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Summary 

In this study glass beads were used as model carriers for a systematic approach to investigate the effect of 
interparticle interactions on aerosolisation performance, thus deducing their impact on lung deposition. For this 
glass beads with a median particle size of 500 µm were treated with silanes differing in their functional groups to 
create carrier particles with varying surface hydrophobicity. The degree of hydrophobicity of the resulting product 
was determined via contact angle measurements. The beads were then blended with spray dried budesonide 
(BUD) to create interactive mixtures. To obtain different ratios of carrier to active pharmaceutical ingredient (API), 
blends with different quantities of API were prepared leading to theoretical carrier surface coverages from 25% to 
100%. The aerodynamic performance was investigated using the Next Generation Pharmaceutical Impactor (NGI) 
and the Cyclohaler

®
 was chosen as a reference dry powder inhaler (DPI) device. Results gained from evaluation 

of recovered doses showed that a true surface coverage of 100% could not be reached, regardless of the type of 
glass beads that were used. This can be attributed to an incomplete interaction between API and carrier leading 
to loss of API during blending and handling. Nevertheless, an almost linear relationship between true and 
calculated surface coverage was found. Data obtained from NGI experiments showed a significant increase in 
fine particle fraction for higher surface coverages, which might be due to the presence of more “active sites” on 
the carrier surface. 

Introduction 

Powder blends for inhalation usually consist of a micronised active pharmaceutical ingredient (API) and a larger, 
inert carrier fraction, which increases flowability as well as dispersibility of the blend. During inhalation, the API 
needs to detach from the carrier in order to reach the lungs. As far as conventional carriers such as lactose are 
concerned, this process is mainly influenced by interparticle interactions between carrier and API, which are, inter 
alia, affected by the surface characteristics of the two 

[1]
. These include, amongst others, chemical properties, 

surface topography and particle shape 
[2, 3]

. Young et al. also found a substantial effect resulting from the quantity 
of API particles adhered to the carrier surface on aerosolisation performance of the API/carrier blend 

[4]
. The aim 

of the present study is to provide a systematic approach to investigate the effect of chemical surface properties of 
the carrier on aerosolisation performance. Therefore, glass beads were used as model carriers, as they can easily 
be surface-modified without changing particle size or shape. This ensures that only surface characteristics are 
accounting for observed differences in interactive blends with API and different modified glass beads. Glass 
beads were silanised through treatment with different silanes. Hereby, surfaces with diverse degrees of 
hydrophobicity were created. Blends of glass beads and spray dried budesonide (BUD) particles were prepared 
with calculated carrier surface coverages of 25%, 50% and 100% to investigate the influence of surface coverage 
on aerodynamic behavior. These results should facilitate the correlation between surface characteristics and drug 
detachment and by that to the aerosolisation performance of the interactive mixtures. 

Experimental methods 

Materials 

Crystalline budesonide was purchased from Minakem SAS, Dunkerque, France. Glass beads (SiLibeads® Type 
S) were kindly provided by Sigmund Lindner GmbH, Warmensteinach. Silanes shown in Table 1 were purchased 
from Sigma Aldrich, St. Louis, USA.  

Table 1. Silanes used for Surface Modification Ordered According to Hydrophobicity Increasing from 
Left to Right 

Silane Trimethoxy(3,3,3-
trifluoropropyl)silane 

Chlorotrimethyl-
silane 

Chloro(dimethyl)-
phenylsilane 

Chloro(methyl)di-
phenylsilane 

Chlorotriphenyl-
silane 

Abbreviation FPTS CTMS CDMPS CDPMS TPCS 
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Spray drying 

A solution of budesonide (BUD) in methylene chloride was spray dried using a Büchi Mini Spray Dryer B290 
(Büchi Labortechnik AG, Switzerland) equipped with a high performance cyclone and a Büchi B295 Inert Loop. 
Detailed information about spraying conditions can be taken from Table 2.  

 

Table 2. Spray Drying Conditions  

Parameter   

Inlet temperature 120 °C 

Feed concentration 10% [m/V] 

Feed rate 6% 

Aspirator  40 m³/h 

Spraying gas  355 l/h 

 

Chemical modification of glass beads 

In order to create particle surfaces with different degrees of hydrophobicity, glass beads were incubated with an 
ethanolic solution of the different silanes in concentrations of 0.005, 0.05 and 0.5 mol/l for 30 min. After filtration, 
glass beads were rinsed several times with to wash off residual, unreacted amounts of the respective silane. Prior 
to the actual process the glass beads were cleaned with piranha solution (H2SO4:H2O2 3:1) to assure a 
comparable state of the surfaces. 

 

Preparation of interactive mixtures 

The carrier/API blends were prepared for calculated surface coverages of 25%, 50% and 100% according to 
Zellnitz et al. 

[5]
. In brief, 15 g of glass beads and the calculated quantity of BUD were weighed in a stainless steel 

mixing vessel via the double sandwich method. The blending was performed with a Turbula Blender T2C (Willy A. 
Bachofen AG Maschinenfabrik, Muttenz, Switzerland) for 30 min at 20 rpm.  

 

Aerodynamic assessment 

Aerodynamic performance was investigated using the Next Generation Pharmaceutical Impactor (NGI) (Copley 
Scientific, Nottingham, United Kingdom) described as Apparatus E in the European Pharmacopoeia 8.0. Flow 
was set to 100 l/min and the Cyclohaler

®
 was used as inhalation device for all experiments. 250 mg of the 

respective blends were filled into hard gelatin capsules of size 3 (Capsugel, Colmar, France) manually using a 
spatula. For blends with a calculated coverage of 50% and 100% the content of three capsules was released in 
one run, while for blends with 25% coverage 5 capsules were used in order to ensure sufficient drug in the NGI 
for quantification. All NGI experiments were performed in triplicate. Gained data was evaluated using the CITDAS 
software 3.1 (Copley Scientific, Nottingham, United Kingdom). 

HPLC analysis 

Budesonide quantification was done by HPLC on a Waters 600 (Waters Corporation, Milford, USA) and employed 
a LiChrospher

®
 RP-18 column (Merck KGaA, Darmstadt, Germany). The mobile phase consisted of 75% (v/v) 

methanol and 25% (v/v) purified water. The flow rate and column temperature were set to 0.8 ml/min and 20°C, 
respectively. A sample volume of 100 µl was injected and double determination was conducted. The peaks were 
detected at 220 nm. Prior to sample analysis a calibration of seven points was created confirming linearity in the 
range of 0.5 µg/ml to 100 µg/ml.  

 

Determination of true surface coverage 

As a first step, budesonide content of interactive mixture in the capsules was determined with the help of 
recovered dose (RD) from NGI experiments. The results were then compared to the budesonide content originally 
calculated for the corresponding surface coverage. From this ratio the true surface coverage (TSC) was 
calculated. 
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Results and Discussion 

By spray drying, spherical budesonide particles with a median size of 3.09 µm and a smooth surface were 
obtained. XRPD diffractograms confirmed a completely amorphous state (data not shown). Chemical modification 
of glass beads led to different degrees of hydrophobicity expressed by the corresponding contact angle. To 
investigate a broad range of different chemical properties, 5 chemically modified glass beads varying in their 
contact angles as well as untreated beads were chosen. The selected glass beads as well as their corresponding 
contact angle can be taken from Fig. 1(b).  

Correlation between calculated (CSC) and true surface coverage (TSC) 

Results obtained from HPLC analysis showed a reduced TSC compared to the corresponding CSC, regardless of 
the type of glass beads (Fig. 1a). On the one hand, it can be explained by the observation that a certain 
proportion of API did not adhere to the glass beads but got stuck to the inner wall of the mixing vessel. On the 
other hand, this is due to a loss of API during handling and capsule filling since some BUD particles remained 
stuck to the spatula underlining the low adherence to the surface of the glass beads. Fig. 1a shows an almost 
linear relationship between the CSC and TSC for all types of glass beads. Untreated glass beads provided the 
lowest of all TSCs with 13.7%, 27.9% and 47.6% (for calculated coverage of 25%, 50% and 100%, respectively). 
These findings can be explained by the surface characteristics of the glass beads. Untreated glass beads provide 
free silanol groups leading to a relatively high hydrophilic surface, where hydrophobic BUD will adhere to less 
likely. According to that theory, the highest amount of BUD should be found on carrier particles providing a very 
hydrophobic surface. Fig. 1b shows that TSC increases with the contact angle (being a measure for 
hydrophobicity) reaching a maximum for glass beads treated with TPCS 0.05M. A further increase in contact 
angle results in a decrease of TSC. These findings suggest the presence of other influencing factors like 
electrostatic charge and possibly surface energy. Consequently, carrier particles will be further characterised by 
inverse gas chromatography (iGC). 

(a) 

 

(b) 

 

Figure 1.  (a) Correlation Between TSC and CSC of                          
25%, 50%, and 100% for Untreated and 
Chemically Modified Glass Beads 

(b) Calculated Coverages Plotted Against TSC and 
Contact Angle 

Aerodynamic assessment 

The aerodynamic behaviour of the different blends was investigated via NGI experiments to determine the in vitro 
deposition profile of budesonide. Fig. 2 displays a significant increase in fine particle fraction (FPF) for higher 
surface coverages. This is true for all modified as well as untreated glass beads. For blends with chemically 
modified glass beads, calculated coverages of 25% led to FPFs of 2.2% to 7.1%, while blends with 50% CSC 
reach FPFs in the range of 8.0% to 17.8%. The highest FPFs are obtained with 100% CSC leading to values of 
11.2% to 20.4%. This clearly shows that the quantity of fine API directly affects the resulting FPF which might be 
attributed to the presence of so called “active sites”. This phenomenon is usually observed when conventional 
carriers like lactose or mannitol are used 

[6, 7]
. These sites are defined as areas on the carrier surface with a high 

level of energy. Here, high adhesion forces keep the API particles attached to the carrier at inhalation. During 
mixing, these spots are normally occupied first by API particles until they are saturated. Thereafter, API particles 
adhere to the remaining surface areas, where detachment can take place more easily. This implies for a low 
surface coverage, that a high percentage of API particles are located at the active sites, consequently leading to 
relatively low FPFs. In the case of a high quantity of surface coverage, the percentage of API particles found on 
those spots is rather small. For that reason higher FPFs can be observed. So far, the aerodynamic performance 
of the interactive mixtures cannot conclusively be correlated just to the chemical properties of the carrier. It is 
suggested, that other factors such as surface energy as well as electrostatic charge also have a substantial effect, 
which still needs further investigation. To get better insight into this, iGC will be applied for determination of 
surface energy as well as heterogeneity of energy distribution on the glass beads, to evaluate this hypothesis. 
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Figure 2. FPF of Interactive Mixtures of Budesonide and Modified Glass Beads (determined by NGI).  Error bars 
represent the standard deviation (n=3). 

Conclusion 

In this study, blends with budesonide and modified glass beads with different surface coverages were examined 
to investigate the influence of surface characteristics and API to carrier ratio on aerodynamic performance. For all 
interactive mixtures, the TSC was lower than the corresponding calculated coverage due to the loss of API during 
mixing, handling and capsule filling. On untreated glass beads the least budesonide was adhered compared to 
the modified ones, which can be attributed to chemical surface properties. The study also revealed a correlation 
between surface coverage and FPF showing that in order to obtain a good lung deposition the surface coverage 
should be as high as possible. This is independent from surface characteristics and can be applied to all different 
carriers used in this study. A plausible explanation for this provides the presence of active sites on the carrier 
surface, which still needs further investigation. Taking these findings into account, the aim of future studies will be 
to create interactive mixtures with a fixed TSC for the different glass beads. These blends can then be compared 
with one another regarding their aerodynamic performance to provide a correlation to surface characteristics. 
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