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A B S T R A C T   

Dry powder inhalers (DPI) are important for topical drug delivery to the lungs, but characterising the pre- 
aerosolised powder microstructure is a key initial step in understanding the post-aerosolised blend perfor-
mance. In this work, we characterise the pre-aerosolised 3D microstructure of an inhalation blend using 
correlative multi-scale X-ray Computed Tomography (XCT), identifying lactose and drug-rich phases at multiple 
length scales on the same sample. The drug-rich phase distribution across the sample is shown to be homoge-
neous on a bulk scale but heterogeneous on a particulate scale, with individual clusters containing different 
amounts of drug-rich phase, and different parts of a carrier particle coated with different amounts of drug-rich 
phase. Simple scalings of the drug-rich phase thickness with carrier particle size are used to derive the drug- 
proportion to carrier particle size relationship. This work opens new doors to micro-structural assessment of 
inhalation powders that could be invaluable for bioequivalence assessment of dry powder inhalers.   

1. Introduction 

Although COVID-19 has brought respiratory illness to the forefront 
of public interest, for many people chronic respiratory diseases are a 
way of life. There are an estimated 339 million asthma suffers world-
wide [1], with approximately 1000 worldwide deaths per day. Chronic 
Obstructive Pulmonary Disease (COPD) is estimated to become the third 
leading cause of death by 2030 while chronic lower respiratory disease 
(mainly COPD) is the third leading cause of death in the USA [2]. For 
long term patients of chronic respiratory diseases, daily inhaled medi-
cations are a way of life, and access to low-cost portable therapies is 
vital. 

An important part of the development of lower cost generic products 
is demonstrating pharmaceutical equivalence and bioequivalence (BE) 
between the generic developmental and reference products [3]. BE is 
defined as the absence of significant difference in the rate and extent to 
which the active pharmaceutical ingredient(s) (API) reaches the site of 

drug action, when the same dose is administered under similar condi-
tions [4]. For systemically acting drugs, BE is typically measured using 
pharmacokinetic (PK) studies, comparing the maximum plasma con-
centration (Cmax), time taken to reach this maximum (tmax), and the total 
plasma concentration over time (AUC) between the test and reference 
products [5]. However, PK studies alone have limited use in BE assess-
ment for locally acting drugs since the drug is delivered directly to the 
site of action [6–10] without the need for systemic circulation. For 
instance, topical formulations are applied directly to the skin and 
inhaled therapies are inhaled straight to the lungs. Instead of relying on 
PK studies alone, the US Food and Drug Administration (FDA) uses a 
weight of evidence approach, combining in-vitro, PK, pharmacody-
namic (PD) and clinical studies to demonstrate BE for locally acting drug 
products. At the same time, alternative pathways to demonstrate BE are 
being explored. 

The FDA introduced the idea of microstructural equivalence (Q3) to 
differentiate between formulations possessing different internal spatial 
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arrangements of the same components (Q1) in the same concentrations 
(Q2). For topical formulations, Q3 microstructural assessment has 
allowed direct comparison between products which are Q1 and Q2 
equivalent, and thus it is a vital tool in demonstrating BE [6]. Inhaled 
therapies have additional complexity since patient-device-formulation 
interactions to aerosolise the product have a significant influence on 
the microstructure of the aerosolized product, alongside manufacturing 
and formulation processes [11]. Price et al. [12,13] recently pioneered 
the use of morphology-direct Raman spectroscopy (MDRS) orthogonally 
alongside in-vitro dissolution testing to detect subtle differences in post- 
aerosolised dry powder inhaler product (DPIs). However, the link be-
tween the pre-aerosolisation and the post-aerosolisation microstructures 
critically remains unknown. Understanding the pre-aerosolised formu-
lation microstructure and its influence on product performance is vital 
for the Q3 assessment of inhaled DPI formulations. 

There are a wide variety of powder characterisation techniques to 
measure size, shape and chemical mapping, however many require 
aerosolising or disturbing the powder. For instance laser diffraction can 
measure the particle size distribution of powder, but requires full aer-
osolisation or dispersion in a liquid medium. Microscopy methods 
(electron or optical) are often used to assess shape, but these too require 
dispersion of the powder onto a slide. Recently, X-ray Computed To-
mography (XCT, with a primer available in [14]) has emerged as a useful 
technique for examining powder-beds, allowing assessment of the 
powder bed density, particle size, particle shape and inter-crystal in-
teractions without disturbing the powder arrangements [15–19]. The 
introduction of X-ray optical elements has increased the resolution of 
laboratory XCT systems, with these particular instruments known as “X- 
ray microscopes” due to their similarity with light microscopy methods 
[20–23]. Previously we have shown how micro-XCT on such in-
struments can be used to characterise α-lactose monohydrate, a common 
excipient in inhalation formulations [16]. Inhalation powder blends are 
more complex due to the addition of fine material in the size range 1 μm 
to 5 μm required for inhalation, which also have similar densities to the 
excipient lactose. This presents a strong challenge to both the resolution 
and contrast of laboratory micro-XCT systems. 

A second challenge arises from the multiple length scales of interest 
for inhalation blends, with the fine material (e.g. API particles) typically 
having a size less than 5 μm but the carrier lactose lying in the size range 
50 μm to 150 μm. Micro-scale XCT (micro-XCT) is well suited for pow-
ders of the size range greater than 50 μm [15,16], however the fine 
material is very close to the limit of resolution of this technique. On the 
other hand, nano-scale XCT (nano-XCT) can be used for characterising 
powders closer to 1 μm in size [24], but would be unsuitable for the 
larger particles since the maximum field of view is typically less than 60 
μm. This challenge of multiple length scales is not unique to XCT, with 
laser diffraction lenses also able to work well at either of the size scales, 
but not both simultaneously. Recently, correlative tomography has 
emerged as a valuable tool for combining information from imaging at 
different length scales [25,26], but as yet, has not been applied to 
analyse powder samples. 

In short, the characterisation of pre-aerosolised inhalation powders 
remains an unresolved but important question for understanding the 
performance of inhalation medicines. Despite wide interest in XCT as a 
potential technique for answering this question, its applicability to 
inhalation powders remains to be demonstrated. To this end, we char-
acterise the pre-aerosolised 3D microstructure of a representative 
inhalation blend using multi-scale and correlative XCT, revealing the 
drug-excipient distribution from bulk-powder scales to individual clus-
ters within the powder sample. This workflow establishes a method for 
comparing between and within formulations. 

2. Materials and methods 

2.1. Raw materials 

Inhalation grade alpha lactose monohydrate (true density 1.54 g cm- 

3), namely Lactohale 100 was donated by DFE Pharma (Germany), 
whilst micronised Fluticasone Proprionate (micFP, true density 1.37 g 
cm-3) was purchased from Coral Pharma (India). 

2.2. Scanning Electron Microscopy (SEM) 

SEM was used for the investigation of particle morphology. The 
powders were deposited onto adhesive carbon tabs (Agar Scientific 
G3357N), which were pre-mounted onto aluminium stubs (Agar Scien-
tific JEOL stubs G306). Samples were then sputter coated with gold 
(Quorum SC7620) for 1 min to achieve a thickness of around 30 nm, 
with images acquired using a JEOL 5700 scanning electron microscope. 
For the raw material, the microscope was operated at 20 kV. Images 
were acquired at 100× magnification for LH100 and 500× magnifica-
tion for micFP. For the blend, the instrument was operated at 10 kV with 
images acquired at 50×, 200× and 350× magnifications. Note that the 
micFP used in the SEM images was stored at 0% relative humidity. 

2.3. Laser diffraction 

Particle size measurements were performed on a Sympatec HELOS/ 
RODOS Laser Diffraction (LDA) unit, equipped with the ASPIROS 
dispersing system (dispersing aperture diameter 4 mm, feed velocity 25 
mm/s) (Sympatec GmbH, Clausthal-Zellerfel, Germany). The R5 lens 
(measuring range 4.5 μm to 875 μm) was used for both the coarse lactose 
and the blend whilst the R2 lens (measuring range 0.45 μm to 87.5 μm) 
was used for micFP. The relative humidity for storage of micronised FP 
was 10%. In brief, powder was filled into the ASPIROS glass vials and 
was dispersed via vacuum suction at 0.2 bar, with measurements 
collected in triplicates. Particle size distributions (PSDs) were calculated 
using the Fraunhofer theory and were analyzed using the WINDOX 
5.3.1.0 software. Results correspond to the mean value of the replicate 
measurements. 

2.4. Blend preparation 

A representative inhalation blend was created with Lactohale 100 as 
the lactose carrier and 10% w/w micFP as the API fines. This is equiv-
alent to 11.1% V/V. The blend was prepared in a Hosokawa high shear 
mixer fitted with a Picomix module. The lactose carrier was first mixed 
for 1 min at 1000 rpm, after which the API fines were added and the 
mixture was mixed for an additional minute at the same rotation speed. 

2.5. X-ray Computed Tomography (XCT) data acquisition 

2.5.1. Micro-XCT 
The blend powder was placed in a 2 mm diameter Kapton tube 

sample holder [27], with a small segment of paper glued to the top of the 
tube to act as a lid. The powder was XCT scanned in a Zeiss Xradia Versa 
520 XRM instrument, which is a polychromatic, cone-beam, cabinet 
based laboratory micro-XCT instrument. A voltage of 40 kV and a power 
of 3 W were used, with a source to sample distance of 9.0 mm and a 
sample to detector distance of 8.5 mm. 1601 projections were acquired 
using a 20× objective lens with an exposure time per projection of 12.5 s 
and 2× camera binning. The effective pixel size was 0.68 μm. The pro-
jections were reconstructed into a virtual volume through the pro-
prietary Zeiss Reconstruction software on the XRM instrument, using the 
FDK algorithm for cone-beam tomography [28]. 

2.5.2. Nano-XCT 
Unblended micFP was loaded into a 500 μm diameter Kapton tube 
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sample holder [27], with a paper lid glued to the top of the tube. The 
sample was mounted and XCT scanned in a Zeiss Xradia Ultra 810 XRM 
instrument, which is a laboratory nano-XCT microscope operating at a 
photon energy of 5.4 keV. The source operates at 35 keV and 0.9 kW. As 
the sample was rotated through 180◦, 1001 projections were collected 
using an exposure time of 60 s and 2× camera binning, using the Zernike 
phase contrast mode. The effective pixel size was 0.129 μm. The indi-
vidual projections were reconstructed into a virtual volume using the 
proprietary Zeiss Deep Recon Pro software, using a deep learning based 
neural network reconstruction algorithm [29]. The reconstructed vol-
ume has reduced noise and image artefacts compared with a filtered 
back projection reconstruction algorithm [29,30]. 

2.5.3. Correlative XCT 
Blend powder was loaded into a 250 μm diameter Kapton tube 

sample holder [27], with a paper lid glued to the top of the tube. The 
sample was mounted in a bespoke instrument mount that was designed 
for easy transfer of samples between Zeiss Xradia Versa XRM and Zeiss 
Xradia Ultra XRM instruments. The sample was first micro-XCT scanned 
in a Zeiss Xradia Versa 520 XRM instrument, using a coarse resolution of 
3.65 μm to cover the entire sample (scan 1). Higher resolution micro- 
XCT scans at 0.74 μm were then performed at several regions of inter-
est, including one covering the top of the metallic pin within the sample 
mount (scan 2) and another within the bulk of the powder (scan 3). All of 
these micro-XCT scans on the Zeiss Versa XRM instrument had source to 
sample and sample to detector distances of 10 mm and 8.5 mm 
respectively, camera binning of 2× and 1601 projections acquired as the 
sample was rotated through 360◦. The remaining micro-XCT scan details 
are provided in Table 1. The raw projections were converted to virtual 
volumes as in Section 2.5.1. The sample was then transferred to a Zeiss 
Xradia Ultra 810 XRM instrument, taking care to minimize any powder 
disturbance. Several nano-XCT scans were acquired, including at the top 
of the metallic pin and within the powder bed. Compared to the micro- 
XCT scans, the nano-XCT scans were at a higher resolution but over a 
smaller region of interest. The nano-XCT scan settings are provided in 
Table 2. The raw projections were converted to virtual volumes as in 
Section 2.5.2. 

2.6. Image analysis 

2.6.1. Micro-scale data 
A single slice through the raw, unprocessed micro-XCT virtual vol-

ume of the blend is shown in Fig. 1A. The virtual volume for the blend 
was first processed with the proprietary phase removal filter PhaseE-
volve (Zeiss Microscopy, CA), which removes phase fringes and reveals 
the underlying subtle differences in absorption, as can be seen in Fig. 1B. 
A short explanation of the physics behind this filter is provided by 
Andrew et al. [29] with the effect of the filter illustrated in the supple-
mentary material. This phase-filtered volume was then loaded into 
Avizo 2020.2 (Thermo Fisher Scientific, France) for further image pro-
cessing using built in modules sequenced as a Tcl script. The image was 
cropped to an internal cylindrical region of interest, before segmenting 
into air, drug-rich and carrier lactose phases using a 3-phase automatic 
Otsu thresholding algorithm [31], as shown in Fig. 1C. The local 
thickness of the drug-rich phase (Fig. 1D) was calculated using the 
thickness map algorithm [32], which, for each voxel, calculates the 
maximum radius of a cylinder centred at that voxel completely enclosed 
within the drug-rich phase (Fig. 1E). Intermediate volume files and 

statistics produced by Avizo were wrangled using Matlab to produce 
data that could be further processed using the opensource statistics and 
data science language R [33], version 4.1.3. All of the final statistics 
were wrangled and visualised using R, including the total percentage of 
drug-rich phase and lactose within the entire analysis volume, and the 
distribution of drug-rich phases thicknesses across all of the identified 
drug-rich voxels within the volume. The percentages of drug-rich phase 
and lactose within each slice were also calculated, using a sliding mean 
over 30 μm to smooth over the arbitrary virtual slicing of the powder 
bed. 

The blend powder bed was also split into individual clusters (con-
taining drug-rich phase, lactose and air) by first filling all holes and then 
using a standard watershed based separation algorithm [34,35]. The 
strength of the split parameter was calibrated by visual inspection to 
prevent under- or over-splitting, as well as comparing the resultant size 
distribution with results from laser diffraction. The clusters touching the 
edge of the analysis cylinder were removed, with 329 clusters remaining 
for further analysis. The clusters in the visualised slice are shown in 
Fig. 1F. The clusters were filtered before further analysis with those 
clusters having a maximum thickness less than 2.04 μm (3× the effective 
pixel size) removed, leaving 119 clusters. 

For analysis of each cluster, the total volume of the cluster, as well as 
the volumes of the respective drug-rich, air & lactose phases within each 
cluster were determined. The diameter of a sphere with a volume 
equivalent to the total volume of the relevant phase was calculated (i.e. 
the equivalent spherical diameter). The lactose volume measurement is 
the sum total of lactose within the cluster, and therefore the lactose 
equivalent diameter cannot distinguish between whether there is a 
single lactose crystal or multiple lactose crystals within the cluster. The 
volumes for each phase within each cluster were used to calculate the 
proportions of the drug-rich phase and lactose. 

A selection of distribution statistics (minimum, maximum, mean, 
median and quantiles) for the drug-rich phase thickness within each 
cluster were calculated. Additionally, the minimum (Euclidean) distance 
of each drug-rich phase voxel within a cluster from the cluster boundary 
was calculated, with the distribution statistics summarised for each 
cluster. Similarly, the minimum (Euclidean) distance of each drug-rich 
phase voxel within a cluster from the lactose phase calculated (irre-
spective of whether the lactose is within the cluster or outside), with the 
maximum such distance summarised for each cluster. 

Additional 2D and 3D visualisation was performed in Dragonfly Pro 
4.1 (Object Research Systems, Canada). 

2.6.2. Nano-scale data 
The virtual volume was loaded into Dragonfly Pro 2020.1 (Object 

Research Systems, Canada) for visualisation. 

2.6.3. Correlative data 
All of the correlative micro-XCT and nano-XCT datasets were loaded 

Table 1 
Scan parameters for correlative micro-XCT scans performed on the Zeiss Xradia Versa 520 XRM instrument.  

Scan Description Objective magnification Voltage (V) Power (W) Exposure Time (s) Effective pixel size (μm) 

1 Coarse full-field of view 4× 80 7 0.5 3.65 
2 ROI pin 20× 110 10 6 0.74 
3 ROI powder 20× 40 3 12.5 0.74  

Table 2 
Scan parameters for correlative nano-XCT scans performed on the Zeiss Xradia 
Ultra 810 XRM instrument.  

Location Camera binning Projections Exposure time (s) Pixel size (μm) 

Pin 2× 801 60 0.129 
Powder 2× 801 60 0.129 
Powder 1× 1601 150 0.064  
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into Dragonfly Pro 2020.1 for alignment and visualisation. The pin was 
used as a point of reference to convert the micro-XCT datasets to the 
same coordinate system as the nano-XCT datasets, with further fine 
alignment performed manually by matching common features (e.g. 
lactose to drug-rich phase interfaces) within scans. 

2.7. Modelling the drug-rich phase fraction 

A mathematical relationship linking the fraction of drug-rich phase 
to the thickness of the drug-rich phase was derived in the following 
manner. By definition, the drug-rich fraction for a cluster is the pro-
portion of the total cluster volume which comprises the drug-rich phase. 
The volume of the cluster can be written as 4

3 πr3
cluster, where the equiv-

alent spherical diameter dcluster = 2rcluster. Similarly the total volume of 
lactose within a cluster can be written as 43 πr3

lactose, with the equivalent 
lactose spherical diameter dlactose = 2rlactose. Since rcluster⩾rlactose, say that 
rcluster = rlactose + x, where x is the thickness of the drug-rich phase. It is 
assumed that x is related to the amount of lactose in a cluster, i.e. x =

f(rlactose) for some function f, thus the fraction of drug-rich phase is given 
by (1). 

Drug-rich  phase  fraction =
(rlactose + x)3

− r3
lactose

(rlactose + x)3 (1)  

3. Results 

3.1. Raw material characterisation 

The raw materials used in the blend are shown in Fig. 2. Visually, 
both the SEM and XCT images show the different length scales and 
textures of the carrier LH100 lactose (Fig. 2A) and micFP (Fig. 2B). The 
LH100 comprises individual particles approximately 100 μm in size, 
with a characteristic tomahawk lactose shape [16,27,36], whilst the 
micFP comprises a very fine powder of the order of microns in size. 
These differences in length scales are also evident in the laser diffraction 
size distribution summarised in Table 3. The nano-XCT images in Fig. 2B 
also show the cohesive nature of micFP, with many small particles (light 
regions) grouped closely together with small air pockets in between 

(dark regions) forming regions of high drug density. This cohesive na-
ture can also be seen in the SEM image in Fig. 2B as small clusters with 
high drug density, but the dispersion in SEM preparation means that the 
distance between the clusters is greater than for XCT, where the powder 

Fig. 1. One individual micro-CT slice taken from the virtual volume, viewed in different ways: (A) Raw data; (B) after phase filtering; (C) colour washed with 
segmentation of lactose (dark-blue) and drug-rich (light-blue) phases; (D) colour washed with only rich-phase phase; (E) local thickness map of the drug-rich phase; 
(F) colour washed with individual separated clusters. Particles labelled (a) and (b) in (F) refer to the clusters with the two example structures detailed in Fig. 9. 

Fig. 2. (A) LH100 carrier lactose and (B) micronised FP represented as SEM 
images (top), virtual 2D slices through the XCT virtual volume (middle) and 
XCT volume renderings (bottom). Note the different scales for the two mate-
rials, with XCT data acquired by micro-XCT and nano-XCT in (A) and (B) 
respectively. 
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is imaged in its native state without any additional dispersion. 

3.2. Bulk powder characterisation 

Table 4 shows the void fraction to be 35% with Fig. 3A showing 
variations in powder density (and thus void fraction) as a function of 
height through the packed powder sample. This is lower than previous 
micro-XCT measurements for tabletting grade lactose and for LH100 
[16], highlighting that the blend has a more compact packing. The small 
variations in powder volume are due to different sized particles. 

The d50 and d90 particle size measurements in Table 3 show that the 
size of the blend is only slightly larger than raw LH100, showing that the 
addition of micFP has not significantly altered the particle size distri-
bution. Laser diffraction measurements were performed at the lowest 
practical dispersion pressure (0.2 bar) in an attempt to maintain the 
native agglomeration state of the powder during measurement for 
comparison to the powder bed XCT size distributions. The full size dis-
tribution is shown in Fig. 3B. Although dispersed at 0.2 bar, there is still 
a small tail of fine particles at the left of the distribution, showing that 
some fine drug particles have been separated during the measurement. 
This separation of fine particles also means the d10 value in Table 3 is 
lower for the blend compared to LH100 alone. The size distribution 
measured by micro-XCT has a maximum peak at a much smaller size, 
with a second peak around 100 μm; however this second peak is likely to 
be an artefact of the very small number of particles considered. Previous 
work [16] showed micro-XCT to report smaller particle sizes since it is a 
fully 3D technique measuring the actual volume of non-spherical par-
ticles. This contrasts with laser diffraction that calculates an equivalent 
sphere diameter based on the diffraction angle of incident laser light. 
Fig. 3C shows the distribution of cluster sizes across the height of the 
sample. Although the smaller-sized particles and drug-containing clus-
ters are distributed fairly equally across the height, larger clusters are 
concentrated towards the middle of the sample. Any large cluster lying 
closer to the top or bottom is likely to cross the boundary of the analysis 
cylinder, and hence would be only partially imaged. These particles are 
thus excluded from the analysis. 

3.3. Microstructural characterisation of the blend 

The raw micro-XCT data and phase-filter processed data in Figs. 1A, 
B show two distinct phases, with a less dense layer surrounding more 
dense particles. The difference in density was sufficient to allow 
thresholding into the separate phases in Fig. 1C, with the identified 
micFP-rich phase shown in Fig. 1D. The correlative XCT datasets allow 
further examination of these identified phases, with the full micro-scale 
field of view shown in Figs. 4A, B. The corresponding region of interest 
of the same sample imaged using nano-XCT is shown with the blue box 

in Fig. 4. At micro-scale resolution, there are clearly three greyscale 
phases as shown in Fig. 4C, but the nano-XCT virtual slice of the same 
region shows that the drug-rich phase (micFP) has a very similar powder 
texture to raw micFP (Fig. 2B). At the high resolution, this phase can be 
seen to comprisedrug particles and air pockets that are of similar length 
scales, and hence is referred to as the ‘drug-rich’ phase. Thus the nano- 
XCT slice confirms the greyscale segmentation of the micro-XCT data 
into lactose, drug and air phases. 

Table 4 shows the number of identified voxels in the micro-XCT data 
for each phase, and their proportion of the total volume and powder 
volume. The total volume of drug-rich areas identified by micro-XCT is 
quantified at 17% of the powder volume, which is higher than the 
proportion of drug within the blend (10% w/w and 11.1% V/V). A 
possible explanation for this discrepancy is partial volume effects. As can 
be seen in Fig. 4D, the drug-rich phase contains both drug particles and 
air, and thus the identified drug-rich volume is greater than the actual 
volume of drug particles alone. Fig. 3B shows that the drug-rich region 
to lactose ratio is fairly consistent throughout the height of the powder 
bed. 

Fig. 5 shows 3D visualisations of the blend from micro-XCT. Fig. 5A 
shows a 3D cutaway visualisation of the blend, with the drug-rich phase 
coloured according to its thickness as calculated using the thickness 
algorithm [32], whilst Fig. 5B shows the same 3D cutaway with each 
cluster given a different random colour. SEM images of the same blend 
(at a different time point after blending) are shown in Fig. 6. At the 
lowest resolution (Fig. 6A), it is not possible to distinguish the drug from 
the carrier lactose. The intermediate magnification (Fig. 6B) shows ev-
idence of the micronised FP coating the lactose carrier, although not all 
facets are visible for all particles. The highest resolution (Fig. 6C) shows 
this coating in higher detail, with individual drug particles identifiable. 
The cluster in the middle of the latter image (marked by a white arrow) 
appears to indicate an aggregated structure comprised of several lactose 
particles with micronised drug particles. However, the view is obscured 
by the micronised drug coating the surface of the cluster as well as the 
image being only two-dimensional, so it is not possible to determine the 
exact structure. 

The distribution of the local thickness of the drug-rich phase 
throughout the micro-XCT analysis region is shown in Fig. 7. Three 
quarters of the voxels have a thickness less than 2.5 μm, whilst the mean 
thickness is 1.9 μm. This indicates that a significant fraction of the 
blended API has formed a tightly packed coating around the larger 
’carrier’ lactose particles. There are also a number of voxels with 
thicknesses greater than 5 μm (distribution outliers), with a small 
number displaying thicknesses greater than 10 μm. This is consistent 
with the presence of larger drug agglomerates that possess a large vol-
ume of the powder bed within a given cluster region. 

3.4. Microstructural characterisation of individual clusters 

The individual separated clusters are shown 2-dimensionally and 3- 
dimensionally in Figs. 1F and 5B respectively. Quantitative assessment 
of each of the clusters is shown in Fig. 8. Fig. 8A shows that as the 
amount of lactose in each cluster increases (expressed as the increase in 
the volume-equivalent sphere diameter of lactose), the mean thickness 
of the drug-rich phase across the cluster also increases. Although there is 
variation in the data, a linear model provides an adequate description 
(Table 5), with tight confidence intervals on the fitted parameters. The 
adjusted R-squared for the fit was 0.60. Note that the mean thickness for 
the drug-rich phase calculated over the entire analysis region (without 
cluster information), shown with the dotted line, overestimates the 
thickness; this is because larger clusters contribute a greater number of 
voxels to the overall mean. 

Fig. 8B shows that the proportion of drug-rich phase in each cluster is 
also related to the amount of lactose in each cluster. Clusters that are 
large, as they contain a large total volume of lactose, have smaller 
proportions of drug-rich phase. There are some very small clusters 

Table 3 
Size distribution of raw micronised FP and raw lactose from laser diffraction.  

Material Size measurement (μm)  
d10 d50 d90 

Raw LH100 59 135 226 
Raw micFP 5 23 37 
10% micFP blend 48 140 231  

Table 4 
Bulk statistics for 3 identified phases (air, lactose and drug-rich measured by 
micro-XCT). The volume of one voxel is equal to one pixel cubed (0.683μm3).  

Phase Number of voxels 
(millions) 

Percentage of total 
volume (%) 

Percentage of powder 
volume (%) 

Air 138 35 - 
Lactose 210 54 83 
Drug- 

rich 
42.6 11 17  
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containing almost 100% drug-rich phase which correspond to fines-only 
clusters; however if there is lactose in a cluster then the drug-rich phase 
proportion is below 50%. Eq. (1) together with the linear thickness 
model of Table 5 is able to capture this inverse relationship between 
amount of lactose and drug-rich phase proportion, and provides a much 
better description than a scaling using a constant thickness. In brief, the 
largest clusters are composed primarily of lactose, and even though large 
clusters contain the smallest proportion of drug-phase, they possess the 
greatest drug-phase thickness. 

Although the simple mathematical scaling provides a good descrip-
tion, there is variation between the clusters. Fig. 8C also shows that there 
is variation across a cluster, with the upper 10% of thicknesses in a single 
cluster having a range of up to 7 μm. The maximum thickness is below 
10 μm, with only a single cluster (labelled ‘b’ and maximum thickness 
12.5 μm) having a maximum thickness greater than this limit. Fig. 8D 
shows that as the amount of the lactose increases, the maximum distance 
of the drug-rich phase from the cluster boundary also increases, 
although the figure also shows the variation in this parameter across the 

clusters. For clearer visualisation of the trends, Figs. 8C and 8D presents 
only the range 90%-100% for each cluster of both the distribution of 
thicknesses and distribution distances of the drug-rich phase from the 
cluster boundary. The full distributions are presented in the Supple-
mentary Material, in Figures S3C and S3D. The cluster size is itself 
directly proportional to the lactose volume it contains (Supplementary 
Material Figure S3A), although this provides no indication as to whether 
a cluster contains a single large crystal or aggregates of smaller lactose 
crystals within its cluster volume. 

Visual inspection (Figs. 1F and 5B) shows that there are a number of 
different structures with some clusters containing a single lactose crystal 
whilst others contain multiple lactose crystals with regions of air in- 

Fig. 3. (A) Total volume fractions of drug-rich phase, lactose and air as a function of height, showing proportion of powder which is lactose and which is drug-rich. 
(B) Powder size distribution for the blend as measured by laser diffraction at 0.2 bar (black) and micro-XCT (dark blue). (C) Relationship between cluster ’particle’ 
size and height. Clusters labelled (a) and (b) refer to the two example structures detailed in Fig. 9. 

Fig. 4. A comparison of the lactose and drug-rich regions through correlative 
XCT: (A) A virtual vertical slice through the entire sample scanned with micro- 
XCT with the region of interest for nano-XCT marked in blue; (B) A 3D 
rendering of the entire sample, from micro-XCT. The region of interest for nano- 
XCT is marked in blue; (C) Micro-XCT data zoomed to the region of interest; (D) 
Corresponding correlative nano-XCT of the region of interest. 

Fig. 5. 3D virtual cutaway visualisations of the blend from micro-XCT: (A) 
Visualisation with the drug phase coloured according to its local thickness. The 
color scale is the same as in Fig. 1E. (B) Visualisation of the analysed clusters 
using a separate random colour for each cluster. The entire blend is shown in 
the background as semi-transparent. 
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between. Two example structures are illustrated in Fig. 9: Structure (a) 
contains a single large lactose crystal having a classical tomohawk 
shape, with a second small lactose crystal attached to one of the faces; 
Structure (b) contains many lactose crystals that have a range of sizes. 
These 3D visualisations also suggest that the distribution of drug-rich 
phase across a lactose is heterogeneous, with the drug-rich phase 
concentrated in certain “drug-rich” parts of a cluster whilst other parts of 
clusters are “drug-poor”. 

Fig. 8E shows that the maximum distance from lactose of the drug- 
rich phase in each cluster generally increases with the amount of 
lactose in each cluster, before saturating at a distance of ≈ 37 μm. 
Although structures (a) and (b) are very different, containing differing 
amounts of lactose, the drug-phase in each structure has a very similar 
maximum distance from the lactose phase. It can also been seen that the 
drug-rich clusters (containing very small proportions of lactose) show 
large variation in the maximum distance from lactose, with a range that 
is nearly as large as all of the remaining clusters. In summary, these data 
demonstrate that the small drug-rich clusters have low drug-thickness 
but may have large distances from lactose voxels (indicating drug ag-
glomerates not associated with carrier), while big clusters contain large 
volumes of lactose that are co-associated with regions of thick drug- 
phase. In order to ascertain whether a cluster represents a drug-only 
agglomerate or carrier-associated drug phase, it is therefore necessary 
to consider all of the metrics of thickness, drug phase proportion and 
distance from lactose voxels as a function of the lactose content of the 
cluster. 

4. Discussion 

An important part in understanding the microstructure of dry- 
powder inhaler (DPI) formulations is the ability to characterise the 
pre-aersolised powder. In this study, we have demonstrated how high 
resolution X-ray computed tomography (XCT) can be used to analyse 
DPI powders, without any disturbance or dispersion. Using micro-XCT, 
we revealed the 3D spatial distribution of phases (air, lactose and 
drug-rich phase) across a model inhalation DPI blend, with correlative 
nano-XCT used to validate the phase identity. Although it is accepted 
that API concentrations as high as 10% w/w are uncommon in marketed 
inhaled products, DPI blends typically contain 10-20% of fine particles 
when the mass of API and intrinsic or extrinsic carrier fines (e.g. 
micronized lactose) are combined. For this reason 10% w/w of micFP 
was employed as a single component of fines within the blend for the 
current study. The 3D spatial information allowed the lactose-drug 
relationship to be analysed at multiple scales, from the bulk scale 
down to the particulate level. 

Comparing the powder bed with other powders analysed using the 
same micro-XCT technique, the inhalation blend has a higher powder 
volume fraction than L-glutamic acid [15], tabletting grade lactose [16] 
or LH100 alone [16]. This implies that the addition of the drug allows a 
close packing between the individual units within the powder blend. 
Close packing of powder beds with air spaces interstitial to the larger 
carrier particles being occupied by agglomerative masses of extra-fine 
particles has been hypothesized to occur in the DPI carrier blends 
[37], serving as a barrier to air permeation and blend fluidization during 
aerosolization [38]. This work has demonstrated such close packing 
within an undisturbed powder bed. 

Although the material densities of carrier lactose (1.54 g cm-3) and 
the drug fluticasone propionate (1.37 g cm-3) are similiar, it is encour-
aging that there is sufficient contrast on laboratory micro-XCT in-
struments to differentiate between the drug-rich phase and the carrier 
excipient. Micro-XCT cannot by itself identify the chemical species, but 
the first application of correlative XCT to the same sample provides 
validation of the drug-rich phase coating the carrier lactose since the 
drug-rich phase within the blend has a similar texture to nano-XCT of the 
drug alone. Notably, the blending process compressed the drug particles 
into a higher density phase, and this can be seen compared to the nano- 
XCT of the drug alone. The correlative XCT datasets also highlight the 
partial volume effects within the micro-XCT scan, with a single voxel at a 
resolution of 0.68 μm covering both nano-sized drug particles and air. 
Interestingly, the correlative nano-scale image of the blend in Fig. 4D 
reveals distinct cracks within the lactose particles. Cracks were previ-
ously seen in a different lactose grade [24], and work is underway to 
understand whether the orientation of the cracks is a feature of the 
lactose morphology or a result of the crystallisation process, and 
whether the cracks have any influence on blend performance [39]. The 
correlative XCT technique demonstrates how different length scales can 
be analysed simultaneously, and this could provide new 3D insight into 
other pharmaceutical products such as coated granules [40]. 

Whilst there are a number of techniques for exploring inhalation 
formulation microstructure, none of the existing techniques give 3D 

Fig. 6. SEM images of the blend at three different magnifications: (A) 50×; (B) 200×; (C) 350×.  

Fig. 7. Two representations of the distribution of drug-rich phase thickness 
across all identified drug pixels within the analysis region measured by micro- 
XCT: (A) Cumulative frequency; (B) Box plot, with the mean shown as a triangle 
marker and distribution outliers shown as circular point markers with vertical 
jitter to prevent overlap. 
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spatial information. Figs. 5 & 6 compare the XCT method from this study 
with the current imaging standard of SEM, with the XCT results 
demonstrating a new level of detail. First, the XCT technique is able to 
differentiate between the drug-rich and lactose phases, but furthermore, 
it can also visualise both the drug-rich phase thickness (Fig. 5A) and 
individual lactose-drug clusters (Fig. 5B). Furthermore, it provides the 
full spatial relationship of the distribution of the blend components 
throughout the packed powder bed, exactly as it exists in the bulk 
powder. These results are truly 3D in nature, and from a purely quali-
tative view point, provide richer morphological insight compared to 
SEM. For example, although high-magnification SEM in Fig. 6 reveals 
the drug-rich coating, the coating obscures the structure underneath. In 
contrast, Fig. 9 shows visualisations of the lactose structure underneath 
the drug-rich coating. Importantly, XCT data also allows for quantitative 
analysis, with the bulk distribution of drug-rich phase thickness shown 
in Fig. 7 and individual statistics for each cluster shown in Fig. 8. This 
not only provides a high level of scrutiny of the blend microstructure, 
but also provides a means for comparing the microstructure of the 
different powder blends. For example, Fig. 8A and Table 5 show how the 
drug-rich phase thickness scales with the lactose content of the cluster, 
expressed as the equivalent sphere diameter size of the lactose volume in 
the cluster. Studies are ongoing to examine whether this scaling is 
constant for all drug-excipient combinations, or whether the scaling 
changes for depending on the particular API-excipient combination. 

Fig. 8. Individual statistics for each identified cluster, as measured by micro-XCT. Clusters labelled (a) and (b) refer to the two example structures detailed in Fig. 9. 
(A) Relationship between the mean thickness of the drug-rich phase in each cluster and volume of lactose in each cluster. The lactose volume is expressed as the 
equivalent spherical diameter of the cumulative volume in a cluster. Dotted and dashed lines show constant and linear relationships respectively; (B) Proportion of 
identified drug-rich phase within each individual cluster. Dotted and dashed lines are scalings from Eq. (1) using the constant and linear thickness models; (C) Upper 
10% quantile of drug-rich phase thicknesses within the cluster; (D) Upper 10% quantile of distances of drug-rich phase from cluster boundary; (E) Relationship 
between the maximum distance of the drug-rich phase from lactose and the volume of lactose in each cluster. 

Table 5 
Linear regression parameters for the relationship between equivalent 
diameter of lactose in each cluster and mean thickness for the drug-rich 
phase in each cluster measured by micro-XCT.  

Parameter Value (95% CI) 

Intercept 0.71 (0.63, 0.80) 
Slope 0.017 (0.015, 0.020) 
Residual standard error 0.259 
Adjusted R-squared 0.598  

Fig. 9. Two example volume renderings of individual particle structures ob-
tained by micro-XCT for illustration: (a) A single LH100 carrier particle with a 
smaller lactose particle attached to one facet, and micFP adhered to certain 
facets; (b) Several LH100 particles bound together in a single cluster, with 
micFP located in between the carrier particles. The top panels show visual-
isations of the entire cluster, with the drug phase rendered according to its 
thickness using the same colour scale as Fig. 3E, whilst the bottom panels show 
visualisation of only the lactose part of each structure. 
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Inhalation blends are traditionally considered classical examples of 
“ordered mixtures” [41], in which the drug-carrier distribution is 
completely homogeneous. This is despite the fact numerous observa-
tions demonstrate the presence of cohesive drug agglomerates within 
blends, that have limited interaction with the carrier particles [e.g. 
42–45]. Fig. 3A shows the drug-rich phase to lactose ratio to be ho-
mogenous on a bulk scale. The concept behind a theoretical “ordered 
mixture” is specific units where the drug has adhered evenly to the 
excipient. In practise, identification of such units is very challenging 
without powerful visualisation methods. The 3D analysis in this work 
allowed identification of drug-lactose clusters, which were different 
sizes (Fig. 3C) and contain a different proportion of drug-rich phase 
depending on the size of the cluster (Fig. 8C). The cluster size was 
directly proportional to the lactose content of the cluster, and drug-rich 
phase proportion scaled with the volume of carrier. The latter was also 
illustrated by the thickness-lactose size relationship (Fig. 8A), which is 
different to the surface area scaling proposed by Hersey [41]. 

The 3D analysis in this work also allows the carrier to drug-rich 
phase to be visualised and quantified across the entire blend. Rudén 
et al. [46] hypothesised that at low concentrations of fine particles, the 
fine particles fill in crevices in the carrier particles. At higher concen-
trations of fine particles, the fine particles combine at the surface of 
carrier particles causing an increase in the envelope of the aggregated 
particles. Rudén et al. [46] also described that the fines population may 
also exist as ‘free-fines’ without the presence of carrier particles. Both of 
these populations of fine particles were visualised in Fig. 5 and quanti-
fied in Fig. 8. Whilst [46] reported that significant ‘free-fines’ were 
present for concentrations of micronised lactose above 10.9% w/w, 
Fig. 8 shows that for 10% w/w micronised FP, the majority of fine 
particles exist adhered to carrier particles and only a very small popu-
lation of free micronised FP fines exists. This difference in behaviour 
between the micronised FP - carrier blend in this study and micronised 
lactose - carrier blend used in [46] points towards differences in the 
adhesive-cohesive behaviour between the two fines populations. 

Fig. 9 shows that the clusters also possess different structures, with 
some clusters containing single carrier particles (Structure (a)), whilst 
others contain many carrier particles bound together with the drug-rich 
phase (Structure (b)). This demonstrates a level of heterogeneity across 
the sample, challenging the notion of the inhalation blend being an 
‘ordered mixture’. While we have shown the relationship between drug- 
phase thickness and cluster size/lactose content, the metrics do not 
clearly reveal by themselves whether the lactose volume is composed of 
a single large carrier crystal, or multiple smaller crystals in an aggregate 
structure. By interpolating between the metrics of cluster size, lactose 
volume and porosity of the cluster (air volume content shown in the 
Supplementary Material in Supplementary Figure S3B) it does appear 
that clusters composed from agglomerated drug/carrier crystals 
(Structure (b)) can be distinguished from individual carrier particles 
coated with drug (Structure (a)). Machine learning techniques could be 
utilised in characterising each cluster based on the number of carrier 
particles, but such analysis lies outside the scope of this work. As well as 
understanding how these cluster structures form, the information ob-
tained from XCT advocates strongly for the future use of the technique to 
examine the relationship between the presence of these complex cluster 
structures containing multiple carrier particles and the aerosolisation 
behaviour, and thus the performance of the inhalation blend. 

Furthermore, even for single carrier structures, the distribution of 
drug-rich phase across the carrier is not homogeneous. Structure (a) in 
Fig. 9 shows facets pointing out of the page do not contain any drug-rich 
phase, whilst the facets on the left and right of the crystal contain sig-
nificant amounts of drug-rich phase. Understanding the relation be-
tween the drug-lactose binding and the crystal chemistry is invaluable to 
predicting cluster structure formation but also the blend performance 
through predicting the energy needed to detach the drug from the car-
rier. Molecular modelling studies similar to Gajjar et al. [18] and 
Nguyen et al. [19] are currently underway to understand the facet- 

specific drug-carrier binding, and the experimental visualisation in 
this study of the individual units will be invaluable alongside those 
modelling results. 

The maximum distance of the drug-rich phase from the lactose phase 
for each cluster shown in Fig. 8D, showing the maximum distance sat-
urates around 37 μm may also be another characteristic that is depen-
dent on the particular drug-carrier interactions for the blend. This 
statistic provides both micro-, and macro-structural information of the 
blend, indicating how individual clusters are structured, but also how 
the phases within different clusters interact with each other. Such sta-
tistical analysis clearly lends itself to the examination of different blend 
compositions, as it may provide another measure for uniquely identi-
fying particular formulation behaviours. 

One limitation of this study is the small analysis volume. The final 
cylindrical analysis volume, after cropping to remove edge artifacts, was 
0.123 mm3, with 0.066 mm3 of lactose and an identified drug-rich phase 
volume of 0.013 mm3. For content uniformity, the same amount as the 
unit dose of formulation would need to be analysed. Thus, if a similar 
requirement was placed for micro-XCT, a typical 20 mg dose would 
require roughly 1000 samples to be analysed. This is difficult, but 
becoming more feasible with a recent developments in deep learning 
based reconstruction and image analysis methods coupled with de-
velopments on the hardware side to enable automation in sample 
loading and scanning [30]. On the other hand, TOF-SIMS is an imaging 
technique used for quantifying the surface composition and surface 
structure, but as the imaging window is 500 μm × 500 μm at low res-
olution and 50 μm × 50 μm at high resolution, typically only a few 
particles are analysed. Defining acceptable sample volumes for XCT will 
requiring the weighing up of the large time and cost of scanning a 
representative amount of material against the rich blend information 
provided by a single scan. 

Only 119 particles remained in the analysis after excluding particles 
not fully within the analysis cylinder, with larger particles more likely to 
lie across the boundary and thus be removed. This bias is one reason that 
the blend size distribution shown in Fig. 3C shows a higher proportion of 
small particles. Typically, 2000-3000 particles is considered the mini-
mum for a balanced distribution, with the analysis in this study one 
order of magnitude lower. Further studies are needed to validate the 
method across a larger analysis volume and larger number of particles. 
This would be a combination of multiple samples from the same blend, 
multiple regions scanned within the same sample, and larger stitched 
scans covering a larger volume to increase the likelihood of including 
large particles in the analysis. With circa 6 hours needed for each scan, 
the time-per-particle ratio is very high. Further work is needed on the 
instrument-side to reduce this, which may involve a combination of 
hardware improvements and machine-learning approaches to extract 
rich information from more limited data. 

Further work is underway to use this method to assess differences in 
blend composition and blend evolution over time. Furthermore, work is 
underway to examine the relationships between microstructure and 
aerosolization performance. In the current study, we have reported the 
development of the XCT analytical technique and image analytical 
workflows to define metrics for microstructural comparison. Neverthe-
less, it is still necessary to examine the sensitivity of the method to detect 
subtle differences in formulation, or intra- and inter- batch variability. 
Studies are on-going in this area. Having demonstrated the method with 
binary API-lactose blends, it is also essential to examine the sensitivity of 
the method to distinguish between tertiary or still more complex blends 
typically seen in licensed products. Given sufficient data (over many 
blends and replicates), the advancement of AI and machine learning 
techniques may allow deeper evaluation into microstructural differences 
present. This work is a first step in assessing potential metrics for 
microstructural characterisation, and allows human insight into the 
technique that is valuable for designing future studies. 

Overall, despite the limitations, this study demonstrates new 3D 
insight into the microstructure of pre-aerolised DPI powders, and in 
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doing so, opens new doors to bioequivalence assessment of inhalation 
formulations. 

5. Conclusion 

Characterising the pre-aerosolisation powder microstructure of 
inhalation blends is vital for understanding post-aerosolised perfor-
mance. In this study, we have employed novel correlative multi-scale X- 
ray computed tomography to examine the microstructure of an inhala-
tion blend. Carrier lactose and drug-rich regions were identified on a 
micro-scale and validated by comparing against raw drug at nano-scale 
resolution. The drug distribution was analysed from bulk to individual 
cluster scales, showing that whilst drug-lactose proportions are ho-
mogenous on a bulk scale, they are heterogeneous on an individual 
particular scale. A simple linear relationship between the thickness of 
the drug-rich phase and the lactose in a cluster could predict the drug 
proportions of each cluster. In conclusion we report a new analytical 
technique and approach for characterisation of bulk powder micro-
structure in pre-aerosolized formulations for drug delivery to the lung. 
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