirmed the simulation results. It can be concluded that random mixing at the macro-scale 
(mechanism 1) proceeds very rapidly in a high shear mixer. 
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Figure 2 - a) High shear mixer, including the simulation mesh, and b) instantaneous view of the movement of the 

bulk particles. The vectors represent the velocity profile. 

Mechanisms 2 and 3: De-agglomeration of agglomerates and adhesion to carrier 

The time scale for mechanism 2: disintegration of the fine particle agglomerates, was studied by preparation of 
placebo adhesive mixtures using the same mannitol carriers (non-coloured, diameter 212 µm) and fine lactose 
powder provided by AstraZeneca, with a mass median diameter of about 3 µm [3]. The blender was stopped at 
regular intervals for sampling. The quality of the blend was assessed using two critical measures: 

1. Fine particle content and homogeneity was analysed by quantifying the amount of fine particles in six 
samples distributed throughout the blend. Sympatec Helos equipped with the dispersion unit RODOS 
operated at 4 bar was used in order to disintegrate all types of aggregates present. A calibration curve 
was prepared using specially prepared samples differing in fine particle content, in order to ensure 
accurate values of fine particle content. 

2. The presence of fine particle agglomerates was assessed by gently pouring samples through the 
Sympatec QicPic using the GRADIS feeder. Triplicate testing with a sample weight of 3.0 g was carried 
out in order to have sufficient amount of particles.  

 

 

Figure 3 - a) mean and standard deviation of fine particle content obtained from Sympatec Helos RODOS, and - b) 

median particle size of non-dispersed samples from Sympatec QicPic analysis. 

The results, shown in Figure 3, allow for the following conclusions: 

- The mean content reaches the equilibrium value and the homogeneity approaches an acceptable level 
(RSD < 5%) after 60s of mixing. Agglomerates remain in the blend up to this time point. 

- The resulting size, obtained by the QicPic method, is larger than the initial size of 212 µm for the mannitol 
carrier, pointing to the formation of adhesive mixtures. SEM images provided further evidence of this.  
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Agglomerate disintegration and adhesion to carrier particles was also studied in DEM simulations of collisions 
between fine particle aggregates and carrier [4].  The results indicate that fragments of the fine particle agglomerate 
remain attached to the carrier after the collision event.  It was found that the degree of attachment of fine particles 
to the carrier and the structure of the formed agglomerates is governed by two dimensionless parameters. The first 

is the ratio between the kinetic energy and the agglomerate strength, , calculated as 
𝜌𝐷5/3𝑉2𝐸2/3

Γ5/3
, where ρ, D, V, E 

and Γ are the density, diameter, impact velocity, elasticity, and surface energy of particles, respectively [5].  The 
second parameter is the Gamma ratio, which is the ratio of fine particle cohesion to fine-carrier adhesion, in analogy 
to the cohesion-adhesion balance theory [6]. A large number of DEM simulations, with impact velocities from 0.5 to 
6.0 m/s and surface energies from 0.5 to 3.0 mJ/m2 to get different values for the Gamma ratio, were carried out in 
order to construct a regime map, as shown in Figure 4. 

It could be concluded that mechanism 2: disintegration of fine particle aggregates is a relatively slow process, with 
a time scale of minutes, while mechanism 3: adhesion of fines to the carrier, occurs during or instantly after the de-
agglomeration step. 

 

Figure 4 - Regime map relating the structure of formed carrier-fine particle aggregates to the dimensionless 

parameters  and the Gamma ratio.  

 

Mechanism 4: Redistribution and rearrangement of fines 

The rate of exchange of fine particles between carriers was investigated both by simulations and experimentally [7]. 
In the latter case, Rhodamin B coloured mannitol carrier was mixed with a homogeneous mixture of fine lactose 
particles and white mannitol carrier. The DigiEye imaging system (VeriVide, UK) was used to quantify the colour 
characteristics, i.e. saturation, lightness and hue, of samples withdrawn at regular mixing intervals [8]. When the fine 
particles redistribute onto the coloured carriers, the colour of the blend changes until a new equilibrium is attained. 
The results given in Figure 5 demonstrate an exchange time scale for fine particles between carriers of just a few 
seconds. This may at first seem surprising, but indeed the fine particles must be able to quickly detach and reattach 
between carrier particles in order to accomplish uniform blends, and most importantly, to disperse readily and 
achieve efficient lung delivery. Still, however, small aggregates or clusters of fine particles attached to the carriers 
may remain in the blend. The extent of this will depend primarily on the properties of the API itself, but also on the 
fine particle load and on the processing conditions. 
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Figure 5 - Exchange rate of fine particles between carriers as monitored by colorimetry. 

 

Conclusions 

By a combination of in silico simulation studies and experimental work, the time scales of the different mechanisms 

involved in the formation of adhesive mixtures for inhalation in a high shear mixer could be unravelled. The 
disintegration of aggregates of fine particles (the API) was found to be the rate-limiting step to achieve 
homogeneous adhesive mixtures, while the steps of overall random mixing and of adhesion of fines to carrier 
particles proceed rapidly. Once the adhesive mixture is formed, subsequent mixing leads to fine particle 
redistribution and re-arrangement of the fine particles between and within carrier particles.  

Besides providing an in depth understanding of the formation of adhesive mixtures, the current work also serves to 
guide process development. From the results obtained, it seems obvious that mixing times currently used in the 
industry may be shortened, and that the forces involved in the mixing process might be adjusted in order to obtain 
the desired fines - carrier aggregate structure. The extent of this will however depend on the specific properties of 
the API. 
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