
Influence of particle shape of spray-dried mannitol carriers on powder flow and aerodynamic properties 

 Mathias Mönckedieck
1
, Jens Kamplade

2
, Phanuel Fakner², Hartwig Steckel

1
 & Peter Walzel

2
 

1
Department of Pharmaceutics and Biopharmaceutics, Kiel University, Grasweg 9a, 24118 Kiel, Germany 

2
TU Dortmund, Emil-Figge-Str. 68, 44227 Dortmund, Germany 

Summary 

The application of coarse sugars (> 50 µm) in combination with adhesive active pharmaceutical ingredients (> 5µm) in 
dry powder inhalers is a widely used system to overcome the dosing problems due to the cohesiveness of the small 
active. A good flowability of the drug carrier is the essential requirement for comparting the powder dose accurately. 
The drug is then detached from the carrier by the shear forces during inhalation. In this study, mannitol carrier 
particles were prepared by spray drying using different parameters to gain particles of different particle sizes and 
surface morphologies, which were identified as properties with an influence on the flowability. It could be shown in a 
design of experiments study, that it is possible to generate particles with various flowabilities in dependence on the 
rotary speed and the axial air stream temperature of the spray tower. High temperatures led to indented particles with 
a lower flowability, while low temperatures generate spherical particles with good flow properties. The particle size, 
altered by different rotary speeds, has no significant influence for spherical carrier particles but for indented particles, 
where smaller particles own a better flowability than larger ones. In further experiments, the inhaler performance was 
tested with a commercial inhaler device (Novolizer®) by using the next generation impactor and the fine particle 
fraction was compared to the appropriate flowabilities. Results exhibit that the fine particle fraction is strongly 
depending on the flowability of the carrier particles. For less flowable powders, a lower the fine particle fraction was 
found in impaction experiments. 

Introduction 

The treatment of asthma and chronic obstructive pulmonary disease (COPD), to name the two main lung diseases, is 
mainly performed by inhalation. The appropriate active pharmaceutical ingredients (API) can be administered by 
nebulizers, aerosols or dry powder inhalers (DPI)

1
. These studies were dealing with the dry powder inhalation of 

salbutamol sulphate (SBS), which is a ß2 agonist leading to brochnodilation. Most of the marketed commercial devices 
use a drug carrier system, where small cohesive API particles (< 5µm) are attached to coarse lactose carrier particles 
(> 50µm) to overcome the dosing problems of the active

2
. In general the flow properties of these powder bulks are 

crucial for the DPI performance since dosing accuracy requires good flowability. During the inhalation process, API 
particles are detached from the carrier due to the shear forces and are entrained by the air flow. Only particles of an 
aerodynamic diameter of 1 – 5 µm are able to penetrate the lungs including bronchioles and alveoli, where the 
pharmacological effect takes place

2
. This fraction so called fine particle fraction (FPF) is the fraction of interest during 

the impaction experiments, which were conducted with the next generation pharmaceutical impactor (NGI) for these 
studies. This project was dealing with the spray drying of tailor-made mannitol carrier particles

3
as an alternative to 

lactose monohydrate. Therefore, the drying conditions were changed in case of drying temperature and rotary speed 
to gain particles of different sizes and surface morphologies since these properties were assumed to be relevant for 
the flowability of the mannitol batches

3
. It was the aim to investigate dependencies between drying conditions and 

resulting flow properties, which can further be linked to mentioned particle properties size and morphology. Following 
this, different mannitol batches were mixed with SBS as a model API to generate adhesive mixtures of coarse spray 
dried mannitol carrier particles and spray dried SBS particles. The blending of mannitol and SBS was aiming at the 
investigation of the DPI performance, which was tested with the Novolizer® as a commercial device by using the NGI 
as a standard method to assess the aerodynamic particle diameter [Ref]. The resulting FPF was then correlated to the 
flow properties of the included mannitol batches and further connected to particle properties like particle size and 
morphology. 

Material and methods 

Mannitol (Pearlitol®160C), which was kindly provided by Roquette Frères (Lestrem, France), was used for the spray 
drying of the carrier particles. SBS (Selectchemie, Zurich, Switzerland) served as a model API for impaction 
experiments and was prepared with a Buechi Mini Spray Dryer B-295 (Buechi Labortechnik, Flawil, Switzerland). 

Spray drying of mannitol was conducted at a non-commercial pilot scale spray dryer [3]. The spray tower was 
equipped with a special laminar rotary atomizer, which was altered at a range from 8.000 to 14.000 min

-1
. The spray 

was produced from an aqueous solution of mannitol (15% [w/w]) and at a feed rate of 10 L/h. The spray tower was 
further equipped with two different air streams, an axial air stream entering the tower vertically from the top and a swirl 
air stream which was entering the drying chamber tangentially to the filaments of mannitol solution coming from the 
center of the tower top. Both air streams were heated to gain different drying temperatures by altering the inlet 



temperatures (Tax, Ttan). The axial air stream temperature (Tax) was varied from 130 to 190°C. The tangential air 
stream temperature (Ttan) was changed at a range from 60 to 80°C. Mannitol carrier particles were collected in a 
container at the bottom of the spray dryer and dried in an oven for 1 h to remove residual moisture. 

Axial air stream temperature (Tax), swirl air stream temperature (Ttan) and rotary speed (n) were chosen as factors for 
a design of experiments (DoE) since they were identified as relevant parameters for particle size and surface 
morphology, which in turn were considered to have an influence on the flowability. A central composite face-centered 
(CCF) response surface experimental setup with three factors and three levels was selected for this study

4
. The 

center point (Tax = 130°C, Ttan = 80°C, n = 11,000 rpm) was repeated five times to finally gain 19 runs. The model was 
evaluated by neglecting insignificant terms in a backward regression. Flowability was set as response for this study. 
The model was evaluated with Modde (Version 10.0, Umetrics AB, Umea, Sweden) by using the partial least square 
(PLS) method.  

Laser light diffraction (HELOS, Sympatec GmbH, Clausthal-Zellerfeld, Germany) connected to a dry dispersing 
system (RODOS, Sympatec GmbH, Clausthal-Zellerfeld, Germany) was used to investigate the particle size 
distribution (PSD) of each spray dried mannitol batch. The powder was fed to the dispenser manually with a spatula 
reaching an optical density of > 2%. The dispersing pressure was set to 0.2 bar (3.0 bar for SBS measurements) to 
not harm the mannitol particles. Evaluation of the measurements was performed using the software Windox 5.4.2.0 
(Sympatec GmbH, Clausthal-Zellerfeld, Germany). 

Carrier flowability was assessed by using the FT-4 Powder Rheometer (Freeman Technology, Gloucestershire, UK). 
The investigation of the basic flowability energy (BFE) [mJ], which is a simple measure to evaluate the dynamic flow 
properties of a bulk, was done by conducting the “Basic Flowability Test” provided by the FT-4 software. All samples 
were sieved with a 355 µm sieve to eliminate agglomerates and discharged by an ioniser to overcome electrostatic 
charge before measuring. A rotating paddle stirrer is then tracking the forces, which are required to move through the 
powder bulk. The results were evaluated with the DoE software Modde.  

Surface visualisation of interactive mixtures was investigated by using scanning electron microscopy (SEM). Samples 
were prepared by fixing the binary powder on a carbon sticker and coating the sample with gold using a BAL-TEC 
SCP 050 Sputter Coater (Leica Instruments, Wetzlar, Germany). The samples were then visualized with a Zeiss Ultra 
55 plus (Carl Zeiss NTS GmbH, Oberkochen, Deutschland) using the SE-2 detector and a working voltage of 2 kV.  

A Turbula® blender (Typ T2C, Willy A. Bachhofen AG Maschinenfabrik, Basel, Schweiz) was utilized to prepare 
interactive mixtures of the model active SBS (x50 = 2.3 µm) and mannitol carrier. Six mannitol batches of different 
surface shape (smooth and indented) and different particle sizes (small = x50 ~ 50 µm, medium = x50 ~ 60 µm, large = 
x50 ~ 70 µm) were chosen to investigate the influence of particle surface morphology and particle size on the FPF. 
The SBS concentration was set to 1%. 0.15 g SBS and 14.85 g mannitol were weighed into stainless steel vessels by 
a double sandwich-weighing-method. All components were sieved with a 355 µm sieve before use to eliminate 
agglomerates. Blending was conducted 2 x 15 min at 62 rpm. The powder blend was sieved with a 355 µm sieve to 
eliminate agglomerates. Sampling of ten powder samples (10-15 mg) was conducted to test the homogeneity of each 
interactive mixture. SBS content was determined by reversed phase high performance liquid chromatography (RP-
HPLC). The requirements for impaction experiments were set to a minimum content of 95% and a relative standard 
deviation of less than 5%. 

The aerodynamic assessment of the fine particle fraction was performed with the apparatus E according to the 
European Pharmacopoeia 7.0 (Next Generation Pharmaceutical Impactor, NGI, Copley Scientific, Nottingham, United 
Kingdom). The cups of this cascade impactor were coated with a stage coating (Ethanol, Brij 35, Glycerin) in order to 
avoid bouncing of the small API particles. The flow rate, measured with a digital flowmeter (DFM3, Copley Scientific, 
Nottingham, United Kingdom), was adjusted to 78.2 L/min. The valve of the critical flowmeter (TPK, Copley Scientific, 
Nottingham, United Kingdom) was opened for 3.0 seconds. A commercial inhaler device (Novolizer®, Meda Pharma, 
Bad Homburg, Germany) was applied for this task. 1.0 g of the powder blend was weighed into the powder container 
of the Novolizer®. The first ten doses were discharged into an external tube. The next ten doses were then 
discharged into the impactor. Then, each cup was rinsed with 5 mL of bi-distilled water. Preseparator and throat were 
rinsed with 15 mL of bi-distilled water. The SBS content was then determined by HPLC. The cut-off diameters for the 
NGI stages were calculated according to the European Pharmacopoeia

5
 by using Copley Inhaler Testing Data 

Analysis Software (Copley Scientific, Nottingham, United Kingdom). The FPF was given as the fraction of SBS 
particles with an aerodynamic diameter of < 5 µm.  

 

 

 



Results and discussion 

Flowability 

The flowability results were evaluated with Modde by deleting insignificant terms in a backward regression. The quality 
of the resulting model was adequate (model validity p = 0.94, reproducibility RP = 0.84, percent of variation R² = 0.91, 
prediction quality Q² = 0.81). Axial air stream temperature (Tax) and rotary speed (n) were identified as significant 
factors on the flowability, while the swirl stream temperature (Ttan) has no effect on the BFE. The influence of axial air 
stream temperature and rotary speed can easily be explained by the impact of these factors on particle size and 
surface morphology. It is well known, that higher rotary speeds lead to smaller droplets, which in turn give rise to 
smaller particles. Following this, Figure 1 shows that smaller particles (n > 11000 rpm) lead to lower shear forces and 
thus to a better flowability (n = -14,93 ± 2,04). This effect is more prominent for higher axial air stream temperatures, 
which in turn gives a connection between the particle size and the particle surface morphology (Tax·n = -9,10 ± 2,28). 
Higher inlet temperatures and based on this higher outlet temperatures cause carrier particles with deep indentions. 
The effect of the axial air stream temperature (Tax = 14,25 ± 2,04 / Tax·Tax = -14,70 ± 2,96) is more conspicuous for 
lower temperatures while the rotary speed is the main factor on the BFE for higher axial air stream temperatures. This 
shows that the deep indentions caused by higher temperatures lead to higher sheer forces, which in turn induces 
higher BFEs. Spherical particles (Tax < 140°C) have generally low BFEs of 90-110 mJ, while there is only a minor 
effect of the particle size for these particles. The effect of particle size is more prominent for indented particles, where 
small particles show a significantly better flowability compared to larger particles. This can be explained by the depth 
of the indentions as larger particles exhibit deeper indentions, which in turn can easier be snagged with other indented 
particles. Following these DoE results, it is possible to generate carrier particles of desired flowability for inhalation 
purposes by alteration of spray drying parameters. 

 

 

Figure 1 – DoE results of the flowability evaluation of spray dried mannitol batches with the FT-4 powder rheometer 

Inhaler performance 

The evaluation of the DPI performance tests with the Novolizer® by using the NGI, was done by comparison of the 
obtained FPFs in accordance to the mannitol carrier properties. Figure 2 gives the six chosen mannitol batches sorted 
by the fine particle fraction from 11.17% to 27.28% (1st y-axis) in comparison to the BFE measurements (2nd y-axis, 
black marks). For this a clear trend of decreasing BFE values concurrently with rising FPFs can be detected. This 
indicates that particles with poor flow properties possess worse DPI performances compared to ones with high 
flowability. This can be conferred to the appropriate particle properties. Especially the particle shape seems to have 
influence on the FPF. Figure 3A shows the SEM picture of a spherical mannitol carrier batch mixed with SBS. It is 
obvious, that the SBS particles attached to the surface of these carriers can easily be detached by inhalation forces. 
In contrast to that, Figure 3B shows an indented carrier particle, where SBS is lying in the deep indentions. The air 
stream can hardly catch these particles resulting in low FPFs for these batches. 

Tendency to indented particles 
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Figure 2 - Plot sorted by the fine particle fraction (1
st
 y-axis, blue columns) for the six chosen mannitol batches. The effect of the 

flowability (basic flowability energy [mJ]) of the carrier particles (2
nd

 y-axis, black marks) is displayed in this plot. 

     

Figure 3 – Visualisation of interactive mixtures with A: spherical carrier particles (Mannitol 6, spray dried at Tax = 130°C, Ttan = 60°C, 
n = 8,000 rpm) and B: indented carrier particles (Mannitol 1, spray dried at Tax = 190°C, Ttan = 100°C, n = 8,000 rpm) blended with 

spray dried SBS 

Conclusion 

It is possible to generate mannitol carrier particles (> 50 µm) of desired flow properties by alteration of the spray 
drying parameters rotary speed and axial air stream temperature. The flowability is best for spherical carrier particles 
and worst for large indented carrier particles. The fine particle fraction is strongly dependent on the flow properties. 
The higher the flowability, the higher is the fine particle fraction. 
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