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Summary 

Dry powder inhalers (DPIs) mostly utilise the well-established system of coarse carrier particles (> 50 µm) with 
good flow properties and active pharmaceutical ingredients (APIs, < 5µm), which are attached to the carrier 
surface to overcome dosing problems of the small cohesive drug particles when used alone. This study was 
employing spray drying with a special focus on particle size and particle morphology to generate batches with 
tailored mannitol carrier particles of 50 – 70 µm. A design of experiments with the factors drying temperature and 
rotary speed was applied to obtain a wide set of different carrier particles. A choice of six mannitol batches was 
selected for the preparation of interactive mixtures with both the hydrophilic model drug salbutamol sulphate 
(SBS) and the lipophilic model drug budesonide. Aerodynamic characterisation was performed with a Novolizer

®
 

by using the Next Generation Pharmaceutical Impactor to obtain the Fine Particle Fraction (FPF). Three different 
SBS qualities were tested. Particle size was found to have a huge impact on the FPF due earlier impaction of 
larger particles. Additionally, aerodynamic characterisation detected a strong dependence of carrier morphology 
and FPF of the hydrophilic SBS, which in turn reveals the possibility to control the FPF by the preparation of tailor-
made carrier surfaces. The dry powder inhaler performance of lipophilic budesonide was not affected by 
morphology, but exhibited noticeably higher FPFs for all chosen mannitol batches compared to SBS leading to 
the assumption that SBS is adhered tighter due to its possibility to build hydrogen bonds. 

Introduction 

Local delivery of APIs to the lungs can be achieved by DPIs, metered dose inhalers or nebulisers, with DPIs 
having distinct advantages over the other systems. The system of coarse carrier (> 50 µm) and small cohesive 
API (< 5 µm) attached to the carrier surface is well established for several marketed products 

[1]
. The particle-

particle interactions need to be large enough to ensure attachment of the API during handling and dosing, but 
small enough to enable detachment by inhalation. Particles with an aerodynamic diameter of 1 – 5 µm are able to 
penetrate the deeper airways and represent the FPF, which is able to induce the desired pharmacological effect 
[2]

. Currently, carrier particles mostly consist of lactose monohydrate, which implies drawbacks like storage 
concerns regarding its amorphous content or the risk of chemical instability due to its reducing capabilities 

[1]
. As a 

result, mannitol was chosen as carrier for this study. Experiments were aiming at the examination of particle-
particle interactions between mannitol carrier and API. To overcome the impact of particle diversity, which is 
common for commercially available milled carrier qualities and micronised API particles, spray drying was 
selected as a method which is known to generate mostly uniform particles. Former studies investigated that the 
preparation of mannitol carrier particles is strongly depending on the drying parameters and its resulting drying 
kinetics 

[3]
. Surface roughness and shape as well as the particle size can be tailored by adjusting the appropriate 

drying conditions. Similarly, API properties like surface morphology and size can also be controlled by alteration 
of spray drying parameters. Both, tailored mannitol carrier and API particles were blended for DPI performance 
tests. On the one hand this study was aiming at the examination of correlations between carrier properties and 
the resulting FPFs for different APIs. On the other hand it was targeting to explore the effect of different tailor-
made salbutamol batches and its FPFs. Six carrier batches with different particle sizes and morphologies were 
selected for the preparation of interactive mixtures. The carrier were blended with three different SBS batches and 
one budesonide batch, which were all prepared by spray drying. The Next Generation Pharmaceutical Impactor 
(NGI) was chosen for impaction analysis to gain the aerodynamic particle size distribution used for calculating the 
FPF by using the Novolizer as commercially available device. Impaction results were then related to the particle 
morphology. 

Material & Methods 

Mannitol (Pearlitol
®
 160C), which was used to prepare the carrier particles for inhalation, was kindly provided by 

Roquette Frères (Lestrem, France). Spray dried SBS (Selectchemie, Zurich, Switzerland) was utilised as a 
hydrophilic model API and spray dried Budesonide (Minakem SAS, Dunkerque, France) as the hydrophobic 
counterpart.  

Preparation of mannitol carrier particles was performed with a non-commercial pilot scale spray dryer at the TU 
Dortmund following a DoE with the factors drying temperature and rotary speed as published by Mönckedieck et 
al. 

[4]
. Feed concentration (15% [w/w] mannitol in water) and feed rate (10 L/h) were kept constant. Mannitol 

carrier particles were collected in a container at the bottom of the spray tower and dried for 1 h at 100°C to 
remove residual moisture.  
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Mannitol carrier particles were characterised with various techniques to study the particle properties. Six mannitol 
batches with different particle sizes from 53 µm to 77 µm and surface morphologies (as categorised by visual 
examination into five categories from category 1 (smooth surface) to category 5 (rough surface with granular 
structure) by 30 volunteers) were chosen for the aerodynamic characterisation of the mannitol carrier after 
blending with different APIs (Table 1). 

SBS and budesonide were both prepared with a Büchi Mini Spray Dryer B-290 (Büchi Labortechnik AG, Flawil, 
Switzerland). The spray dryer was equipped with a Ø 2 mm two-fluid nozzle. SBS was prepared in three different 
batches aiming at different particle sizes and different surface structures. The first batch was dried with an outlet 
temperature of 90°C (inlet temperature: 150°C) and with a mass fraction of 2.5% (w/w) to generate small particles 
with golf ball structure. The second batch was dried with an outlet temperature of 115°C (inlet temperature 175°C) 
for smoother surfaces and with a mass fraction of 7.5 % (w/w) for medium sized particles. The last batch was 
again dried at 90°C outlet temperature, but with 12.5% (w/w) mannitol in an aqueous solution to produce large 
particles and golf ball structure. The feed rate was utilised to keep the outlet temperature constant. The 
budesonide batch was dried connected to the inert loop modul (Büchi Inert Loop B-295, Büchi Labortechnik AG, 
Flawil, Switzerland). Budesonide was dissolved in methylene chloride at 4% (w/w) and dried with an inlet 
temperature of 100°C at a feed rate of 1.9%. The aspirator was generally set to 38 m³/h (100%), while the 
spraying air was kept at 666 L/h. 

Particle size measurements were conducted with a laser light diffractometer (HELOS, Sympatec GmbH, 
Clausthal-Zellerfeld, Germany) connected to a dry dispersing unit (RODOS, Sympatec, Clausthal-Zellerfeld, 
Germany). The powder was fed to the dispenser with a spatula and dispersed with 3.0 bar to disperse cohesive 
API particles. The dispersing pressure was adjusted to 1.2 bar for mannitol carrier batches to not harm the 
particles. Evaluation of the measurements was performed using the software Windox 5.4.2.0 (Sympatec GmbH, 
Clausthal-Zellerfeld, Germany). 

Surface visualisation of mannitol carrier and interactive mixtures was conducted by scanning electron microscopy 
(SEM). Samples were sputter-coated with gold by a BAL-TEC SCP 050 Sputter Coater (Leica Instruments, 
Wetzlar, Germany) prior to measuring. Visualisation took place with a Zeiss Ultra 55 plus (Carl Zeiss NTS GmbH, 
Oberkochen, Germany) using a working voltage of 2 kV and the SE-2 detector.  

A Turbula® blender (Typ T2C, Willy A. Bachhofen AG Maschinenfabrik, Basel, Switzerland) was used for the 
blending of SBS or Budesonide (1% [w/w]) and mannitol carrier. All components were sieved with a 355 µm sieve 
to eliminate agglomerates. Components were weighed into stainless steel vessels using the double sandwich 
method. Blending was conducted for 2 x 15 min at 42 rpm. Homogeneity was tested gaining at a relative standard 
deviation of less than 5% and a minimum content of 95%. Quantification was performed with reversed-phase high 
performance liquid chromatography (RP-HPLC). 

Aerodynamic characterisation was performed with the Next Generation Pharmaceutical Impactor (NGI, Copley 
Scientific, Nottingham, United Kingdom). Flow rate was measured with a digital flowmeter (DFM3, Copley 
Scientific, Nottingham, United Kingdom) and set to 78.2 L/min as impaction experiments were conducted with the 
Novolizer (Meda Pharma, Bad Homburg, Germany) as a commercial device. The reservoir was filled with 1.0 g of 
the powder blend. All cups of the NGI including the preseparator were coated with a stage coating (Ethanol, Brij 
35, Glycerin) to prevent bouncing of particles. Impaction measurement was performed by opening the valve of the 
critical flowmeter (TPK, Copley scientific, Nottingham, United Kingdom) for 3.0 seconds to ensure 4.0 L of air 
passing through the device. The Novolizer was primed by discharging the first twenty doses into an external tube. 
The following ten doses were released to the impactor. SBS and budesonide were then dissolved in bi-distilled 
water or a mixture of methanol 75% and bi-distilled water 25%, respectively. The contents of both were analysed 
by RP-HPLC using a RP-18 column (LiChrospher

®
 100, RP18 (5 µm), Merck KGaA, Darmstadt, Germany). The 

cut-off diameters for the NGI stages were calculated according to the European Pharmacopeia by using the 
Copley Inhaler Testing Data Analysis Software (Copley Scientific, Nottingham, United Kingdom). The FPF is 
shown as the recovered fraction of either SBS or Budesonide with an aerodynamic diameter of < 5 µm. All blends 
were measured in triplicate. 

Results & Discussion 

The interactive mixtures of six different mannitol batches, three different batches of hydrophilic SBS and one 
batch of lipophilic budesonide were aerodynamically characterised (Table 1). Fig. 1 shows the dependencies of 
the FPF (1

st
 y-axis) of the appropriate powder blend and the surface roughness of the carriers. Impaction analysis 

of all blends containing SBS lead to decreasing FPFs in correlation to rougher surface structures i.e. higher 
roughness categories. This shows that rough structures support the adherence of hydrophilic APIs to the carrier 
surface. The comparison of the different SBS batches revealed an additional effect by the API particle size. SBS 
IntM1 reaches a maximum FPF of 27.3 %, while SBS IntM3 does not exceed 19.4 % (Fig. 1). This can be related 
to the cut-off diameter of the NGI stages, which forces larger particles to impact earlier. Particle size analysis 
exhibited that 89 % of the batch SBS IntM1 are smaller than 5 µm, while only 67 % of the particles in batch SBS 
IntM3 have a size of > 5 µm. The therapeutic fraction is decreased by increased API particle sizes. API particle 
shape was not significantly affecting the FPF, but was also not investigated for unique sized particles, which might 
suppress an optional shape effect by size. 
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Table 1 – shows the particle properties of six chosen mannitol (M) batches, three batches of spray dried SBS and 

one spray dried budesonide batch as used for impaction analysis 

  M 1 M 2 M 3 M 4 M 5 M 6 
SBS 
IntM1 

SBS 
IntM2 

SBS 
IntM3 

Bude 
IntM1 

Particle 
Size, x50, 

µm 
60.75 76.82 53.71 57.53 68.10 51.07 2.35 2.82 3.72 1.81 

Shape, 
Cat. 1-5 

3.65 4.87 4.30 2.48 1.39 1.74 indented smooth indented  n.d. 

Rough-
ness,  

Cat. 1-5 
3.91 4.48 3.57 2.87 2.74 2.17 n.d.  n.d.  n.d.  n.d.  

The comparison of hydrophilic SBS and lipophilic budesonide in interactive mixtures regarding its aerodynamic 
performance exhibits generally higher values for the budesonide blends, where FPF was measured in a range of 
29 – 41 %. Budesonide as a lipophilic model drug, hence, does not show any dependencies between FPF and 
particle roughness. 

 

Figure 1 – 1
st
 y-axis gives the FPF (± standard deviation) of spray dried SBS or budesonide in %. The 2

nd 
y-axis shows the 

surface roughness (± relative standard deviation) in categories from 1 (smooth) to 5 (rough). Three blends containing SBS and 
one blend containing budesonide are plotted for six different mannitol qualities (x-axis). 

 

Figure 2 – 1
st
 y-axis gives the FPF (± standard deviation) of spray dried SBS or budesonide in %. The 2

nd 
y-axis shows the 

particle shape (± relative standard deviation) in categories from 1 (spherical) to 5 (indented). Three blends containing SBS and 
one blend containing budesonide are plotted for six different mannitol qualities (x-axis). 

Fig. 2 shows the correlation of FPF and carrier particle shape. Again dependencies can be seen for hydrophilic 
SBS, but not for budesonide. Best DPI performance was gained for spherical carrier particles, while indented 
carriers lead to low FPFs in general. As visualised in SEM pictures the SBS was well spread over the whole 
surface of the spherical carrier particle (Figure 3A), but accumulated in the indentions of the indented mannitol 
carrier as shown in Figure 3B. Shear forces, which occur during inhalation, detach the SBS easily for smooth 
spherical particles, but are unable to detach SBS completely, when it is hidden in indentions. Additionally, smaller 
API particles were found to be attached to rougher surface structures after inhalation due to the larger contact 
area. 
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Figure 3 – Visualisation of interactive mixtures with A: spherical carrier particles (Mannitol 6, spray dried at Toutlet = 70.2°C, 
Shape: Category 1.7) and B: indented carrier particles (Mannitol 2, spray dried at Toutlet = 97.2°C, Shape: Category 4.9) blended 
with spray dried SBS 

Higher FPFs for the lipophilic model API can be explained by less interactions with the hydrophilic carrier surface 
and therefore by lower adherence-supporting forces. Even the reduced air stream within an indention is strong 
enough to detach budesonide leading to FPFs > 30% even for indented carrier particles. Finally, it was possible to 
relate the FPF of SBS to the applied drying conditions during the carrier preparation as high drying temperatures 
were related to rough and indented carrier particles, which in turn generate low FPFs and vice versa. An effect by 
carrier particle size was not detected. 

Conclusion 

The FPF of APIs for dry powder inhalation was strongly depending on the size of the API since particles with 
larger aerodynamic diameter will impact earlier. The FPF of the hydrophilic model drug SBS was further strongly 
depending on the surface morphology of the carrier with higher FPFs for smooth and spherical carrier particles, 
whereas budesonide as a lipophilic model drug leads to higher FPFs compared to SBS. The hydrophilic model 
drug enables stronger interactions with the carrier than the lipophilic counterpart, which leads to a lower FPF for 
indented particles especially. Finally, spray drying was used to design carrier particles of desired surface 
morphology to control the DPI performance of hydrophilic drugs as shown for SBS. 
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