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A B S T R A C T   

A correlative, multiscale imaging methodology for visualising and quantifying the morphology of solid dosage 
forms by combining ptychographic X-ray computed nanotomography (PXCT) and scanning small- and wide- 
angle X-ray scattering (S/WAXS) is presented. The methodology presents a workflow for multiscale analysis, 
where structures are characterised from the nanometre to millimetre regime. Here, the method is demonstrated 
by characterising a hot-melt extruded, partly crystalline, solid dispersion of carbamazepine in ethyl cellulose. 
Characterisation of the morphology and solid-state phase of the drug in solid dosage forms is central as this 
affects the performance of the final formulation. The 3D morphology was visualised at a resolution of 80 nm over 
an extended volume through PXCT, revealing an oriented structure of crystalline drug domains aligned in the 
direction of extrusion. Scanning S/WAXS showed that the nanostructure is similar over the cross section of the 
extruded filament, with minor radial changes in domain sizes and degree of orientation. The polymorphic forms 
of carbamazepine were qualified with WAXS, showing a heterogeneous distribution of the metastable forms I and 
II. This demonstrates the methodology for multiscale structural characterization and imaging to enable a better 
understanding of the relationships between morphology, performance, and processing conditions of solid dosage 
forms.   

1. Introduction 

Efficient delivery of the drug substance is essential to achieve and 
maintain the intended therapeutic effect of a medication. Oral drug 
delivery is the most common route due to ease of administration, cost- 
effectiveness, and high patient compliance, but it also sets re
quirements on the dosage form to preserve the functionality of the drug 
throughout the biological system, e.g., dissolution in gastrointestinal 
fluids (Liu et al., 2015). Consequently, the formulation needs to ensure 

that the intended therapeutic effect is reached by controlling the drug 
distribution, by stabilising the intended solid-state phase of the drug, 
and reaching the target drug release profile. 

For solid dosage forms, structure and morphology often play a crit
ical role in establishing the performance of the drug delivery system. 
Solid dispersions are one example where the drug is dispersed in a sta
bilising polymeric carrier to improve the solubility of the drug 
(Govender et al., 2020; Pandi et al., 2020; Schittny et al., 2020). Here, 
the extent of mixing between the drug and the polymer is critical to 

Abbreviations: PXCT, ptychographic X-ray computed nanotomography; S/WAXS, small- and wide-angle X-ray scattering; DSC, differential scanning calorimetry; 
XRD, X-ray diffraction. 
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hinder phase transformation or recrystallisation and degraded perfor
mance both during storage and dissolution (Baghel et al., 2016). Phar
maceutical coatings are another example where the morphology can be 
used as a direct method for controlled release and the connectivity, 
tortuosity and domain size are directly linked to the release rate (Habel 
et al., 2016; Marucci et al., 2013). A third example are solid dosage 
forms prepared for preserving a specific polymorph of a drug where the 
solid-state phase is of importance, e.g. for formulations presenting large 
variations in dissolution characteristics for different polymorphs (Flor
ence, 2010; Sanabria Ortiz et al., 2019). Moreover, the selected pro
cessing method for the dosage form can have a large impact on 
structures formed during the preparation step. One manufacturing 
process that continues to grow in importance for solid dispersions in 
pharmaceutical industry is hot-melt extrusion, where the raw materials 
are fed into a heated barrel containing a single or two rotating screws 
(Alzahrani et al., 2022; Butreddy et al., 2021; Deshmukh et al., 2020; 
Repka et al., 2018; Tiwari et al., 2016). The exposure to the heat from 
the barrel and the shear and elongational forces from the rotating screws 
melt, mix and convey the material towards a die where it is ejected. 
Depending on the processing conditions, structures and heterogeneities 
may form in this process, which can have an impact on the properties of 
the formulation (Duan et al., 2020). To be able to engineer and optimise 
the performance of solid dosage forms, it is important to understand the 
connection between performance and morphology, and how it relates to 
the preparation process. A first step in establishing this is to characterise 
the morphology in depth across multiple length scales to provide insight 
into how it relates to important properties of the formulation such as 
physical stability and release rate. 

A wide variety of analytical techniques have traditionally been used 
to investigate heterogeneities and determine the solid-state phase in 
pharmaceutical dosage forms. These include differential scanning 
calorimetry (DSC) (Baird & Taylor, 2012), powder X-ray diffraction 
(PXRD) (Rumondor et al., 2009; Takeuchi et al., 2015), solid state nu
clear magnetic resonance (ssNMR) (Lefort et al., 2004; Pindelska et al., 
2015), infrared (IR) (Rumondor & Taylor, 2010), and Raman spectros
copy (Luebbert et al., 2018). These techniques can all capture the state 
of the drug and shed some light on mixing and de-mixing. Yet, to fully 
understand the morphological properties and their impact on product 
performance, there is a need for direct visualisation over extended 
sample volumes. However, imaging of pharmaceutical formulations can 
be challenging as the density and chemistry of the components are often 
similar, which creates difficulties in obtaining sufficient contrast. Inva
sive characterisation methods, such as fluorescence spectroscopy with 
fluorescence agents, or partial leaching of specific phases (Fager et al., 
2020a; Purohit et al., 2017; Purohit & Taylor, 2015, 2017; Tian et al., 
2016), can be used to enhance the contrast. However, this can induce 
changes to the solid-state phase and/or the morphology, which com
plicates the analysis. For three-dimensional imaging, focused ion beam - 
scanning electron microscopy (FIB-SEM) has been used for pharma
ceutical coatings by consecutive imaging during serial sectioning (Fager 
et al., 2020a). FIB-SEM imaging provides high resolution, but the 
sectioning may introduce artefacts. In addition, the technique remains 
challenging for poorly conducting and soft materials, such as pharma
ceutical formulations (Fager et al., 2020b). 

Another useful three-dimensional characterisation technique is X-ray 
computed tomography, allowing for non-destructive imaging of the 
interior volume of a sample. This technique has been applied to solid 
dosage forms for non-destructive characterisation of the interior struc
ture and morphology (Gamble et al., 2021; Vijayakumar et al., 2023) 
and for non-destructive identification of drug polymorphs in solid 
samples (Yamamoto et al., 2021). Ptychographic X-ray computed 
nanotomography (PXCT) is a tomography method based on image 
reconstruction from coherent X-ray scattering that provides an image of 
the quantitative electron density distribution in samples with diameters 
of tens of micrometres at resolutions approaching tens of nanometres 
(Dierolf et al., 2010; Pfeiffer, 2018). PXCT is a sensitive technique for 

resolving small contrast variations, which is especially important for soft 
or biological materials, such as pharmaceutical samples, which have 
small electron density variations. As an example, previous PXCT results 
have shown the capability of the method for distinguishing water and oil 
in food emulsions, resolving contrast variations as small as 0.04 e/Å3 

(Nielsen et al., 2016). For pharmaceutical applications PXCT have 
recently been used for quantifying the morphology and electron density 
of nanofibrillated cellulose hydrogels (Koivunotko et al., 2021) and 
aerogels (Merivaara et al., 2022) reaching 3D resolutions of 80–120 nm. 

In this study, PXCT is combined with scanning small- and wide-angle 
X-ray scattering (S/WAXS), the latter also known as μXRD, to establish a 
workflow for multiscale characterisation for evaluating structure and 
morphology of solid dosage forms in three dimensions. Scanning S/ 
WAXS is an imaging method where a focused X-ray beam is used to 
spatially resolve the scattering of a sample. With this technique, a 
sample is scanned through the focused beam, collecting a scattering 
pattern in each scan point in order to derive information on the nano
structure distribution over a sample (Arboleda et al., 2019; Giannini 
et al., 2014; Rodriguez-Palomo et al., 2021). The methodology is here 
applied to a partly crystalline solid dispersion of carbamazepine in ethyl 
cellulose prepared through hot-melt extrusion to demonstrate the 
capability of spatially resolving the distribution and composition of 
different phases in the sample and determining the polymorphic form of 
the drug. Fig. 1a and b shows a schematic overview of the two tech
niques and examples of analysis results obtained from them in this work. 
To be able to use the combination of PXCT and scanning S/WAXS in a 
correlative manner, it is necessary that there is an overlap between the 
length scale probed by SAXS (1–500 nm) and the resolution of the 
nanotomography (80 nm). This enables a direct correlation between the 
morphology revealed with nanotomography and the statistical infor
mation on nanostructures probed by SAXS. An overlap is also set be
tween the beam and step size in the scanning S/WAXS (25 μm), and the 
volume imaged in the nanotomography (d = 50 μm). This approach 
bridges the length scales investigated by the two methods, as illustrated 
in Fig. 1c, and enable a multiscale characterisation from the nanometre 
to millimetre scale. 

2. Methods 

2.1. Preparations of melt extruded filaments 

Carbamazepine was obtained from AstraZeneca, ethyl cellulose 
(EthocelTM Standard 45 Premium) was supplied by Dow. Carbamaze
pine powder and ethyl cellulose powder were physically mixed in a 5 g 
batch with 50% w/w carbamazepine content. The mixture was fed via a 
hopper into the barrel of a 5 mL capacity Xplore micro compounder 
(Xplore Instruments BV) with two co-rotating conical mixing screws and 
a circular die of 1.5 mm in diameter. The barrel temperature was set to 
180 ◦C to be well above the glass transition temperature of the polymer 
while low enough not to induce thermal degradation. A neat ethyl cel
lulose filament was extruded at a temperature of 150 ◦C as a reference. 
Prior to the X-ray measurements the extruded filaments were stored 
under ambient conditions for 1 month. 

2.2. Differential scanning calorimetry (DSC) 

DSC measurements were carried out using a TA Q1000 instrument. A 
piece of the filament (~5 mg) was weighed and put in a hermetically 
sealed aluminium pan. An empty pan was used as a reference. Helium 
and nitrogen were used as purge gases for the sample chamber at a flow 
rate of 50 mL/min. All samples were initially cooled to 0 ◦C and 
measured by heating to 200 ◦C, 2 min isotherm at 200 ◦C, cooling to 
0 ◦C, 2 min isotherm at 0 ◦C, followed by a second heating step to 200 ◦C. 
The heating and cooling rates were kept at 10 ◦C/min. 
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2.3. Ptychographic X-ray computed nanotomography (PXCT) 

PXCT is a quantitative, high-resolution imaging technique that 
combines the phase reconstruction method of ptychography with 
tomographic imaging to resolve the electron density distribution in 
three dimensions (Dierolf et al., 2010). In X-ray ptychography, a 
confined, coherent illumination of typically a few microns is used to 
raster scan the sample in such a way that the illuminated areas partially 
overlap. At each scanning position, coherent diffraction patterns are 
recorded in the far field, and iterative phase retrieval algorithms are 
used to reconstruct the complex-valued transmissivity of the sample, 
with both phase and amplitude contrast (Pfeiffer, 2018). To prepare a 
50 μm sized cylindrical sample of the carbamazepine dispersion needed 
for the PXCT, a lathe system, Preppy, developed at the cSAXS beamline, 
was used for mechanical milling (Holler et al., 2020). A small part of the 
extruded strand was glued to an OMNY pin (Holler et al., 2017) and a 
pillar was milled from the centre of the extruded strand. To protect the 
sample from elevated temperatures during milling, the drill was 
enclosed in a cryogenic chamber cooled by liquid nitrogen. The setup for 
the sample preparation is shown in Figure S1 in the supplementary 
information. 

PXCT measurements were performed at the cSAXS beamline (X12SA) 
at the Swiss Light Source, Paul Scherrer Institut (Switzerland) under 
cryogenic conditions using the OMNY-setup (Holler et al., 2018), to 
mitigate structural changes caused by radiation damage. The illumina
tion was defined on the sample with a photon energy of 6.2 keV using a 
coherently illuminated Fresnel zone plate with locally displaced zones, 
which makes an optimised illumination for ptychography (Odstrčil 
et al., 2019b). The beam size on the sample was about 8 μm and the flux 
was about 108 photons/s. Ptychographic scans were made over a field of 
view of 70 × 12 μm2 (horiz × vert) with a step size of 2 μm to provide an 
overlap between neighbouring illuminated regions. At each scanning 

position diffraction patterns were collected with an acquisition time of 
0.025 s with an in-vacuum Eiger 1.5 M detector. The detector was placed 
about 7.2 m downstream of the sample inside an evacuated flight tube. 
The ptychographic scans were collected at equally spaced angles from 
0◦ to 180◦ generating 1600 projections for the tomographic recon
struction. The total acquisition time for this specimen was ~10 h, 
imparting a dose of ~1.2 × 107 Gy on the specimen, estimated as the 
surface dose assuming a material composition of C20H38O11 (Howells 
et al., 2009). The absence of significant radiation damage was confirmed 
by the similarity of two reconstructed sub tomograms of the first and 
second half of the sampled dataset. PtychoShelves and the cSAXS Matlab 
package were used for ptychographic and tomographic reconstructions 
(Guizar-Sicairos et al., 2011; Odstrčil et al., 2019a; Wakonig et al., 
2020). Ptychographic scans were reconstructed using the difference map 
algorithm (Thibault et al., 2009) followed by a maximum likelihood 
optimisation (Thibault & Guizar-Sicairos, 2012). The tomographic 
reconstruction was performed using a filtered back projection algo
rithm. The resolution was determined to 79 nm by Fourier shell corre
lation (FSC) using the half-bit criterion (van Heel & Schatz, 2005). 

2.4. Image analysis of PXCT data 

The reconstructed volumes were further processed in the image 
processing software ImageJ and Avizo. To reduce salt and pepper noise 
in the reconstructed tomogram a mean averaging filter with a kernel 
diameter of three pixels was applied in ImageJ. After filtering, seg
mentation was performed using interactive thresholding. Three phases 
were manually identified by the electron densities and morphology in 
the sample and were used to interactively set the threshold values for 
segmenting the three phases and from the processed image stack, 3D 
renderings were visualised using Avizo. 

Fig. 1. Schematic diagram of the correlative X-ray imaging methodology with combined PXCT and scanning S/WAXS applied to an extruded filament, demonstrating 
the steps from sample preparation and experimental setup to results. a) For PXCT the extruded filament is prepared as a small cylinder and measured with pty
chographic tomography as explained in detail in section 2.3. From this, the three-dimensional electron density distribution is reconstructed, and morphological 
properties such as domain size and connectivity can be retrieved. b) For scanning S/WAXS, the entire extruded filament is sectioned in thin slices as well as measured 
over an intact piece of filament. With a scanning procedure, the scattering from the sample is spatially resolved over the full field of view of the filament. Each 
scattering pattern is analysed to generate an image where each pixel represents a property derived from the scattering pattern, such as domain size or dominating 
polymorphic form. c) Length scales covered by the described experimental methods, bridging the analysis of structures from sub-nanometre to millimetre scale. The 
lower, hatched S/WAXS scalebars represent the length scale of the structure and morphology characterised by the individual scattering techniques while the full, 
upper scalebars represent the scale of the imaging of these characteristics by the scattering techniques. 
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2.5. Scanning small- and wide-angle X-ray scattering (scanning S/ 
WAXS) 

SAXS and WAXS/XRD are statistical analysis techniques where the 
scattering signal of a sample is an average of all scatterer elements in the 
volume illuminated by the X-ray beam. SAXS can be interpreted using 
different models to extract information on nanostructures in the sample, 
whereas WAXS/XRD provides information in the Ångström length scale 
and thus provides information on degree of crystallinity as well as on the 
crystal structure, i.e., differentiation between polymorphs. In scanning 
S/WAXS, a focused X-ray beam is used to probe a smaller volume of the 
sample in each measurement, this technique is also known as micro- 
XRD. By also scanning the sample through the beam, the scattering of 
the sample is spatially resolved allowing for images to be created where 
each pixel contains the information from an individual scattering 
pattern from each scanning position (Bunk et al., 2009; Fratzl et al., 
1997). To prepare the samples for scanning S/WAXS the extruded 
samples were embedded in epoxy and cut into 25 μm thin slices 
perpendicular to the direction of extrusion. The slices were cut with a 
thickness matching the step size of the scanning S/WAXS measurement 
so that each pixel in the scattering image originates from the scattering 
elements contained in a volume of 25 μm3. The cross section was 
mounted using Kapton tape and an intact filament was directly attached 
to the sample holder to probe the scattering from both directions, 
perpendicular and parallel, to the extrusion direction (Fig. S2). 

Scanning S/WAXS measurements were performed at the cSAXS 
beamline (X12SA) at the Swiss Light Source, Paul Scherrer Institut 
(Switzerland). The X-ray beam (photon energy of 11.2 keV) was focused 
to a spot size of approximately 25 × 25 μm2. An evacuated flight tube 
was placed between the sample and the detectors to reduce air scattering 
and absorption. Scattering patterns were simultaneously measured 
using a Pilatus 2 M detector for SAXS and a Pilatus 300 k oriented as a 
vertical strip placed below the sample for WAXS with a sample to de
tector distance of approximately 7.1 m for SAXS and 0.6 m for WAXS. 
The samples were mounted on a motorised stage and scanned with a step 
size of 25 μm and an exposure time of 0.1 s. 

2.6. Processing of scanning S/WAXS data 

The two-dimensional scattering patterns were radially integrated to 
retrieve one-dimensional scattering curves with the cSAXS scanning 
SAXS package developed by the CXS group, Paul Scherrer Institut 
(Switzerland). The same package was used to perform orientational 
analysis (Bunk et al., 2009). Guinier analysis was used to fit the inte
grated SAXS curve to extract a characteristic size of drug domains in the 
polymer matrix by computing the radius of gyration, Rg. A combined 
Guinier-Porod model (Hammouda, 2010), was applied to fit the curve 
using a Gaussian size distribution with σ = 15 for the radius of gyration. 
Batch processing in the SASfit program (Breßler et al., 2015) was used to 
compute the fitting for the scattering curves in each pixel. An average 
real space domain size can be estimated from the radius of gyration, and 
here an approximation of R = √2 Rg was applied for estimating the 
radius of the cross section of thin rods of homogenous density (Ham
mouda, 2010). To compute the polymorph distribution over the cross 
section, the peak intensity was extracted of the characteristic peaks at 
8.7 nm− 1 and 9.4 nm− 1 for the two polymorphic forms I and II (Grzesiak 
et al., 2003) from each pixel and the ratio between them was plotted in 
Matlab to generate a map over the polymorphic content. 

3. Result and discussion 

3.1. Thermal analysis 

Thermal analysis was performed to make an initial evaluation of the 
heterogeneity and solid-state phase of the drug in the solid dispersion. 

Fig. 2 shows the DSC curves from the first heating scans of the dispersion 
of 50% w/w carbamazepine in ethyl cellulose and the extruded neat 
ethyl cellulose reference. The second heating scans can be found in the 
supplementary information (Fig. S3). Ethyl cellulose is a semicrystalline 
polymer and shows a glass transition at approximately 130 ◦C and a 
broad melting endotherm at 180 ◦C in agreement with previous reports 
in literature (Mahnaj et al., 2013). The broad endotherms between 60 
and 100 ◦C seen in both extruded samples are attributed to a loss of 
environmentally absorbed moisture in the extrudate. The thermogram 
from the carbamazepine in ethyl cellulose dispersion shows two glass 
transition temperatures at approximately 53 ◦C and 130 ◦C, and a broad 
melting endotherm with onset temperature of 140 ◦C and peak tem
perature of 183 ◦C. The two glass transition temperatures are close to 
those of neat carbamazepine (56 ◦C (Li et al., 2000)) and ethyl cellulose 
(130◦), indicating non-mixed carbamazepine and ethyl cellulose. The 
melting endotherm is found at a temperature around that of neat car
bamazepine (in the range 175–190 ◦C for the four common polymorphs 
(Pinto et al., 2014) (Fig. S3)) and the melting temperature of ethyl 
cellulose. The large area of the melting peak indicates a large fraction of 
crystalline carbamazepine, and the shape of the endotherm shows that 
there are interactions between the drug and polymer, which both lower 
and broaden the observed melting endotherm compared to the neat drug 
polymorphs. Hence, no information on the polymorphic form of the drug 
crystallites can be derived directly from the thermal response. 

3.2. Visualisation and quantification of morphology 

Fig. 3 shows the tomography results of the dispersion of carbamaz
epine in ethyl cellulose with 2D slices extracted from the reconstructed 
3D volume perpendicular (Fig. 3a) and parallel (Fig. 3b) to the direction 
of extrusion. Carbamazepine rich domains with higher electron density 
show up as bright regions, whereas the ethyl cellulose rich regions show 
up as dark, i.e., lower density. From these slices it is evident that the 
dispersion is heterogeneous with the drug mainly distributed over the 
sample in smaller domains elongated in the extrusion direction with a 
diameter of just a few 100 nm. In addition, some larger aggregates up to 
a few microns in size can also be observed. Additional images from the 
sample volume can be found in the supplementary information (Fig. S4) 
and a video of the structures throughout consecutive slices (Supp. Video 
S1). 

To quantify the composition of different domains and determine 
their sizes and connectivity, a segmentation of phases in the sample into 
different regions is needed. PXCT is a quantitative imaging technique 
that resolve electron densities, which can be directly correlated to the 
mass densities with high accuracy when the stoichiometries of the ma
terials are known (Diaz et al., 2012). This makes it intrinsically possible 

Fig. 2. DSC thermograms of extruded filaments of neat ethyl cellulose and 50% 
w/w carbamazepine in ethyl cellulose. 
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to distinguish between different chemical components and between 
polymorphs based on differences in mass densities. However, the ac
curacy of the quantitative value within a pixel and the segmentation of a 
tomography image will always be decided by the data quality in terms of 
signal to noise ratio and the limits of the resolution compared to the size 
of the structures in the sample. Discrepancies in the estimated electron 
density values can therefore arise e.g., if the size of the structures are 
close to the resolution limit or if there exists unresolved porosity. 
Therefor the capability of distinguishing between different polymorphs 
and crystalline and amorphous species are highly sample dependent and 
diffraction is therefore a suitable complement to more accurately 
describe the solid-state form of phases present in the sample. In the 
dispersion used to demonstrate the applicability of PXCT in this study, 
the domains have similar electron densities and some of the resolved 
structures have a size close to the resolution limit of the measurement. 
Therefore, the segmentation was performed with interactive thresh
olding where the threshold limits were selected both based on electron 
density values and morphological properties of the distinguishable 
phases to denote what is determined as crystalline carbamazepine, 
which can be determined directly from the density differences. Deter
mination between different crystalline polymorphs is instead deter
mined by diffraction as described in section 3.3. 

Fig. 4 shows the sample segmented in three phases determined as 
crystalline carbamazepine, ethyl cellulose rich matrix and a mixed phase 
denoted as carbamazepine rich regions, which cannot be characterised 
as either polymer or drug and must therefore consist of a mixture of the 
two. The segmented crystalline carbamazepine has an average electron 
density of 0.40 e/Å− 3 and occupies a volume fraction of 14% in the 
sample, showing that there is also carbamazepine dispersed in the 
sample mixed with ethyl cellulose in amorphous form or in crystalline 
domains below the resolution of the tomography images. The polymer 
rich matrix has an average density of 0.38 e/Å− 3, similar to the reference 
sample of neat ethyl cellulose (Fig. S5), indicating that the dark matrix 
mainly consists of drug free polymer. The average electron density of the 
mixed phase is 0.39 e/Å− 3, which is intermediate of the densities of the 
polymer and crystalline carbamazepine and close to the electron density 

of amorphous carbamazepine (Grzesiak et al., 2003). This also indicates 
that this phase consists of either, or both, amorphous carbamazepine 
and a mixture of the polymer and crystalline carbamazepine. The mixed 
phase can consist of molecularly dispersed carbamazepine or carba
mazepine distributed in domains smaller than the resolution of the 
experiment. The thermal analysis shows that carbamazepine is present 
in both amorphous and crystalline form and therefore it is hypothesised 
that the mixed phase consists of both amorphous and crystalline car
bamazepine dispersed in the polymer with a domain size below the 
resolution of the measurement (80 nm). 

Fig. 5 and supplementary Video 2 shows volume renderings of the 
crystalline carbamazepine and carbamazepine rich regions in the 
dispersion, visualizing the three-dimensional structure of drug domains. 
With the 3D images it becomes evident that the elongated domains are 
not only elongated in the direction of extrusion but also twisted around 
the centre of the sample in a spiral configuration. This also underlines 
the importance of three-dimensional imaging for understanding the full 
morphology in terms of connectivity, tortuosity, and orientation. The 
oriented spiral pattern is attributed to the shear and elongational forces 
that the sample is exposed to by the rotating screws and barrel walls 
during the extrusion process. The formation of oriented structures can 
further be related to a high melt viscosity of the dispersion due to the 
high drug concentration and selected processing temperature. The ori
ented structure also suggests that the phase separated drug domains are 
present already in the extrusion process and that the high drug con
centration hinder the carbamazepine from being fully dispersed in the 
ethyl cellulose matrix. When the mixture is extruded and cooled down to 
room temperature, it passes the glass transition temperature of the 
mixture which locks the structure in place and thus in the previously 
induced orientation. 

3.3. Solid-state phase and domain distribution 

To extend the analysis to the full size of the filament and investigate 
the distribution of nanostructures over the millimetre scale and evaluate 
the solid-state phase of the drug, scanning S/WAXS were performed on 
the filaments. Fig. 6a shows WAXS curves selected from two different 
positions marked in a cross section of the extruded filament in the 

Fig. 3. Tomography slices extracted from the reconstructed 3D volume a) 
perpendicular and b) parallel to the direction of the extrusion. Brighter regions 
correspond to carbamazepine rich domains and darker to polymer 
rich domains. 

Fig. 4. Segmentation of the three phases in the reconstructed volume of car
bamazepine in ethyl cellulose dispersion. Crystalline carbamazepine is shown in 
white, the ethyl cellulose matrix in black, and the mixed phase of carbamaze
pine and ethyl cellulose in grey. 
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scanning WAXS image in Fig. 6b. The scattering curves show sharp 
peaks from crystalline carbamazepine on an amorphous background 
from ethyl cellulose and potential amorphous carbamazepine. An 
amorphous phase will present a broad, low-intensity scattering curve 
without the presence of sharp peaks indicating crystallinity in the 
sample. WAXS therefore has a high detectability for small fractions of 
crystallinity. Prior to extrusion the carbamazepine powder was in form 
III, as confirmed with WAXS (Fig. S6), which is the most stable poly
morph at room temperature (Grzesiak et al., 2003). The lack of pro
nounced peaks in the region of 10 to 13.5 nm− 1 shows that the crystal 
structure of carbamazepine was transformed from form III into meta
stable polymorphs during the extrusion process. The WAXS peaks are 
used to identify the polymorphic content which shows that the crystal
line carbamazepine is present as a mixture of mainly two polymorphs, 
form I and form II. The black bottom curve in Fig. 6a illustrates the 
WAXS signal from a region dominated by form I, identified by the 
characteristic peaks at 6.7, 8.7, 9.3, 9.9, and 14.2 nm− 1 (Grzesiak et al., 
2003). The black top curve in Fig. 6a instead shows the WAXS signal 
from a region dominated by form II with increased intensity of the 
characteristic peaks at 6.2, 9.4, and 14.3 nm− 1 (Grzesiak et al., 2003). 
This means that during the extrusion process the solid-state phase of the 
carbamazepine changes, either due to melting or dispersion, and the 

metastable forms I and II are stabilised within the ethyl cellulose matrix 
at extrusion. 

To illustrate the spatial distribution of the polymorphic forms, the 
ratio between the most pronounced peaks characteristic for each of the 
two phases, 8.7 and 9.4 nm− 1, are plotted for each pixel in Fig. 6b. 
Regions with higher content of form I are shown in bright and regions 
with higher content of form II in dark. The cross section of the extruded 
filament shows different domains dominated by the different poly
morphs in a symmetric pattern around the centre of the filament. One 
explanation for this pattern could be the formation of different flow 
patterns for different viscosities in different regions of the extruder 
barrel, caused from an effect of variable heat distribution. It has been 
shown previously that form I is the most stable polymorph at elevated 
temperatures, and at temperatures between 160 and 190 ◦C all poly
morphs transform into form I (Grzesiak et al., 2003). A variable heat 
distribution could therefore explain the heterogeneous distribution of 
the two polymorphs. 

Fig. 7a shows a SAXS curve extracted from the centre of the same 
cross section measured with WAXS. The SAXS curve shows a broad 
shoulder in the low q-region centred around 0.025 nm− 1. The shoulder is 
followed by a decay in the intensity proportional to a power law of q-3.7 

in accordance with Porod’s law for surface scattering from nearly 

Fig. 5. Volume renderings of the crystalline (lighter green) and carbamazepine rich domains (darker green) in the extruded solid dispersion, constructed from the 
tomography data. Sub-volumes are shown for ease of interpretation. 

Fig. 6. a) WAXS curves from a sample region of predominately form I (bottom black curve) and from a region where form II dominates (top black curve). Theo
retically calculated XRD spectra for the two mentioned polymorphs are shown in grey below the sample curves. b) Scanning WAXS image showing the intensity ratio 
of the characteristic peaks for form I and II at 8.7 and 9.4 nm− 1, respectively, computed in each pixel. 

M. Olsson et al.                                                                                                                                                                                                                                 



International Journal of Pharmaceutics 642 (2023) 123200

7

smooth particles (Hammouda, 2010). The shape of the SAXS curves has 
a high similarity throughout the sample, indicating a similar structure 
over the cross section of the filament. The peak at 0.67 nm− 1 corre
sponds to the epoxy material used for the embedding to cut the thin cross 
sections and is not related to the structure of a component in the sample. 

The shoulder around 0.025 nm− 1 indicates that there are structures 
in the sample with a length scale of ~2π/0.025 nm− 1 = 250 nm. The 
PXCT revealed that the crystalline carbamazepine domains are distrib
uted in domains of approximately 250 nm, giving strong support that 
this shoulder originates from carbamazepine domains. To derive a 
characteristic domain size from the SAXS curve in each pixel, a Guinier- 
Porod model was applied to estimate a radius of gyration of the carba
mazepine domains. Fig. 7b shows the computed radius of gyration for 
each scan position over the cross section and reveals minor changes in 
the radius of gyration with smaller domains towards the edge of the 
filament. The radius of gyration varies between 80 and 95 nm, which 
can be converted to a domain size of ~230-270 nm. These results agree 
well with the structures revealed with tomography where a volume 
equal to 2 × 2 pixels in the scanning SAXS image is probed. The cor
relation between the two measurements therefore strongly supports that 
a morphology similar to the one resolved with tomography (on a 50 µm 
sample from a filament) can be expected throughout the cross section of 
the filament and confirms the presence of drug domains with a 

characteristic size of ~230-270 nm throughout the dispersion. The 
constant power law decay at higher q shows no direct evidence for 
smaller domains with a distinct size, favouring the hypothesis that the 
mixed phase consists of dispersed carbamazepine in ethyl cellulose or 
amorphous carbamazepine and not crystallites of smaller size than the 
resolution of the tomography experiment as discussed in section 3.2. 

3.4. Orientation analysis 

Scanning SAXS is also an efficient method for evaluating structural 
orientations in a sample. The anisotropy in a two-dimensional scattering 
pattern is related to sample orientation, making it possible to compute 
both the preferred angle of oriented structures and its degree of orien
tation, as a relative measure of the amount of orientation in different 
parts of the sample. Fig. 8 shows the degree of orientation and the angle 
of orientation computed for each pixel in the scanning SAXS image 
perpendicular (top) and parallel (bottom) to the direction of extrusion. 
The orientations are derived from the asymmetric intensity in the q- 
range of the shoulder, at 0.014 to 0.050 nm− 1, corresponding to the 
scattering from carbamazepine domains. Fig. 8a shows the degree of 
orientation where domains with stronger orientation is shown in bright. 
Fig. 8b shows the angle of orientation in the sample where the orien
tation angle is illustrated by the hue of the colour wheel and the colour 

Fig. 7. a) Saxs curve extracted from the centre of the cross section. the curve is fitted with a guinier-porod model to derive a characteristic radius of gyration of 
carbamazepine domains. b) Scanning saxs image showing the derived radius of gyration, computed in each pixel. 

Fig. 8. a) degree of orientation derived from 
the asymmetry of the saxs pattern, computed 
in each pixel. higher degree of orientation is 
shown in bright. b) angle of orientation 
derived from the preferred orientation of the 
saxs pattern. the hue of the colour wheel il
lustrates the angle of orientation, while the 
intensity of the colour is scaled with the 
asymmetric scattering intensity, high
lighting regions with stronger orientation. 
the scanning saxs images show the cross- 
sectional view, perpendicular to the extru
sion direction (top), and the parallel view in 
the direction of extrusion over the intact 
filament (bottom). orientations are 
computed in the q-region 0.014 to 0.050 
nm− 1, corresponding to the scattering from 
carbamazepine domains.   
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intensity scales with the asymmetric scattering intensity, highlighting 
regions with stronger orientation. To guide the eye, arrows are added 
next to the colour wheel illustrating the conversion of hue to domain 
orientation. 

Fig. 8a shows that the extruded filament has a high degree of 
orientation of carbamazepine domains in the direction of extrusion 
(bottom). In the centre of the cross section (top) the degree of orienta
tion is low with higher degree of orientation towards the edge of the 
filament. Fig. 8b shows that the carbamazepine domains are orientated 
along the direction of extrusion (bottom) as well as twisted around the 
centre of the filament (top), similar as the orientations resolved in the 
nanotomography. However, the low degree of orientation in the centre 
of the sample contrasts with the nanotomography results that shows a 
spiral orientation in the centre of the filament. The reason for the 
discrepancy is attributed to the statistical method of the scattering 
technique which averages all orientations along the thickness of the 
sample. The probed sample volume in SAXS is 253 μm3, corresponding to 
the pixel size times the thickness of the cross section. Within this volume 
there are multiple changes to the orientation, as can be observed in the 
volume reconstruction of the carbamazepine domains in Fig. 5, which in 
SAXS cannot be individually resolved. Therefore, this leads to less 
asymmetric scattering and a lower degree of orientation. The higher 
degree of orientation towards the edge of the filament is believed to be a 
consequence of the shear forces that the mixture is subjected to from the 
walls of the extruder die, resulting in a stronger more homogenous 
alignment within a pixel in the sample closer to the extruder walls. 

3.5. Application and possibilities for pharmaceutical development. 

In the development of solid dosage forms the structure of different 
components, their domain size and distribution are key for the func
tioning, physical stability of the compound and for the performance of 
the drug product. The dissolution properties of the final formulation give 
phenomenological information but limited knowledge on the origin and 
the link to structure and morphology. To better understand this, 
spatially resolved characterisation and imaging can aid to elucidate re
lations between the structure, morphology and properties and how it 
connects to the processing. The presented methodology captures two 
major important characteristics for the analysis of solid dosage forms, 
spatially resolved characterisation of the morphology and the solid-state 
phase of the pharmaceutical ingredient. Often pharmaceutical in
gredients are polymorphic in nature which can have a strong effect on 
dissolution rate and hence the absorption rate and bioavailability of the 
pharmaceutical compounds. Information on the morphology, such as 
network properties, connectivity and frequency distribution of shape 
and size of pores and particle sizes can largely impact dissolution and 
disintegration and provide insights into processibility challenges, if 
encountered in producing the dosage form. To characterise these prop
erties in depth, the correlative use of imaging and scattering have 
complementary advantages. Nanotomography provides a direct image 
of the 3D morphology visualising structures with high resolution in a 
smaller sub-volume of the sample. On the other hand, scanning S/WAXS 
efficiently probes nanoscale structures and the solid-state phase over 
larger regions, generating images with a pixel resolution on the micron 
scale containing information extracted from the scattering of the sample. 
By using a correlative approach through the combination of the two 
techniques, multiscale structural analysis can be conducted, bridging the 
length scales investigated in the two methods. This can provide essential 
information of the characteristics of a solid dosage form for pharma
ceutical industry and in the development of new pharmaceutical dosage 
forms. 

4. Conclusion 

This study introduced a workflow for non-destructive, multiscale 
characterisation of the structure and morphology of solid dosage forms 

by combining ptychographic nanotomography and scanning S/WAXS. 
By using a correlative approach through the combination of the two 
techniques, multiscale structural analysis was conducted by bridging the 
length scales investigated in the two methods. The methodology was 
demonstrated by characterising a hot-melt extruded solid dispersion of 
carbamazepine in ethyl cellulose which showed a strong link between 
the distribution of drug domains in the filament and the extrusion pro
cess. The results also show a spatial inhomogeneity of different poly
morphs of carbamazepine which can be correlated to the extrusion 
process. This work illustrates how imaging the morphology can enable a 
better understanding of the origin and formation of structures in solid 
dosage forms during processing and explain heterogeneous mixtures. By 
applying the described methodology in the development of pharma
ceutical dosage forms, particularly those where the solid-state phase of 
the drug is critical to performance, a deeper understanding of relation
ships between processing conditions, morphology, and physical prop
erties of the formulation can be achieved. Upon establishing this, 
properties of a formulation can be tuned by controlling the morphology 
of solid dosage forms in the development of new drug delivery systems. 
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