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Abstract 

Understanding deagglomeration of cohesive particles is a key component in formulating dry powder inhalers. 
Coarse carriers are added as diluents and to aid powder handling, and the addition of fine carrier fractions aid the 
aerosolization of cohesive drug particles. However, this leads to different deagglomeration mechanisms upon 
aerosolization. The aim of the project was to suggest an appropriate mathematical approach which defines 
parameters to characterize aerosolization behaviour of cohesive micronized particles alone and in combination of 
different grade of lactose. Salbutamol sulphate (SS) and salmeterol xinafoate (SX) were chosen as adhesively 
and cohesively balanced particles when formulated with lactose carriers, respectively. The drugs were blended 
separately with either fine lactose (FL), coarse lactose (CL) or combination of both in ratio 1:4:63.5, respectively. 
Laser diffraction using both dry and liquid dispersion systems was employed to characterize the powder 
population median particle size (i.e. Dv50) and the % volume of particles below 5 µm. The deagglomeration of 
micronized materials followed an asymptotic monoexponential relationship analogous to a Johnson-Mehl-Avrami-
Kolmogorov equation (with positive asymptote 'm' and deagglomeration constant 'k'). However, when the coarse 
lactose was added, the relationship fitted a bi-exponential equation showing an easily and a poorly dispersed 
fraction. For both drugs, the extent of deagglomeration was doubled by the addition of FL to CL (63.76 ± 2.85% 
and 33.62 ± 1.14% for SS:FL:CL and SS:CL, respectively) and SX:FL:CL showed the highest ease of the 
deagglomeration (2.61 ± 0.23). Based on the formulation studied, the two approaches could be used to 
understand the deagglomeration behaviour of cohesive particles in combination with lactose or alone. 

Introduction: 

Interparticulate forces such as van der Waals forces, electrostatic charges, and capillary interactions influence 
aerosol dispersion from dry powder inhalers (DPIs). Inhaled drug delivery requires the formulation of micronized 
particles with a particle size distribution of 1 – 6 µm for the active pharmaceutical ingredients (APIs) to reach the 
lung [1]. However, due to the cohesive (drug-drug interaction) nature of the APIs, the particles are often blended 
with coarse lactose carrier to improve flowability, uniform dosing and aerosolization. The design of the DPI helps 
the deagglomeration mechanism of the formulation, but with passive inhalers, the inhalation strength of the 
patient plays a key interacting role. Therefore, the understanding of deagglomeration of the cohesive 
agglomerates is essential. Studies have investigated the interaction between individual particles using atomic 
force microscopy (AFM) [2,3]. However, the technique does not quantify the adhesion force of the powder bed. 
Laser diffraction techniques have been used for dry and liquid dispersion systems to study powder 
deagglomeration [4,5]. Airflow and pressure drop titration experiments have been performed [4,5] to assess the 
change in particle size when a fine powder bed is subjected to an increasing pressure drop and empirical models 
have been proposed for micronized particles with or without the common carrier excipient coarse lactose [4-6].  

When only micronized APIs are present in the formulation alone or in presence of fine lactose, studies suggested 
that the liberation of fine particles < 6 µm shows a sigmoidal trend with increasing airflow rate and a three-
parameter sigmoidal equation has been used [4]. However, the problem occurs when the coarse lactose is added 
to the formulation. Higher flow rates are required to deaggregate the mixture than if the lactose carrier was not 
present.  Therefore, more energy is required to fully aerosolize micronized APIs from the surface of the carrier. 
Our studies have revealed analogies between viscoelastic behaviour and the deagglomeration of fine powders 
from a plug in response to airflow. The purpose of the project was to identify an iterative empirical data modelling 
approach which defines parameters to characterize powder aerosolization behaviour of cohesive micronized 
particles. In addition the sensitivity of the approach to understanding formulation behaviour when particles are 
combined with coarse and fine lactose was investigated. Salbutamol sulphate and salmeterol xinafoate were 
chosen as adhesively and cohesively balanced particles when formulated with lactose carriers, respectively. 

Methods: 

Six in-house blends (total 3 g) were prepared mixing either salbutamol sulphate (SS) or salmeterol xinafoate (SX) 
1.5 % w/w with coarse lactose (CL), fine lactose (FL) or combination of those (CL:FL).The ratio was 1:4:63.5 for 
drug, fine lactose and coarse lactose, respectively. α-Lactose monohydrate (Fisher Scientific, UK) was sieved to 

separate the 63-90 µm particle fractions. The drug was then sandwiched with CL in equal volumes in a glass vial. 
When the FL was used, it was first blended with the drug and the pre-mixture sandwiched with coarse lactose. 
The glass vials were vortex-mixed for 2 min followed by mixing in a Turbula mixer for 40 min. The uniformity of 
the blends was tested by HPLC (high performance liquid chromatography) for n=6 each mixture with a 3 µm C18 
column (150 mm x 4.6 mm x 3 µm) (Phenomenex Macclesfield, UK) as stationary phase. The mobile phase for 
SS was a 80:20 (v/v) mixture of 0.6% (w/v) aqueous ammonium acetate:methanol, adjusted to pH = 4.5 (UV 



detection at 272 nm). The mobile phase for SX was a 75:25 (v/v) mixture of methanol: 0.6% (w/v) aqueous 
ammonium acetate (UV detection at 228 nm). 
 
The particle size distribution (PSD) of the blends was tested by laser diffraction using the Sympatec Rodos 
module (Sympatec Limited, UK) with Aspiros feeder. The speed of the feeder was set at 25 mm/sec. The 
pressure drop was set between 0.1 to 5 Bar in order to titrate the dispersion pressure. To measure the ‘true’ fully 
dispersed particle size, the blends were suspended in 0.5% Span 80 in cyclohexane (for SX blends, SX and 
LH300) and 1% Span 80 (for SS blends and SS) and a Malvern Mastersizer X (Malvern Instruments Ltd, UK) was 
used [5]. From the instruments, Dv10, Dv50, and Dv90 (corresponding to the cumulative percentage particle 
undersize values for 10%, 50% and 90% of the particles by volume), and the % volume <  5 µm were used for 
analysis. Non-linear regression analysis of the powder dispersion data was performed using OriginPro software 
(ver. 8). 
 
To assess blend interactions, scanning electron microscopy (SEM, Jeol Carry Scope JCM 5700, UK) was 
performed. Powder samples were transferred to adhesive carbon tabs, mounted onto aluminium pin stubs (Agar 
Scientific Ltd, England). Samples were sputter coated with gold under argon using an Emitec SC 7620 coater. 
 
Results and discussion: 
 

The 10 %, 50 % and 90 % undersize particle size values in liquid dispersion are reported in Table 1. The 
presence of the coarse lactose affected the DV50 shifting it to higher values than when the drugs were blended 
with fine lactose only. In order to account for the skewed distributions in the carrier-based blends, to reflect the 
size of the fine particle tail consistently between blends the volume % < 5 µm are also presented. 
 
Table 1. Particle size distribution for pure material and blends of salbutamol sulphate (SS) and salmeterol 
xinafoate (SX) with lactose using liquid dispersion laser diffraction (mean ± SD, n=3) (FL=fine lactose, CL=coarse 

lactose). 

Materials Dv10 (µm) Dv50 (µm) Dv90 (µm) Volume%<5 µm 

SX 0.90 ± 0.01 3.01 ± 0.05 7.40 ± 0.33 76.15 ± 1.22 
SS 1.38 ± 0.03 3.63 ± 0.05 10.02 ± 0.40 66.15 ± 0.56 

LH300 1.51 ± 0.01 3.40 ± 0.07 6.76 ± 0.13 75.71 ± 1.25 
SS:CL 4.96 ± 3.11 53.42 ± 8.75 92.76 ± 2.83 13.36 ± 6.87 

SS:FL:CL 4.60 ±1.27 57.36 ± 4.07 95.24 ± 1.68 11.45 ± 2.74 
SS:FL 1.38 ± 0.04 3.60 ± 0.16 9.03 ±1.07 68.76 ± 2.69 
SX:CL 4.79 ± 3.65 56.05 ± 3.98 89.32 ± 11.57 12.50 ± 3.98 

SX:FL:CL 2.11 ± 0.43 43.35 ± 12.68 84.82 ± 8.61 22.87 ± 7.76 
SX:FL 1.23 ± 0.03 3.15 ± 0.06 6.73 ± 0.23 77.89 ± 0.82 

 
The particle size distribution of the DV50 for the pure material showed a decreasing trend when the pressure drop 
increased as previously described [5] (Fig. 1A). The degree of deagglomeration was calculated following 
established equations [4,5] and plotted against the pressure drops (Fig 1B). 

Figure 1. Median particle size (A) and deagglomeration behaviour (B) as a function of pressure drop for 
micronized salmeterol xinafoate (▲, solid line) and salbutamol sulphate (●, dash line) (mean ± SD, n=3). 

The deagglomeration of pure materials showed similar behaviour in response to the increasing pressure drop 
described by an asymptotic monoexponential relationship. A general-case equation was developed analogous to 
a Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [7], Equation (1):  
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Equation (1) describes deagglomeration to a positive asymptote (m) when maximal deagglomeration has been 
achieved and accounts for a deagglomeration response with different sensitivity to airflow, ‘k’ (deagglomeration 
constant), at low, intermediate and high pressure drops. The deagglomeration response is also affected by the 
agglomerate structure and deagglomeration mechanism, accounted for by ‘n’ (deagglomeration exponent). In line 
with the Kolmogorov derivation a lag is incorporated, ‘x0’, which takes a value of n ≥ 0, analogous to a rheological 
yield value. Data were fitted iteratively with the values of x0 and n removed (i.e. x0 = 0; n = 1) if shown to be 
statistically insignificant for convergence. In Table 2, the parameters for Equation (1) are reported when the 
degree of deagglomeration was calculated directly from the dry dispersion Dv50 [5] and from the % Volume < 5 
µm at a given pressure drop, normalized with respect to the liquid cell (absolute) value for % < 5 µm [4].  
 
The deagglomeration constant of SX was the highest for the pure materials and only SS displayed a detectable 
yield value, x0. In order to investigate agglomeration in combination fine particle blends the normalized % < 5 µm 
was also assessed. Differences between the measurement techniques for liquid and dry dispersion methods, 
resulted in % deagglomeration > 100 % according to this method, but nevertheless served as a useful method to 
investigate formulation behaviour. The addition of FL to SX improved the deagglomeration constant, but led to a 
reduced deagglomeration exponent, indicating a change in the deagglomeration mechanism. When the FL was 
added to SS both the deagglomeration constant and exponent increased, indicating more facile deagglomeration 
due to an altered agglomerate structure.  
 

Table 2. Parameters from a modified JMAK equation for pure material (LH 300=fine lactose, SX=salmeterol 
xinafoate, SS=salbutamol sulphate) and blended with fine lactose (FL) (

†
statistically insignificant for model 

convergence). 

Size Materials m k n x0 R
2 

Dv50 

LH 300 1.12 ± 0.02 4.71 ± 0.86 2.61 ± 0.24 0
†
 0.95980 

SX 0.99 ± 0.01 7.10 ± 0.67 3.74 ± 0.15 0
†
 0.99436 

SS 1.01 ± 0.04 1.13 ± 0.11 1
†
 0.21 ± 0.02 0.93021 

% Volume  < 5 µm 

LH 300 103.38 ± 1.17 7.51 ± 1.16 2.76 ± 0.18 0
†
 0.97977 

SX 120.07 ± 1.26 3.65 ± 0.28 2.01 ± 0.09 0
†
 0.98607 

SX:FL 111.07 ± 0.82 4.25 ± 0.26 1.70 ± 0.06 0
†
 0.99104 

SS 148.98 ± 1.70 1.74 ± 0.09 1.49 ± 0.07 0
†
 0.98466 

SS:FL 120.45 ± 2.85 3.80 ± 0.70 2.66 ± 0.28 0
†
 0.93783 

 
When the blends containing coarse lactose were analysed, the % relative deagglomeration [4] was plotted 
against the pressure drop (Figure 2). The inclusion of the coarse carrier resulted in the appearance of a bi-
exponential trend as a function of dispersion pressure drop (Equation 2). 

 
Figure 2. Bi-exponential distribution of the % relative deagglomeration for salbutamol sulphate blended with 
coarse lactose (SS:CL, solid line) and with fine lactose (SS:FL:CL, dash line) (mean ± SD, n=3). 
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Unlike micronized powders, the plateau was not reached because of the presence of the coarse lactose; in 
addition the deagglomeration constant depended on the pressure drop. The parameter ‘m’ corresponds to the y-
value of the inflection point on the biexponential curve; ‘K’ corresponds to the ease of deagglomeration of an 
easily dispersed fraction and ‘k2’ corresponded to the ease of deagglomeration of a poorly dispersed fraction 
(Table 3). The initial deagglomeration constant and the inflection point indicated the different deagglomeration 
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behaviour of the drug when mixed with different grades of lactose. The extent of deagglomeration of SS in the 
blended with FL:CL was double that when blended with CL only (y value of the inflection point, Table 3) 
presumably due to the presence of fine lactose and an altered deagglomeration mechanism. However, the ease 
of deagglomeration (K) of SS:CL:FL was lower than that of SS:CL and the pressure drop to reach the inflection 
point (Table 3) was higher for SS:FL:CL than SS:CL. The latter finding again indicated a change in 
deagglomeration mechanism. 
 
Table 3. Parameters from a bi-exponential equation for salbutamol sulphate (SS) blends (FL=fine lactose, 
CL=coarse lactose) and salmeterol xinafoate (SX) blends. 
 

Blends m K k2 Inflection point (x ; y) R
2 

SS:CL 33.62 ± 1.14 2.21 ± 0.19 0.52 ± 0.03 2.35 ; 36.82 0.93402 
SS:FL:CL 63.76 ± 2.85 1.61 ± 0.16 0.60 ± 0.05 2.77 ; 68.31 0.93185 

SX:CL 25.67 ± 0.80 2.01 ± 0.15 0.58 ± 0.02 2.21 ; 28.97 0.96807 
SX:FL:CL 52.70 ± 1.63 2.61 ± 0.23 0.58 ± 0.04 2.19 ; 56.07 0.88999 

 
SX blends, conversely, showed greater ease of deagglomeration when fine lactose was added to the CL carrier. 
The empirical data fitting approach, therefore, suggested an ability to indicate blend structure and 
deagglomeration mechanism alterations. Such behaviour has previously been attributed to differences in the 
cohesive-adhesive balance of micronized material in presence of coarse and fine lactose. Microscopy was 
employed to examine blend structure in light of the findings. SX created agglomerates on the surface of the 
coarse lactose that would require lower energy for entrainment compared to SS (Table 3). On the other SS 
exhibited an adhesive balanced behaviour when blended with CL, with more energy needed to entrain surface-
adhered SS (Table 3). When fine lactose was added to SX:CL (Figure 3), clearly more agglomerates can be seen 
at the extremities of the surface of the carrier. Interestingly, when the fine lactose was added to SS:CL, 
agglomerates can be seen in the space between carrier particles. When energy is applied, these agglomerates 
would be dispersed easily compared to those adhered to the surface of the carrier; leading to the higher % 
deagglomeration for the SS:FL:CL compared to SX:FL:CL. However, the adhesive strength of the CL-SS 
interactions in the agglomerates would require higher dispersion energy to achieve deagglomeration (K-value). 
 

 
 
Figure 3. Scanning electron microscopy images for salmeterol xinafoate blended with fine and coarse lactose 
(SX:FL:CL – left image) and salbutamol sulphate blended with fine and coarse lactose (SS:FL:CL – right image). 
 
Conclusions 

The study showed a fast way to study the deagglomeration behaviour of APIs in formulations. When the pure 
materials were considered alone, FL and SX presented a similar trend with a high ease of deagglomeration. 
However, SS showed the lowest deagglomeration constant. Cohesive balanced particles (e.g. SX) would 
deagglomerate at lower pressure drop than adhesive balanced particles, although with lower efficiency. 
Moreover, when fine lactose was added to the drug:coarse lactose formulation for both SS and SX, higher 
deagglomeration was seen than compared to when only the coarse lactose was employed. The empirically-fitted 
parameters, therefore, appeared to be descriptive of agglomerate structure and deagglomeration mechanisms.  
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