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Summary 

Engineered modifications of carrier surfaces are used to control the inter-particle forces occurring between the 
carrier and the drug. In this way, tailoring of these forces enables the quantity of drug that can be delivered to the 
lungs to be modulated. In this work the impact of engineered modification of carrier-drug surface forces was 
investigated using glass beads as model carrier particles. Untreated and treated glass beads mixed with 
salbutamol sulphate were characterised in vitro for their aerodynamic performance. The fine particle fraction 
(FPF) for treated beads was 1.36 times higher than that for untreated beads. In vivo pharmacokinetic prediction of 
the surface modifications was investigated after using a validated in silico pharmacokinetic (PK) model. The 
simulation showed that Cmax for salbutamol released from surface engineered beads was 1.20 fold that of 
untreated beads. Both in vitro and in silico data showed that increasing the surface roughness of the carrier 
increased the fine particle delivery performance of the formulation. 

Introduction 

Surface engineering of DPI carriers is a procedure that intends to improve the quantity of drug that can be loaded 
and delivered to the lung. This is achieved by the tailoring and modulation of the inter-particle forces between the 
drug and the carrier 

[1, 2, 3]
. However, characterisation of such modifications is based mainly on in vitro 

experiments, with no insight on the in vivo impact that they may have. The inter-particle interaction forces, 
occurring between the carrier surface and the drug, are correlated to the quantity of fine particle fraction (FPF) 
that can be delivered to the lung. However, the focus of the research has been mostly performed on analysing the 
impact of surface modification via in vitro characterisation of the formulations, and no attempts have been made 
to investigate what is the influence of these modifications in vivo. The aim of this work was to investigate the 
impact of engineered modification of carrier-drug surface forces on the pharmacokinetics of salbutamol sulphate 
via in silico PK modelling. The PK model was validated using available in vivo data from the literature. In 
particular, the model was validated with respect to in vivo plasma profiles of an oral suspension and inhaled 
salbutamol (Ventolin). Furthermore, the model was validated using available in vivo data for the marketed 
formulation (Cyclocaps

®
) which uses the same inhalation device (Cyclohaler

®
) as the one employed for the in vitro 

characterisation of the glass beads. 

Experimental methods 

Materials 

Glass Beads ranging between 400 to 600 µm (x50=537.3 µm ± 7.1 µm) were kindly provided by SiLibeads
®
 

(SiLibeads
®
 Glass Beads Type S, Sigmund Lindner GmbH, Germany). Acetic acid, ammonium hydroxide, 

methanol, sulphuric acid and hydrogen peroxide were purchased from Lactan Chemikalien und Laborgeraete 
Vertriebsgesellschaft m.b.H & Co. KG (Austria). Salbutamol sulphate (USP25 quality) was purchased from 
Selectchemie (Zuerich, Switzerland) and used as model drug after spray drying. Size 4 gelatine capsules 
(G-CAPS

®
) were obtained courtesy of GoCaps GmbH (Germany). Cyclocaps

®
 was acquired from PB Pharma 

GmbH (Germany). Water was of MilliQ grade (TKA Micro Pure UV ultrapure water system, TKA 
Wasseraufbereitunssysteme GmbH, Germany). All other chemicals were used as received without further 
purification. 

Preparation of untreated and treated glass beads mixtures with salbutamol sulphate  

Firstly, the glass beads surface was cleaned with Piranha Solution (3:7 H2O:H2SO4) followed by a standard clean 
(1:1:5 H2O2:NH4OH:H2O) prior to use. Then, the surface engineered rough glass beads were prepared by plasma 
etching with a TEGAL901. The gases used were CF4/O2 and the ratio was 120sccm/15sccm at 1800 mTorr. The 
exposure time was 1 minute at a plasma power of 200 W 

[3]
. Salbutamol sulphate particles suitable for inhalation 

were prepared via spray drying using a Nano Spray Dryer B-90 (Buechi Labortechnik AG, Flawil, Switzerland) 
equipped with the long version of the drying chamber. To form particles in the size range of 1-5 μm (characteristic 
diameters: x10=0.45 µm, x50=3.07 µm and x90=6.73 µm) a spray head mesh of 7 μm was chosen and a feed 
concentration of 7.5% 

[4]
. The flow rate was set to 110 L/min and the spraying intensity was set to 30%.  Adhesive 

mixtures of untreated and surface engineered glass beads and spray dried salbutamol sulphate were prepared in 
a Turbula blender TC2 (Willy A. Bachofen Maschinenfabrik, Muttenz, Switzerland). The mixing time was 45 min at 
22 rpm. The preparation of the adhesive mixtures has been described before in more detail by Zellnitz et al.

 [5]
. 
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In vitro deposition 

Cyclohaler was used as model inhaler to measure the aerodynamics of fine particles, using a Next Generation 
Impactor (NGI) (Copley Scientific, UK). Pure water, adjusted with acetic acid to pH 3 was used as collection liquid. 
Prior to each experiment, the preseparator was filled with 10 mL of this liquid; small and large cups of the 
impactor were coated with 2 and 4 mL, respectively, of a coating agent (solution of 5% of a mixture of glycerol 
and polyoxyethylene-20-cetylether (95:5) in isopropanol). The flow rate for Cyclohaler was adjusted to 100 L/min 
as it is a low resistance inhaler and the pressure drop of 4.0 kPa could not be achieved otherwise. The air was 
drawn through the NGI using a vacuum pump (SV1040, Busch, Switzerland) and the airflow rate was adjusted by 
a flow meter (Copley Scientific, UK). A 4 L inspiration volume was achieved by setting the timer of the critical flow 
controller (TPK, Copley Scientific, UK) to 2.4 seconds. A leak test was performed additionally prior to each 
experiment. Within 60 s, the pressure of the closed NGI must not increase by more than 2.0 kPa. Powder blends 
(150 mg) were filled into hard gelatine capsules of size 4. For each adhesive mixture and for the Cyclocaps

 
two 

capsules were discharged directly into the impactor one after the other. After each experiment, the retained 
powder in each compartment, the preseparator, the introduction port, plus the mouthpiece and the inhaler was 
collected by rinsing and making up with a suitable quantity of collecting solvent. Subsequently the quantity of drug 
was determined via HPLC as described below. From the results, the fine particle dose (FPD), the emitted dose 
(ED) and the fine particle fraction (FPF) were calculated. FPD gives the amount of drug exhibiting an 
aerodynamic diameter of < 5 µm and the ED the amount of active found in the whole impactor (mouthpiece 
adaptor, introduction port, preseparator, impaction stages). FPD divided by ED gives the FPF. Mass median 
aerodynamic diameter (MMAD) and geometric standard deviation (GSD) were calculated using 
http://www.mmadcalculator.com/. 

Scanning electron microscopy 

Untreated and surface modified rough glass beads with salbutamol sulphate were examined using a scanning 
electron microscope (SEM) (Zeiss Ultra 55, Zeiss, Oberkochen, Germany) operating at 5kV. The glass beads 
were sputtered with gold-palladium prior to analysis. Experiments were performed at FELMI-ZFE (Graz, Austria). 

HPLC analysis 

Salbutamol sulphate drug content recovered from NGI experiments was analysed by HPLC on a Waters 2695 
(Milford, USA) HPLC system equipped with an autosampler and a Waters 2996 photodiode array detector. UV-
detection was performed at 276 nm. Mobile phase consisted of a mixture of A: 5 mM hexanesulfonic acid sodium 
salt in water + 1% acetic acid (60%) and B: methanol (40%). Analysis has been carried out under isocratic elution 
conditions with a flow rate of 1 mL/min. A Phenomenex Luna C18 100 Å column (150 mm x 4.6 mm, 5 µm), was 
used as stationary phase and the column temperature was set to 30 °C. Each sample was analysed twice and 
injections volume was 50 µL. Linearity of the method was confirmed between 2.6 µg/mL and 70.5 µg/mL. Every 
twenty samples a calibration curve, consisting of seven solutions of known concentration, was recorded. 

In silico lung deposition modelling 

Lung in silico deposition data of salbutamol sulphate from Cyclocaps and untreated and treated glass beads were 
obtained using Multiple-Path Particle Dosimetry Model (MPPD) (version 2.11, Applied Research Associates, Inc, 
USA). Input parameters were set to simulate a breathing pattern of 5 seconds inhalation, 10 seconds pause and 
an inhalation flow rate of 100 L/min for Cyclocaps and the two glass beads formulations, while the same breathing 
pattern with an inhalation flow rate of 60 L/min was used to calculate the lung deposition of Ventolin pMDI. MMAD 
of Ventolin pMDI was 5.2 µm (GSD = 4.8) 

[6]
, MMAD of untreated glass beads was 3.78±0.27 µm (GSD = 

1.68±0.01), MMAD of plasma treated beads was 4.18 ±0.31 µm (GSD = 1.62 ±0.02) and MMAD of Cyclocaps 
was 3.71±0.18 µm (GSD = 1.92±0.04). Airway morphometry was set as human Yeh/Schum 5-Lobe model. 

In silico compartmental pharmacokinetic modelling 

The compartmental pharmacokinetic model of inhaled salbutamol sulphate was built using GastroPlus
TM

 (version 
8.5, SimulationPlus, USA) based on intravenous data obtained from the literature

 [7, 8]
. The model was validated 

using plasma data for salbutamol oral suspension and Ventolin pMDI obtained from the literature 
[9]

, and from the 
comparison of Cyclocaps in vivo excreted urine concentration results obtained from the literature 

[10]
. Input 

parameters were the lung in silico deposition data obtained from MPPD, predicted intestinal permeability in Caco-
2 cells was 7.112·10

-6
 cm/s 

[11]
, and body weight was set to 70 Kg. Bronchial permeability of salbutamol (1.12·10

-6
 

cm/s) was used 
[12]

 and scaled up for the other lung compartments. 
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Results and Discussion 

Surface modified glass beads with a uniform surface roughness were generated by plasma processing for 
1 minute. In Figure 1 a) and b) the untreated glass beads and surface engineered rough glass beads loaded with 
salbutamol sulphate are shown, respectively. The performance of untreated and surface engineered carrier 
particles was analysed by comparing the FPF values after NGI experiments. The results showed that the FPF of 
surface engineered glass beads (34.6 ±1.9%) was remarkably higher compared to the FPF of untreated glass 
beads (25.5 ±0.8 %). This can be explained by the reduction of the contact area between the glass beads and the 
drug particles due to the introduced surface roughness. Consequently, also the inter-particle interactions are 
reduced, drug detachment is facilitated, and therefore the FPF is increased 

[3]
. 

 

Figure 1.Surface morphology of a) untreated glass beads and b) surface engineered rough glass beads 
with spray dried salbutamol sulphate  

The compartmental pharmacokinetic model build based on the intravenous data 
[7]

, Figure 2A, was validated 
using published data for salbutamol oral suspension and Ventolin pMDI 

[9]
, Figure 2B and 2C. In order to confirm 

the predictability of the model, a further validation was performed using experimental data performed on 
Cyclocaps obtained from the same in vitro set up used for the analysis of the FPF of the two types of glass beads. 
In silico renal excretion result at 0-0.5 h correlated well with the in vivo urinary excretion value from the 
literature 

[10]
, Figure 2D.  

 

Figure 2 – Validation of the Simulation Model:.  Plasma profiles of salbutamol sulphate from () in vivo 
data from the literature and (―) in silico simulation for: A) intravenous injection 

[7]
, B) salbutamol oral 

suspension 
[9]

, C) Ventolin pMDI 
[9]

 and D) Cyclocaps 
[7]

. E) simulated concentration profiles of salbutamol 
sulphate from (―) treated glass beads and (- - -) untreated glass beads using in silico compartmental PK 
model 
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The simulated plasma concentration time profiles of salbutamol sulphate after inhalation from the untreated and 
treated glass beads are shown in Figure 2E;  the Cmax for the surface modified glass beads was found to be 
1.20 fold higher than that obtained for the untreated glass beads, reflecting the in vitro finding observed from the 

deposition data.  
 
 
Conclusion 

The increased Cmax obtained for the drug released from surfaced modified carriers showed that tailoring of the 
inter-particle forces between drug and carrier can be used to modify the amount of drug delivered as well as 
pharmacokinetics. In silico compartmental pharmacokinetic modelling performed in this study demonstrated the 
impact of using engineered surface modified carriers on plasma profiles for the model drug salbutamol. The 
combination of in vitro techniques and in silico modelling opens the possibility to modify the properties of inhaled 

formulations based on engineering principles in order to design formulations with specific delivery properties. 
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