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Summary 

Pulmonary drug delivery is increasingly spanning for diverse local and systemic diseases. Dry powder inhalation 
(DPI) formulations include predominantly carrier-based as well as high dose carrier free products. Despite a long 
history, the development of DPI products and processes is still largely empirical. Rational development of stable 
DPI products with reproducible inhalation performance and therefore the desired therapeutic outcome can be 
achieved through the application of advanced material and formulation science with physical, chemical, biological 
and engineering principles. To this end, we present herein some representative case studies within the framework 
of multidisciplinary hierarchical model-informed approaches towards designing, predicting and controlling 
engineered inhalable microparticles and processes including in silico in-vitro-in-vivo performance of inhaled 
medicines. For example, application of molecular dynamics simulation for deriving descriptors relevant for DPI 
performance (eg. electrostatics, hygroscopicity, wetting etc.) will be shown. As a step further, the utility of 
macroscopic numerical models such as computational fluid dynamics-discrete element method (CFD-DEM) 
towards the prediction of drug detachment during aerosolisation as well as during dry powder processing such as 
feeding, blending, filling etc. will be illustrated. Finally, the use of physiologically based pharmacokinetic modelling 
(PBPK) to assist a different phase of DPI development will be discussed. 

 

A schematic sketch of hierarchical model-informed approach applied for DPIs (images modified from [1–3]).  

Introduction 

Dry powder inhalers (DPI) represent a complex drug product comprising the formulation, the device (and capsule), 
including any protective packaging [4]. Moreover, DPI designs encompass pre-metered and device-metered systems 
that can be driven by patient inspiration or with certain power assistance from the device. Regardless of the design, 
the most critical attributes for DPI products are a reproducible dose and particle size distribution through the life-
time of the device under patient-use conditions. Moreover, there is a complex interplay between the drug substance, 
the carrier material used and components of the device, which may affect DPI performance and effectiveness. For 
example, material characteristics such as particle size distribution, morphology and moisture content largely 
influence the bulk properties of the formulation and particle interactions directly related to the product performance. 
Additionally, electrostatic charge interactions arising during blending, powder handling and inhalation, affect 
attraction and adhesion between drug particles, excipient carrier particles and device material and consequently 
affect the efficiency and performance of a DPI. Besides adhesive and cohesive forces, capillary forces and 
electrostatic charge other forces like gravitational forces, and fluid dynamic forces govern the fluidization behaviour 
of different formulation powder particles in an inhaler. 

The optimization of formulations for pulmonary delivery is a multi-faceted challenge. The performance of a 
formulation depends on material properties, environmental conditions, device geometries, etc. and interaction 
thereof. There is still lack of understanding on the interplay and the multi-factorial effect on the efficiency of DPI 
products. Various unit operations and process steps ranging from milling, blending, capsule filling etc. are involved 
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in DPI product development. Multi-physics modelling and simulation of different physical processes governing 
formulation, manufacturing and delivery of inhaled product could help in understanding, facilitating and predicting 
different steps in DPI formulation development (Figure 1). Computational approaches at different time and length 
scales ranging from molecular dynamic (MD) simulation, computational fluid dynamic modelling (CFD) and discrete 
elemental method (DEM) to classical physiologically based pharmacokinetic (PBPK) modelling applicable to DPI 
product and process are existing and continuously evolving.   

 

 

Figure 1 - Scheme: Modelling and Simulation in DPI formulation development  

 

Prediction of electrostatics and hygroscopicity of inhaled powders 

Aggregation and flowability of powders used in DPI are attributes that need to be tightly controlled in order to achieve 
good product performance and drug efficacy. Here we discuss ways to include results from molecular modelling 
and simulation to gain a better understanding of these attributes and their dependence on material properties at the 
micro-scale. 

Properties that are expected to be relevant in this context include hygroscopicity/wettability, propensity for tribo-
electric charging, and the surface structure and disorder of micro-crystallites. For a number of crystalline 
pharmaceutical compounds we performed simulation studies using both classical molecular dynamics simulations 
and ab-inito calculations to estimate a number of properties including contact angles, work functions, and molecular 
mobility on surfaces and in the amorphous phase. 

We pay particular attention to using the appropriate methodologies to obtain reproducible and accurate theoretical 
results, for example, the level of theory used in the ab-inito calculations of band-gaps and work functions of extended 
systems. We compare the trends obtained in-silico to our experimental results, and demonstrate how molecular 
simulation can be used as an efficient tool for estimating relevant material properties, thereby comprising a rapid 
and cost-effective means for guiding development during early formulation studies. 

Numerical methods towards understanding particle interactions during DPI process and performance 

Computational fluid dynamics (CFD) is a commonly used method to calculate the flow field in inhaler geometries 
and in the respiratory tract. In the case of capsule-based inhalers, the movement of the capsule in a chamber can 
be studied experimentally and approximated using the sliding mesh-method. 

The active pharmaceutical ingredient (API) particles in dry powder inhalers are very small (usually between 1-5 μm) 
so as to be able to reach narrow regions in the lung. The flow and dispersion of inhalable sized cohesive powders 
are often erratic. To be able to handle them easily, despite their poor flow characteristics, they are often attached 
to carrier particles in the range of 50-300 μm. The adhesive forces between the API and the carrier need to be 
sufficiently high to ensure that the powder blend can be easily handled and is stable during dose metering. On the 
other hand, the adhesion has to be low enough for the API to detach from the carrier in the inhaler. During the 
inhalation process, the API particles are required to detach from the carrier to be able to reach the lung. This 
detachment occurs in the inhaler due to carrier-wall collisions, carrier-carrier collisions or due to the air flow around 
the carrier particles. The movement of the carrier particles in the inhaler device can be simulated using DEM coupled 
to the CFD simulation. The detachment of the API from the carrier particle can be determined from the collision 
force (collision-induced detachment) or from the Reynolds number (flow-induced detachment). After detachment, 
the small API particles can be assumed to move along with the air flow. Their interaction with the air flow can be 
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neglected. This method facilitates an estimation for the capsule retention and for the mass flow as well as the 
transient particle size distribution at the inhaler outlet. 

Besides, simulation can aid in various process steps involved in DPI development e.g. particle mixing or capsule 
filling. The discrete element method (DEM) for example is used to describe the dosator capsule filling process for 
different powder properties and process parameters. The powder flowability and the traveling path of the dosator 
nozzle inside the powder bed are the two most critical factors influencing the strength of the dosed powder plug, 
which is important for DP [5]. 

In silico biopharmaceutics towards prediction of lung deposition and in vivo performance of DPI 

Physiological based pharmacokinetic (PBPK) modelling intends to predict the exposure of the drug in the target 
organ after the administration of the drug based on the absorption, distribution, metabolism and elimination (ADME) 
in that organ, if information available [6]. A thorough understanding of the critical physiological drivers impacting the 
ADME of the compounds is the prerequisite for the successful development and implementation of PBPK modelling. 
Recently, PBPK modelling and simulation are increasingly applied in the area of inhalation drug delivery to 
understand the fate of aerosol particles in the lungs. An intricate understanding of the mechanistic process and the 
heterogeneity of the lung along with additional complexities in the disease state would promote competent modelling 
practices to understand the fate of inhaled medicines. 

Giving an example, we were developing a PBPK model to investigate the in silico performance of a new inhaled 
API powder (Compound X) delivered via capsule or reservoir device (Nexthaler) combining distinct lung deposition 
model. Pulmonary PBPK model was developed using GastroplusTM. Lung deposition modelling of the aerosolized 
particles were carried out using the in-built ICRP66 model in GastroplusTM as well Multiple-Path Particle Dosimetry 
(MPPD) using the mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD). 
Physiochemical properties such molecular weight, pulmonary solubility, pKa, logP and Calu-3 permeability 
coefficient for the compound X were used during the simulations. The lung PBPK model was combined with the 
compartment modelling of systemic clearance of the compound X responsible for elimination of drug from the body. 
The model was developed and validated for the capsule device initially and then used for the prediction of plasma 
concentration time profile of compound X released from the reservoir device.  

Perspective 

Application of multiscale modelling for DPI products, that integrates models spanning broader time and length 
scales, aims to provide a holistic and rational approach across formulation and processing development and 
performance evaluation. It integrates experimental data with the computational modelling to provide mechanistic 
understanding of drug product development justifying the paradigm of quality by design principles. The ultimate 
intention of this initiative is to mutually connect and cross-utilize the input and outcome among various models.  

Each individual modelling approach needs to be thoroughly tested and validated in the given context before it is 
included into a multi-scale approach. Towards this end, we present here isolated cases of applying the information 
obtained from diverse computational analysis (MD simulations, CFD-DEM and PBPK modelling) across DPI 
formulation and process development. 
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