
Drug Delivery to the Lungs 27, 2016 - Mathias Mönckedieck et al. 

Detachment of various spray dried drugs from engineered mannitol carrier particles  
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Summary 

Most dry powder inhalers (DPIs) utilise the well-established system of coarse carriers (> 50 µm) with good flow 
properties and fine drug particles (< 5 µm) attached to the carrier surface to overcome the cohesiveness of 
micronised drug particles and to ensure adequate dosing. This project was investigating the influence of carrier 
size and shape on the dispersion of various drug particles during inhalation. Spray drying was used to prepare 
mannitol carriers with different particle shapes that concurrently ranged from 50 to 80 µm in size. Six batches of 
different characteristics were then blended with spray dried qualities of four model drugs (salbutamol sulphate, 
tiotropium bromide, budesonide, formoterol fumarate) that were different in hydrophilicity to examine effects of 
carrier characteristics and drug properties. All interactive powder blends were aerodynamically characterised by 
impaction analysis using the Next Generation Impactor to correlate Fine Particle Fraction (FPF) and particle 
properties. Carrier shape was detected as the main factor to influence the FPF while different drugs preferred 
differently shaped carriers to perform best. Salbutamol sulphate was preferably detached from spherical carriers, 
but got entrapped in indentions, while tiotropium bromide and budesonide preferred small indentions to hide from 
assumed press-on forces during blending as those increase particle-particle interactions. Contrary to other drugs 
tested, formoterol fumarate (FOR) exhibited reduced FPFs whenever agglomerates occurred upon blending.  

Introduction 

Drug delivery to the lungs by dry powder inhalation is a commonly used approach to locally treat respiratory 
diseases like asthma or chronic obstructive pulmonary disease (COPD) and is currently in focus of research for 
systemic drug delivery. Dry powder formulations are beneficial compared to nebulisers or pressurised metered 
dose inhalers in terms of stability issues that arise from the presence of a solvent or dispersing medium. Carrier-
based systems consisting of coarse carbohydrate and fine drug particles have been applied in several marketed 
products to ensure adequate dosing of cohesive drug particles as those are required to range from 0.5 to 5.0 µm 
in aerodynamic diameter (so called fine particle fraction, FPF) to reach the deeper airways of the lungs. Lactose 
monohydrate as mostly used in those formulations reveals drawbacks that might affect storage stability of carrier 
or drug particles, whereas the here used mannitol, a non-reducing sugar alcohol, is known for its inertness

 [1]
. 

Spray drying was applied for carrier preparation as this technique enables maximum control over drying 
parameters and therefore over product properties like particle size or the carrier morphology. Particle size 
distributions were kept as narrow as possible by using a specially designed laminar rotary atomiser 

[2]
. This study 

investigated particle-particle interactions in interactive powder blends with mannitol carrier particles that were 
different in size and shape and various drug particles (salbutamol sulphate (SBS), tiotropium bromide (TIO), 
budesonide (BUD), formoterol fumarate (FOR)). Special focus was laid on the aerodynamic properties of those 
drugs in correlation to carrier shape as particle morphology was frequently described to influence drug dispersion 
[3]

. The overall goal was to investigate the influences that arise from carrier and drug properties to in the best case 
draw conclusions for future experiments with other active pharmaceutical ingredients. 

Experimental Methods 

Mannitol (Pearlitol
®

 160C) as kindly provided by Roquette Frères (Lestrem, France) was used to prepare the 

carrier particles for inhalation. SBS (Selectchemie, Zurich, Switzerland) and TIO (Hangzhou Hyper Chemicals 
Ltd., Zhejiang, China) were chosen as a hydrophilic model APIs while BUD (Minakem SAS, Dunkerque, France) 
and FOR (Vamsi Labs Ltd., Maharashtra, India) served as hydrophobic counterparts. 

Spray drying of mannitol carriers was performed with a self-constructed spray tower at the TU Dortmund, 
Germany. Mannitol (15 % [w/w]) was atomised with a laminar rotary atomiser at different rotation speeds (8,000 to 
14,000 rpm) and dried at different outlet temperatures (Tout = 70°C to 97 °C) to generate particles of different size 
and shape in the scope of a design of experiments. Droplets were generated at a constant feed rate of 10 L/h and 
particles collected in a container at the spray tower bottom. The product was kept in a dryer at 100 °C for 1 h to 
remove residual moisture. Resulting mannitol carriers were characterised with various techniques to finally 
choose six batches that were different in particle size and shape for the preparation of interactive powder blends. 
Those batches were named according to the resulting outlet temperature as marker for particle shape and with 
S/M/L to indicate the carrier size (e.g. M71(L) for 71 °C outlet temperature and large carrier with > 65 µm). 
Particle size distribution was measured with a Helos laser diffractometer (Sympatec GmbH, Germany) after 
dispersion by pressurised air of 1.2 bar (Rodos dispersing unit, Sympatec GmbH, Germany). Particle shape was 
examined by visual inspection of scanning electron microscope (SEM) images (Zeiss Ultra 55 Plus, Carl Zeiss 
NTS GmbH, Germany) and categorisation into categories from 1 (spherical) to 5 (indented).   
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Spray drying of all drug particles was performed with a Büchi Mini Spray Dryer B290 (Büchi Labortechnik AG, 
Switzerland) that was equipped with a 2 mm two-fluid nozzle and an Inert Loop system (Büchi B-295, Büchi 
Labortechnik AG, Switzerland) to remove organic solvents where applicable. Spray dried (SD) SBS was prepared 
from an aqueous solution (2.5 % [w/w]) at an outlet temperature (Tout) of 90 °C and with the spraying air set to 
40 mm or 666 L/h. TIO was dried at the same conditions, but with a mass concentration of 2 % [w/w] and at an 
Tout of 83 °C. BUD was dissolved in methylene chloride (7 % [w/w]) and dried at Tout = 62 °C with the spraying gas 
set to 35 mm or 538 L/h in combination with the inert loop module and nitrogen (Linde AG, Germany) as spray 
gas. The inert loop was also applied for the generation of FOR particles, as those were gained from a methanolic 
solution (4.8 % [w/w]) at a Tout of 61 °C and a spraying gas of 33 mm or 498 L/h. Particle sizes were determined 
according to mannitol carrier particles, but with a dispersing pressure of 4.0 bar. 

Drug (1 % [w/w]) and mannitol carriers (99 % [w/w]) were blended with a Turbula
®
 blender (Willy A. Bachofen AG 

Maschinenfabrik, Switzerland) for 3 x 15 min to gain interactive powder blends. All components were initially 
sieved with a 355 μm sieve to eliminate agglomerates. Components were weighed into stainless steel vessels 
using the double sandwich method. The homogeneity of all powder blends was tested from ten randomly drawn 
samples by drug quantification via high performance liquid chromatography (HPLC) targeting a relative standard 
deviation below 5 % and a minimum recovery of 90 % of the target drug content. 

Aerodynamic characterisation was performed with the Next Generation Pharmaceutical Impactor (NGI, Copley 
Scientific, United Kingdom). Flow rate was set to 78.2 L/min as impaction experiments were conducted with the 
Novolizer

®
 (Meda Pharma, Germany) as a commercial device. The reservoir was filled with 1.0 g of the respective 

powder blend. All cups of the NGI including the preseparator were coated with a stage coating (Ethanol, Brij 35, 
Glycerin) to prevent re-entrainment of particles. Impaction experiments were performed allowing 4.0 L of air to 
pass 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. Drug particles were then dissolved in appropriate 
solvents. The contents all drugs were analysed by HPLC using a RP-18 column (LiChrospher

®
 100, RP18 (5 μm), 

Merck KGaA, Germany). Data analysis was performed by using the Copley Inhaler Testing Data Analysis 
Software (Copley Scientific, United Kingdom). The FPF is shown as the emitted fraction of the appropriate emitted 
drug amount with an aerodynamic diameter of < 5 μm. All blends were analysed in triplicate. 

Results & Discussion 

The chosen carrier batches had particle sizes ranging from 51.5 µm to 76.8 µm and various particle shapes that 
were categorised to shape categories from 1.4 to 4.9 as summarised in Table 1. The shape was found to change 
based on the outlet temperature during the drying process, while particle size was mostly a factor of the rotation 
speed of the rotary atomiser 

[4]
. The six chosen mannitol batches were blended with four drug batches ranging 

from 1.8 µm to 2.4 µm in size as listed in Table 1 to generate various interactive powder blends. 

Table 1 – particle characteristics of mannitol carrier particles and drug batches – mannitol batches were labelled 
according to outlet temperature (Tout) and size (S/M/L). Drug batches were not evaluated regarding their shape as all of 
them appeared mostly spherical. 

  Mannitol Carrier Particles Drug Batches 

  M70(S) M71(L) M74(M) M80(S) M80(M) M97(L) 
SBS 
SD 

TIO 
SD 

BUD 
SD 

FOR 
SD 

Outlet 
Tempera-

ture, Tout, °C 
70 71 74 80 80 97 90 82 62 61 

Particle 
Size, d50, µm 

51.5 68.1 57.5 53.7 60.8 76.8 2.4 2.2 1.8 2.1 

Particle 
Shape, Cat. 

1 - 5 
1.7 1.4 2.5 4.3 3.7 4.9 spherical 

 

Exemplarily, Figure 1 gives SEM images of FOR SD blended with mostly spherical carriers (Figure 1A) and 
deeply indented carriers (Figure 1B) as visualised after blending. The powder blends were then characterised with 
focus on their aerodynamic behaviour during impaction analysis. 
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Figure 1 – SEM images of A: M74(M) and FOR SD; B: M97(L) and FOR SD prior to impaction analysis  

The FPF dealt as the main parameter to describe effects on drug dispersion during inhalation. Figure 2 displays 
the FPF plotted against carrier particle shape for powder blends with SBS SD, TIO SD, BUD SD and FOR SD. 
The FPF of indented carriers (high shape categories, right from dashed line in Figure 2) exhibited the same 
pattern for all drugs with M80(M) and M97(L) leading to reduced inhalable fractions compared to M80(S), which 
can be attributed to the indention depth of differently sized particles as small carriers comprise indentions of lower 
depth so that drugs cannot hide from shear forces during inhalation. It was further observed that spherical carriers 
(with low shape categories, left from dashed line in Figure 2) revealed improved dispersion in the case of SBS SD 
compared to indented carrier particles, while TIO SD and BUD SD exhibited the reverse trend with enhanced 
detachment from slightly indented carriers compared to spherical or deeply indented ones. FOR SD particles 
were detached best when large spherical (M71(L)) or deeply indented carriers (M97(L)) were used in the 
respective powder blends, while slightly indented ones exhibited reduced FPFs. 

 

Figure 2 – Fine Particle Fraction (FPF, % ± standard deviation) for SBS SD and TIO SD, BUD SD and FOR SD plotted 
against the carrier particle shape (Category 1 (spherical) to 5 (indented)) of six different mannitol carrier batches. 
Labels depict the outlet temperature in °C during the spray drying process and suggest the size of the carriers (S/M/L) 
(n=3). Dashed lines separate the FPFs of spherical carriers and indented carriers. 

Those observations can be attributed to the four blend qualities schematically depicted in Figure 3. The figure 
summarises how well different drugs got dispersed from different carrier qualities as it connects the results 
illustrated in Figure 2 with the evaluation of SEM images. The four different qualities assumed in Figure 3 were 
found for all drugs used in this project. (+) indicates that the respective carrier quality led to a good performance 
during impaction analysis for the respective drug, while (-) suggests lowered FPFs. 

It was observed that drugs were evenly spread over the surface of large spherical carrier particles, while drug 
bridges consisting of drug agglomerates were found for smaller carriers. It was assumed that cohesion and 
adhesion forces of the drugs overcome the weight forces of smaller carriers to enable those drug bridges (Figure 
1A). Slightly indented carriers supported the generation of drug agglomerates in their cavities as observed in SEM 
images, while large indentions provided so much space for the entrapment of drugs that almost all drug particles 
were found within these large cavities.  
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The four cases are discussed with respect to the respective drug substance in the following section: SBS 
agglomerates in slight indentions or from drug bridges were dispersed easily due to low drug-to-drug interactions 
resulting in adequate FPFs, while the drug was tightly attached to the surface of deeper indentions and based on 
intense carrier-to-drug interactions. Shear forces were strong enough to overcome those interactions for particles 
or agglomerates not hidden in any indentions, but were too low for SBS in slight or deep indentions. The 
detachment of TIO SD and BUD SD might be governed by press-on forces during blending. The energy applied 
by the collisions of carrier particles during blend preparation was able to increase drug-carrier interactions and 
with this to lower the FPF for mostly spherical carrier particles. Improved dispersion from slightly indented carriers 
might occur as indentions shelter drug particles from press-on forces and drug-drug agglomerates were dispersed 
easily. Deep indentions, however, were found to be disadvantageous due to drug particle entrapment since shear 
forces during inhalation were not sufficient to overcome drug-to-carrier interactions.  

The dispersion of FOR SD from mannitol carriers was found to be best whenever build-up of drug agglomerates 
was prevented. This pertained mainly for large spherical carriers, where drug particles were evenly distributed 
over the whole surface or for deeply indented ones, where the volume of the indentions was large enough to 
provide space for evenly distributed single drug particles or small agglomerates. Presence of drug-drug 
agglomerates are detrimental for FOR dispersion. Particle-particle interactions between hydrophobic FOR and 
hydrophilic carrier surface appear to be weaker than for hydrophilic SBS and carrier resulting in facilitated 
dispersion.  

 

Figure 3 – Distribution of drug particles on the surface of differently shaped carriers upon blending and dispersion of 
those drug particles during inhalation (carrier size: S = small / L = large). (+) and (-) indicate how well particles get 
dispersed from the carriers of different particle shape and size. 

Conclusion 

The FPF of blends with spray dried mannitol carrier particles that were different in size and shape and various 
spray dried spherical drug particles was found to be based on the carrier properties particle shape and size, but 
also on the appearance of drug agglomerates as those might further influence dispersion from the carrier. It was 
observed that different drugs occur with different drug-to-carrier interactions, but also with divergent drug-to-drug 
interactions resulting in agglomerates of different strength and different aerodynamic performance.  
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