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Summary  

 
Concurrent delivery of inhaled corticosteroids (ICS) and long-acting β2-adrenergic bronchodilators (LABA) is 
a key treatment for asthma and COPD with mutual synergy of action cited as important for clinical 
performance. This synergistic effect is possible when the drugs are given simultaneously. This in turn 
highlights the rationale to combine both substances into one particle rather than having a combination 
product containing both drugs in a physical and mechanical mixture. In order to overcome the considerable 
problems in the delivery of two or more micronized drug substances to the lung, and ensure optimal co-
deposition and co-location of the molecules, particle engineering technologies have been conceived to 
satisfy this unmet need. Sonocrystallization particle engineering offers significant benefits for the 
manufacture of such inhalable multicomponent drug powders. This paper describes the processing of 
engineered combination particles of budesonide (BDS) and formoterol fumarate dihydrate (FFD) by this 
sonocrystallization methodology. The article also demonstrates the use of Raman Chemical Imaging (RCI) 
as an important analytical tool to establish the distribution of actives within the given particles. 
 
Introduction 

 
The use of combination therapy for the treatment of asthma and chronic inflammatory disease is now very 
topical with combinations of drugs. With such treatment it is essential to prevent disease progression, relieve 
symptoms, prevent and treat complications, prevent or minimize side effects from treatment and improve 
health status [1]. Whilst corticosteroid therapy is an effective treatment for airway inflammation the use of an 
ICS and a LABA together provides greater asthma control along with a reduction in the frequency and 
severity of exacerbations [2]. Moreover, it has been reported that clinical trials have shown that the “as-
required,” or PRN, use of inhaled combinations provides clinical advantages over the sole use of a rapid 
acting LABA [3]. Whilst there is a rapid suppression of ICS induced lower airway inflammation when the ICS 
is combined with a LABA, there is strong evidence that there are synergistic effects on both inflammation 
and bronchodilation. It is known that inhaled corticosteroids reduce COPD exacerbations, but their beneficial 
effects on airway inflammation appear to be limited. The addition of a LABA, however, not only reduces 
exacerbations but improves lung function and controls symptom to a greater extent than either component 
alone [4, 5]. 
 
One important aspect of respiratory combination therapy is the clear advantages it provides, such as a 
delivering a synergistic effect at the same target cell in the lung epithelia, when the drugs are given 
simultaneously [6]. This in turn highlights the rationale to combine both substances into one particle rather 
than having a combination product containing both drugs but in a physical and mechanical mixture. Whilst 
the intimate mixing of powdered drugs seems an ideal way to formulate two or more active ingredients for 
dry powder delivery to the lung it can be difficult to achieve due to complexities of material chemistry and 
possible interactions between the active components. This can be very complicated when dual and triple 
therapy options are considered. 
 
With powder blends the co-deposition of actives (ICS and LABA) occurs randomly when derived from the 
same aerosolized powder cloud [7]. The most significant challenge is to maintain the ratio of components 
during the formulation stage, and, importantly, upon re-dispersion and deposition, although clearly if the 
particles separate (or are separated) in the air-stream there is little chance of co-deposition. The companies 
responsible for multi-component products make every effort to formulate their drug product with high 
precision in terms of maintaining the ratio of individual actives; however they cannot guarantee this ratio 
when the dose is delivered to the actual lung. Despite the number of publications that cite synergy and the 
usefulness of co-deposition when referencing respiratory combination drugs, the data suggesting 
consistency of dose and the ratio of actives from formulation to re-dispersion to co-deposition is scarce or 
unavailable. This is mainly because it is difficult to retain the ratios of actives, and especially in case of 
inhalation products, when the selected drug substances are present as micronized particles, in turn derived 
from mechanical milling.  
 
The industrial practice of mechanically milling large particulate material in order to produce particles suitable 
for inhalation can lead to substantial problems with both the micronized material and its use in inhaled drug 
product development. The high energy process causes poor chemical and physical stability, electrostatic 



 

charge, the formation of amorphous domains, unwanted surface free energy and polymorph transition. 
Collectively, these deleterious effects bring about variation and limitations in performance [8, 9]. Micronized 
particles can be very cohesive (autoadhesion) which leads to significant agglomeration due to higher surface 
free energy and surface area per unit mass. In addition to this, the moisture sorption profile of the material 
and cohesivity further influences the drug product rheological properties. Furthermore, the high 
heterogeneity in particle-particle interaction intensifies the problems of maintaining the ratio of actives at all 
stages of the drug delivery profile. This ultimately affects the therapeutic efficiency and contributes to a 
decreased level of drug product performance.  
 
In order to overcome the considerable problems in the delivery of two or more micronized drug substances 
to the lung, and ensure optimal co-deposition and co-location of the molecules, particle engineering 
technologies have been conceived to satisfy this unmet need. Now constructive sonocrystallization particle 
engineering offers significant benefits for the manufacture of inhalable drug powders. The Ultrasound 
Mediated Amorphous to Crystalline Transition (UMAX

®
) procedure was developed in order to design 

respiratory particles with the optimal attributes for their intended use and involves forming part amorphous 
material from drug substance solution and treating with ultrasound in order to crystallise particles with high 
morphological uniformity [10]. 
 
Using the UMAX

®
 technology it is now possible to produce improved combination products that will help 

deliver all active respiratory molecules present in combination with increased airway co-location. This 
improved co-location to targeted parts of the lung will help achieve more pronounced synergy and additive 
efficacy on the key target cells and pathologies of inflammation and bronchoconstriction, in turn leading to 
lower doses and improved safety and adherence. Highly crystalline inhalable size combination particles of 
BDS and FFD were manufactured by the UMAX

®
 technology demonstrating that novel dual therapy for both 

new products and life cycle management via appropriately engineered multi-component particles can be 
leveraged successfully. It is to be expected that the use of engineered particles will lead to 100% co-location 
and uniform delivery throughout the full volume of the lung alongside an expected enhanced synergistic 
action.  
 
Raman laser spectroscopy is a non-destructive technique used to identify individual drug particles by 
acquisition of detailed chemical information about the molecules involved in the Raman scattering process. 
Each pure crystalline drug substance on the microscope plate will give rise to specific Raman scattering and 
appropriate reference spectra can be determined which are then used to generate Raman images using 
component analysis. An image consists of several thousand spectra from which an image is computed by 
integrating over a specific reference shift in the spectra. The intensity calculated from each spectrum is 
colour coded. Once each individual material has been analysed, multi component particles or mixtures of 
powdered particles can be analysed.  
 
This paper, by featuring the case study of BDS-FFD combination respiratory medicine, focuses on UMAX

®
 

ultrasonic particle engineering and how it is being used to engineer and manufacture microcrystalline dual 
component particles. The paper also demonstrates the use of Raman Chemical Imaging (RCI) as an 
important analytical tool to establish the distribution of actives within the given particles. 
 
Experimental 
 
The UMAX

®
 Process 

 

The operational methodology of the UMAX
®
 process has been previously described [10]. The engineered 

particles were characterized by scanning electron microscopy, geometric particle sizing using Sympatec 
laser diffraction dry powder analysis to assess particle morphology and HPLC to understand the relative 
distribution of the active ingredients. Drug concentrations by HPLC system (Perking Elmer Series 2000) 
were determined with a Hichrom C18 ODS column (4.5 mm x 250 mm), and mobile phase consisted of 60% 
acetonitrile, 40% of 5 mM Sodium dihydrogen orthophosphate (set to pH 3). The flow rate was 1.5 ml.min

-1
, 

column temperature was 40°C and injection volume 100 µl. Drug retention times were 3.0 minutes for BUD 
and 4.82 minutes for FFD. UV detection wavelength used to detect for both BUD and FFD was set at 220 
nm. 
 
Characterization by Raman Microscopy 

 

Raman Chemical Imaging was performed using a ChemImage Falcon II
TM

 Raman Chemical Imaging (RCI) 
System (ChemImage, Pittsburgh, USA) to understand relative distribution of actives. Approximately 100FOV 
were collected for each sample resulting in total area sampled 0.04µm

2
. Raman image frames around an 



 

API specific wavelength of 1310cm
-1

 for FFD and 1660 cm
-1

 for BDS were integrated and extracted from the 
hyper spectral data cube. Both the pharmaceutical API’s, BDS (PXLB045-176-S1) and FFD (PXLB045-176-
S2), were analysed in pure form and mixed versions. Reference spectra were collected from the pure 
species to determine the Raman spectral differences including relative scattering strengths. The three 
mixtures (mixture 1, PXLB045-176-A1 Ground mix (100:6) BDS:FFD, mixture 2, PXLB045-176-A2 Ground 
mix (100:40) BDS:FFD and mixture 3 PXLB045-80-E1 UMAX

®
 (100:6) BDS:FFD) were independently 

analysed to investigate the relative distribution of the species. 
 
Results and Discussion 
 
Multicomponent products are difficult to prepare and have been reported to exhibit significant variability in 
the delivery of multiple active therapeutic agents present in a formulation [11]. This can limit both, the 
successful development of a combination drug product and the synergistic action of the actives at the 
cellular level. Present study details the benefit of using particle engineering approach in achieving this 
target. 
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Figure 1: Left – Particle size distribution profile and optical image for budesonide and formoterol fumarate 
dihydrate combination particles (PXLB045-80-E1) 
 
The engineered particles (B/N: PXLB045-80-E1) were characterised by scanning electron microscopy to 
assess particle morphology and particle size distribution by laser diffraction. Scanning electron micrograph 
of UMAX

®
 engineered combination drug particles of BDS/FFD is shown in figure 1. The SEM image of 

combination BDS/FFD drug particles indicates particles with high morphological uniformity. 
 

 
 

Figure 2 Reference Raman spectra for BDS (green) and FFD (blue) – 532 nm 
 

While the ground mix samples PXLB045-176-A1 and PXLB045-176-A2 were prepared by accurately 
weighing the required proportion of each API, the drug concentration in co-processed UMAX

®
 sample 

PXLB045-80-E1 was determined by the HPLC. The HPLC analysis confirmed high uniformity, in which the 
RSD of each drug was less than 5 %. Reference spectra were collected from several regions of the pure 
BDS and FFD species. Data was collected using 532 nm laser excitation. The reference spectra shown in 
figure 2 were used to generate Raman spectral library for RCI processing using an Ingredient-Specific 
Particle Sizing analysis method [12] where the shape of the entire reference spectra are used to match each 
pixel spectrum. High quality matches are scored high and correspondingly given brighter image values 
creating API-specific binary image. 



 

 
Raman analysis of the sample indicates that the material is well mixed (as shown in figure 3c) with repeat 
traces of Raman spectra of co-processed UMAX

®
 sample PXLB045-80-E1 showing high homogeneity and 

reproducibility. Whereas, the Raman spectra of ground mix samples (figure 3a and 3b) clearly shows the 
variability in spectral traces, confirming non-homogeneity of the samples. Once the formoterol is 
incorporated into the crystal structure of budesonide particle, the overall Raman scattering of the particle is 
mainly due to the budesonide signal (API present in higher concentration), which explains lack of cyan in the 
UMAX

®
 binary mask image (figure 3c) and further supports the uniformity conclusion, i.e., no stand-alone 

FFD particle is detected, rather the FFD Raman signal is co-registered in RCI with BDS signal. 
 
The RCI has been used to critically analyse mixed API powders to understand the distribution and chemical 
identity of species present. RCI combines the chemical specificity of Raman spectroscopy with digital image 
processing to evaluate the morphology of a target API. The presence or absence of the API within individual 
particles can be determined by the Raman spectral features characteristic for the drug.  Spectral shifts as 
small as 2 cm

-1
 can be detected; therefore, RСI can determine polymorphic and hydrated forms of a 

pharmaceutical as well. Raman images are easily generated based on Raman peak position, intensity and 
shape matching of the reference spectra from the pure materials. Thresholding is used in conjunction with 
spectral consideration to optimise the binarization of RCI specific to different species. The results show the 
ability to understand material interaction and understand differences which may not be expected. This can 
further aid in understanding the multicomponent system to improve effectiveness. 

 

 
 

Figure 3a Left -Raman spectra for sample PXLB045-176-A1 ground mix (BDS:FFD 100: 6) within region of 
interest (ROI), Right – 2 Binary mask image for BDS (green),  FFD (blue), and mixture (cyan) particles for 
PXLB045-176-A1 
 

 
 

Figure 3b Left -Raman spectra for sample PXLB045-176-A2 ground mix (BDS:FFD 100: 40) within region of 
interest (ROI), Right – 2 Binary mask image for BDS (green), FFD (blue), and mixture (cyan) particles for 
PXLB045-176-A2 

 

 
 

Figure 3c  Left -Raman spectra for sample PXLB045-80-E1 UMAX
®
  (BDS:FFD 100: 6) within region of 

interest (ROI), Right–2 Binary mask image for BDS (green),  FFD (blue), and mixture (cyan) particles for 
PXLB045-80-E1 
 



 

A final API-specific particle image was analyzed for particle number and size based on Equivalent Circle 
Diameter, the diameter of a circle that would have the equivalent area as the particle (figure 4). 
 

 
 

Figure 4a API (FFD) PSD statistics in DPI samples based on Equivalent Circle Diameter 
 

 
 

Figure 4b API (BDS) PSD statistics in DPI samples based on Equivalent Circle Diameter 
 

Conclusions 
 

The area of inhaled combination is exciting and potentially offers patients the best therapy options for 
pulmonary disease. Currently the main aim is to provide combination product that should simplify the 
disease management for patients and improve compliance. Preparation of engineered combination particles 
with high homogeneity presents unique opportunity to deliver actives in required ratio and helps to overcome 
the problems of dose variability observed with typically available commercial micronized actives mixture. 
Raman Chemical Imaging has shown that both active ingredients of the engineered combination particles 
are intimately co-associated, which should facilitate improved and consistent delivery of each active 
ingredient and, importantly, enhanced synergy at the molecular and cellular level. 
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