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Polina Naidjonoka1, Ana Diaz 6, Mirko Holler 6, Benjamin Watts 6, Anette Larsson2,3,7,
Marianne Liebi 1,6,8 & Aleksandar Matic 1,3,7

Controlling drug release rate and providing physical and chemical stability to the active
pharmaceutical ingredient are key properties of oral solid dosage forms. Here, we demonstrate a
formulation strategy using phase-separated polymer blends where the morphology provides a route
for tuning the drug release profile. By utilising phase separation of a hydrophobic and a hydrophilic
polymer, the hydrophilic component will act as a channelling agent, creating a porous network upon
dissolution that will dictate the release characteristics. With ptychographic X-ray tomography and
scanning transmission X-ray microscopy we reveal how the morphology depends on both polymer
fraction and presence of drug, and how the drug is distributed over the polymer domains. Combining
X-ray imaging results with dissolution studies reveal how the morphologies are correlated with the
drug release and showcase how tuning themorphology of a polymermatrix in oral formulations can be
utilised as a method for controlled drug release.

The ability to control drug release is important for increased therapeutic
effectiveness and patient compliance.Many new drug candidates have poor
aqueous solubility and bioavailability, which presents a challenge in phar-
maceutical development1. Amorphous solid dispersions (ASDs), where the
drug is dispersed in a solid carrier matrix with the aim to stabilise the
amorphous phase, is a common route to improve the dissolution
properties1. In addition, the carriermatrix of theASD can be used to control
the release profile, e.g. provide extendedreleasewith uniformandprolonged
therapeutic effects2. Dual polymer-based matrices for ASDs have gained
interest for the possibility of combining polymers with different properties3,
e.g. a hydrophobic polymer contributing with physical stability and a
hydrophilic polymer providing faster release.

Dual polymerASDs open opportunities from a processing perspective
as they can enable optimisation of flow properties with respect to the
requirements of thermal processing3. Thermal processing presents several
advantages compared to solvent-based methods as it eliminates the risk of
toxic residues and costly andunsustainable drying steps of organic solvents4.

From this perspective, hot melt extrusion (Fig. 1a), has received increased
attention in the pharmaceutical industry as a cost-effective and sustainable
processing alternative for ASDs3–5. In addition, extrusion is a viable pre-step
for additive manufacturing, which presents a high potential for advancing
personalised medicine in pharmaceutical development.6

Phase separation has previously been identified after the extrusion of
dual polymer ASDs, but the utilisation for tailored drug release in oral
dosage forms has not yet been explored3. This study reports on phase-
separated polymer blends in solid dispersions as a route for controlled drug
release. A phase-separated matrix is created using the hydrophilic polymer,
hydroxypropyl methylcellulose (HPMC), and the hydrophobic polymer,
polylactic acid (PLA). PLA matrices are commonly used in implants pro-
viding extended drug release over several weeks7, whereas HPMC has a
swelling releasemechanism and is commonly used in oral controlled release
formulations with drug release over the time scale of hours8. The combi-
nation of these two polymers results in a phase-separated matrix where the
hydrophilic HPMC acts as a channelling agent through the PLA matrix,
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illustrated in Fig. 1b, where the connectivity of the phases plays a crucial role
in the drug release.

To build a mechanistic understanding of the drug release in phase-
separated ASDs, control of the morphology and drug distribution over the
two polymers is required. The synchrotron X-ray imaging techniques pty-
chographic X-ray computed nanotomography (PXCT)9 and scanning
transmissionX-raymicroscopy (STXM)10, Fig. 1c, offer a route to access the
relevant length scales to image the distribution of polymer and drug. PXCT
is a tomography method with high spatial resolution, down to tens of
nanometres, and provides the three-dimensional quantitative electron
density distribution in an extended volume i.e. (10–100)3 μm3. The high
sensitivity for resolving small electron density differences makes it suitable
for characterising phase-separated polymer morphologies11. STXM has the
advantage of providing chemical contrast by coupling imaging with near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy. Tuning the
X-ray energies around the carbon K-edge (280–330 eV), images with che-
mical contrast based on the carbon species are obtained, providing infor-
mation on the distribution of both polymers and drugs in the ASD, with a
resolution of 30 nm within a thin section.

In this work, we demonstrate how the morphology and drug dis-
tribution are related to the release profiles of ASDs of 10 wt% nicotinamide
in matrices with 30/70, 50/50 and 70/30 PLA/HPMC fractions. Nicotina-
mide was selected as amodel drug for the purpose of the study since it has a
high solubility, resulting in dissolution profiles mainly governed by the
release kinetics of the polymer blend. The hypothesis for the current system
was that the drug releasewould occurmainly from theHPMCphase as PLA

does not erode on the time scale of the dissolution experiment, but rather
over multiple weeks7. With a low drug load (10 wt%) of a highly soluble
drug, the drug releasewill be governedby the rate ofwaterpenetration in the
polymer matrix and the diffusion of the drug through the gel layer of the
HPMC. It is, therefore, expected that the morphology plays an important
role in the dissolution speed as the connectivity will be related to theHPMC
phase being wetted, allowing for diffusion of the drug to the dissolution
media. The presenceof a narrow, tortuous network is expected to reduce the
rate ofmass transport of water into the polymermatrix as well as for eroded
polymer to the dissolution media leading to a decreased drug release rate.

Results and discussion
Physical characterisation and dissolution properties of ASDs
The solid-state form of the drug in the dispersions and the presence of
different polymer phases are evaluated using differential scanning calori-
metry (DSC) andX-ray diffraction (XRD).DSC reveals that polymer blends
without drug show a glass transition, Tg, at ~60 °C and cold crystallisation
followed by melting at ~150 °C (Supplementary Figs. 1–3). These are
characteristic features of PLA, suggesting that the two polymers phase-
separated and create distinct PLA- and HPMC-rich phases. The Tg of
HPMC cannot be distinguished in the DSC traces from the polymer blends
since it is much weaker compared to the signatures from PLA. In the ASDs
with 10 wt% nicotinamide (Fig. 2a), Tg of the PLA-rich phase is found at
~50 °C. This shows that the drug is partly dissolved in the PLA and plas-
ticises thepolymer, resulting in a lowerTg

12.DSC results for dispersionswith
only PLA and nicotinamide (Supplementary Figs. 4, 5), show that Tg of the

Fig. 1 | Morphological analysis of phase-separated amorphous solid dispersions.
a Schematic of hot melt extrusion used to create dual polymer ASDs. Polymers and
drugs are melt-mixed and forced through a die by the shear forces of the extruder
screws, producing a solid filament. b Schematic of phase-separated ASDs presenting
two scenarios with different morphology. The hydrophobic polymer (dark blue) and
the hydrophilic polymer (light blue) phase-separate due to their immiscibility.When
exposed to a dissolutionmedium, the water-soluble phase will dissolve, and the drug
(orange) will be released. Two cases of high and low connectivity of the hydrophilic

matrix are depicted. In the case of low connectivity, the bulk of the ASD will not be
hydrated, and a large fraction of the drug will be trapped and not released.
c Schematic of the synchrotron X-ray imaging methods and examples of results
obtained from them. STXM combines imaging and spectroscopy to generate images
with chemical contrast based on the different carbon bonds in the sample. PXCT
images the three-dimensional electron density distribution in the sample, and
morphological properties such as domain size and connectivity can be retrieved.
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PLA-rich phase in the polymer blend is expected to be around 45 °C if the
drugwould be equally distributedover the twopolymers. The slightly higher
Tg (50 °C) found in the ASDs instead suggests that the fraction of nicoti-
namide in the PLA-rich phase is around 5 wt%, showing that the nicoti-
namide favours the HPMC. No melting endotherms from crystalline
nicotinamide were detected and XRD showed broad peaks characteristic of
amorphous systems (Fig. 2b), confirming the stabilisation of amorphous
nicotinamide and the formation of an amorphous solid dispersion. At
higher drug loading (30 wt%) crystallisation of nicotinamide is observed
directly after extrusion, and ASDs could not be successfully obtained.

The drug release profiles of the ASDs were determined by in-vitro
dissolution studies, described in the “Methods” section, which show fun-
damentally different behaviours dependent on PLA/HPMC ratio (Fig. 2c).
The dispersion with 30/70 PLA/HPMC displays an initial burst release and
most of the drug is released after just 1–2 h. The two dispersionswith higher
PLA fractions, 50/50 and 70/30 PLA/HPMC, both show slower and more
extended-release profiles. In the dispersion with 50/50 PLA/HPMC, the
dissolution curve shows a faster initial release that transitions to a slower,
linear-like behaviour after the first hour. The 70/30 PLA/HPMC dispersion
has a very slow, almost linear release profile, and only 20% of the total drug
content is released after 6 h.

Figures 2d andS9 showscanning electronmicroscopy (SEM) imagesof
the remaining polymer matrix after dissolution for five days, and the insets
show photographs of the extruded filaments before (left) and after (right)
dissolution. At this point, the HPMC phase can be assumed to be leached,
whereas the PLA remains undissolved together with encapsulated nicoti-
namide and potential HPMC-rich domains, which have not been hydrated
due to being completely encapsulated by PLA, as illustrated in Fig. 1b.With
a higher fraction of HPMC, the leached filaments are more brittle and
porous and disintegrate easily. However, the fact that they are macro-
scopically cohesive indicates good connectivity of the PLA phase within all
dispersions. The volume of the filaments increases during dissolution

(Fig. 2d inset), which is a result of the swelling of HPMC upon hydration.
The SEM images confirm the porosity created after leaching HPMC. In the
dispersions with high HPMC content, 50/50 and 30/70 PLA/HPMC, only
thin walls of the insoluble PLA matrix remain, whereas at higher PLA
content, 70/30 PLA/HPMC, a densermorphology of the insolublematrix is
observed, also showing a more spherical porosity, which could point to a
poorer connectivity of the HPMC phase in this dispersion.

The DSC reveals that the nicotinamide disperses in both polymers.
Still, the release profiles show that in theASDswith ahigh fractionofHPMC
(50/50 and 30/70 PLA/HPMC), most of the drug is released already in the
first 6 h of dissolution,whereas PLAnormally provides release overmultiple
weeks. This confirms the preferred partitioning of nicotinamide to the
hydrophilic phase, which is a prerequisite for the ASDs to be used in oral
extended controlled drug formulations by avoiding a large part of the drug
being trapped in the insolublematrix.However, the large fractionof released
drugs in thedissolution study indicates that release alsooccurs fromthePLA
in the ASDs. In addition, an increase in Tg of the PLA-rich phase in the
leached matrices is found compared to the pristine (Supplementary Figs. 6,
7). This suggests a lower drug concentration after dissolution, supporting
that thedrughaspartly been released fromthePLAalreadywithin the5days
of the dissolution experiment. This is in contradiction to the assumption
that the PLA would not allow drug release in the formulations on the time
scale of our experiment7. However, the inferred release from the PLA-rich
phase in the phase-separated dispersions can be attributed to the thin ske-
letalwalls remaining after erosion ofHPMC(Fig. 2d, Supplementary Fig. 9),
exposing a large area of the PLA-rich domains and shorter diffusion paths
for the drug to the dissolution medium as a result.

Imaging morphology and drug distribution
To understand how the pristinemorphology relates to the extended-release
profiles, the ASDs with 10 wt% nicotinamide in 70/30 and 50/50 PLA/
HPMC were studied in more detail using STXM and PXCT. Details of

Fig. 2 | Physical characterisation and dissolution profiles of the amorphous solid
dispersions. a DSC traces of the ASDs with 10 wt% nicotinamide (Nico) in PLA/
HPMC fractions 30/70, 50/50 and 70/30. b XRD curves of the ASDs. c Dissolution
curves of the ASDs. Grey lines are guides to the eye. Error bars represent standard

deviations, n = 2. d SEM images of the remaining polymer matrix after leaching of
HPMC. Inset d Photographic images of extruded ASD filaments before (left) and
after (right) dissolution.
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measurements and analysis can be found in the methods. Figure 3 sum-
marises the STXM and NEXAFS results for the characterisation of the two
ASDs. Figure 3a displays the carbon K-edge NEXAFS spectra measured for
neat PLA, HPMC and nicotinamide. The resonance peaks in NEXAFS
spectra correspond to X-ray absorption involving excitations of 1s core
electrons into unoccupied excited molecular orbitals. Due to the different
chemical bonds in themolecules, distinct resonance energies can be used to
create an image based on a particular chemical contrast. For instance,
nicotinamide shows strong resonance peaks for the C 1s→ 1π*(C=C)/(C=N)
transition at 284.4 and 284.9 eV from the aromatic group in the molecule
that can be used to map the drug distribution.

Figure 3b shows carbonK-edgeNEXAFS spectra taken from the PLA-
rich andHPMC-rich domains in the ASDwith 10 wt% nicotinamide in 70/
30 PLA/HPMC. The two spectra display the characteristic resonances for
PLA and HPMC, respectively, as well as resonance peaks from nicotina-
mide. This confirms the phase separation of the two polymers and that the
drug is distributed over both polymer phases. The resonance from nicoti-
namide in PLA shows the characteristic double peak for the
C1s→ 1π*(C=C)/(C=N) transition, as in neat nicotinamide, while in the
spectrum from the HPMC phase, a single resonance peak is found (Fig. 3b
inset, Supplementary Fig. 8). Similar changes to energy and intensity dis-
tribution of resonance peaks has been observed previously for iso-
nicotinamide in different environments13 and is suggested to be a
consequence of the intermolecular interactions between nicotinamide and
HPMC, affecting the conformation and energy of the C1s→ 1π*(C=C)/(C=N)
transition13,14. Due to the differences in peak shape in the two polymer
phases, direct quantification of nicotinamide content in each phase is not
possible, but the signature is used to evaluate the spatial distribution of the
drug in the polymer matrix.

Figure 3c and d show the spatial distribution of the three components
in a 2D slice of the ASDs with 70/30 PLA/HPMC (Fig. 3c) and 50/50 PLA/
HPMC (Fig. 3d). The compositional maps identify the phase-separated
HPMC- and PLA-rich domains, and that nicotinamide is present in both
phases. From the maps, one can also get the impression that in the 70/30
PLA/HPMC dispersion, the drug favours the HPMC phase, while in 50/50
PLA/HPMC dispersion, the PLA phase is favoured. However, there is a

different intensity distribution of the nicotinamide peaks between the two
phases, which prevents a direct comparison of the drug concentrations
between the two phases. A larger sample thickness of the measured sample
in the 50/50 PLA/HPMC also results in a higher uncertainty in the quan-
titative evaluation of drug partitioning in this sample. Rather than a com-
parison of the concentration of nicotinamide between the two phases, the
results reflect that the drug distribution is homogeneous within each indi-
vidual phase, down to the length scales of the resolution of themeasurement
(100 nm). In both samples one bright red spot is observed that can be
identified as a small nicotinamide crystal. However, the amount of crys-
talline nicotinamide in the ASDs is negligible at this composition, as shown
with DSC and XRD (Fig. 2).

Figure 3e and f show larger areas of the two dispersions collected at an
energy of 288.0 eV, where PLA is highly absorbing and shows up bright,
demonstrating a difference in morphology at different polymer fractions.
TheASDwith50/50PLA/HPMC(Fig. 3f) hasHPMC-richdomains of a few
microns that are relatively homogenous in size and connected throughout
the matrix. In contrast, the ASD with 70/30 PLA/HPMC (Fig. 3e) has
HPMC-richdomainswithvarious sizes frombelowonemicronup to tensof
microns, which shows a lower connectivity through the PLA-rich phase.

Connectivity and local thickness of hydrophilic domains
To further evaluate the differentmorphologies, PXCTwas used to reveal the
three-dimensional connectivity of hydrophilic domains. Figure 4 shows the
PXCT results for the two ASDs with 10 wt% nicotinamide in 50/50 and 70/
30 PLA/HPMC, as well as a polymer blend of 70/30 PLA/HPMC.
Figure 4a–c show2D slices (top-row) from the reconstructed volumes of the
three samples. PLA has a slightly higher electron density (0.412 e Å−3)
compared to HPMC (0.407 e Å−3) and shows up bright in the tomograms.
These results demonstrate the extraordinary capability of PXCT to resolve
small electron density variations, here distinguishing phases with a differ-
ence of 0.005 e Å−3 in a sample volume of 40*40*20 μm3. The imaged
morphologies are in excellent agreement with what was found in the STXM
measurements for the same compositions, Fig. 3d. Figure 4a–c shows 3D
volumes of segmented HPMC-rich domains of the three dispersions (bot-
tom-row), illustrated with a colour scheme reflecting the connectivity of

Fig. 3 | Phase distribution evaluated by NEXAFS spectroscopy. a Carbon K-edge
NEXAFS spectra for neat PLA, HPMC and nicotinamide. Characteristic resonance
energies for each component are marked with dashed lines. The PLA spectrum
shows a distinct peak at 288.0 eV characteristic for the C1s→ 1π*(O = C–OR)
transition and a peak at 289.5 eV characteristic for the C1s→ σ* transition for alkyl
groups. The HPMC spectrum shows a resonance peak at 288.9 eV and a broad
transition at 293 eV for C 1s→ σ* transitions for aliphatic C–OH and aliphatic C–C
bonds, characteristic of polysaccharides. The nicotinamide spectrum shows a strong
resonance peak for the C1s→ 1 π*(C=C)/(C=N) transition at 284.4 and 284.9 eV from
the aromatic group in the molecule (b) carbon K-edge NEXAFS spectra from PLA-

and HPMC-rich domains in 10 wt% nicotinamide in 70/30 PLA/HPMC, demon-
strating a difference in peak shape between the polymer domains for the aromatic
resonance from nicotinamide (inset, Supplementary Fig. 8). Compositional maps of
c 10 wt% nicotinamide in 70/30 and d 50/50 PLA/HPMC derived from STXM
images collected at the resonance energies of the components. STXM images over a
more extended region of dispersions with e 10 wt% nicotinamide in 70/30 PLA/
HPMC and f 50/50 PLA/HPMC collected at 288.0 eV where PLA is highly
absorbing. PLA-rich domains show up as bright, and HPMC-rich domains as dark
domains at this energy.
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hydrophilic domains. Domains with the same colour are connected, while
domains of different colours have no connectivity with the rest of the seg-
mented volume. These results show that both ASDs overall have well-
connected HPMC-rich domains with small exceptions of domains closer
towards the edges, whichmaybe connected outside the imaged volume, and
a full hydration of the HPMC-phase is expected in both ASDs during
dissolution.

The influence on the morphology of the addition of a drug to the
polymer blend can be seen when comparing the morphology of the neat
polymerblend to theASDwith polymer fractions 70/30PLA/HPMC. In the
neat polymer blend, Fig. 4a, the HPMC phase is mainly distributed as small
microdomains in the PLA matrix, although larger HPMC domains also
exist, as seen in the lower right area of the slice. Despite a small average
domain size, the HPMC phase has rather high connectivity throughout the
imaged volume. With the addition of the drug (Fig. 4b), the HPMC-rich
domains become larger, and the size of regions between connected domains
increases compared to the polymer blend. These results show that both the
size and connectivity of polymer domains are affected by the addition of the
drug. This can be attributed to the plasticising effect of the drug12, which
lowers the viscosity of the polymer mixture during extrusion, allowing for
the formation of larger, more connected domains.

To further assess the influence of polymer fraction on themorphology
of the ASDs, the shape and size distribution of HPMC-rich domains are
analysed in detail. Figure 5 shows the results from a local thickness analysis
of theHPMC-rich domains in the twoASDs, described in themethods. The
local thickness in eachpixel is illustratedby a colour, definedby thediameter
of the largest sphere that fits inside the domain and contains that pixel.
Smaller, narrower, HPMC-rich domains will have a lower local thickness
and are coloured in a deeper blue, whereas a bright yellow colour is given to
domains of larger local thickness. Figure 5a shows 2D slices from the
extracted volumes of segmented HPMC-rich domains, and Fig. 5b the 3D
volumes. The histograms in Fig. 5c depict the distribution of local thickness
over all pixels in the segmented 3D volumes. The ASD with lower HPMC
fraction, (70/30 PLA/HPMC), shows a combination of small narrow
domains together with some very large HPMC-rich domains, >7 μm.With
increased HPMC fraction, (50/50 PLA/HPMC), a more homogenous

distribution of domain thickness is found. By closer inspection of the nar-
rower HPMC-rich domains in the two ASDs, the average local thickness of
the smaller domains is lower in the ASDwith 70/30 PLA/HPMC (0.85 μm)
compared to the ASDwith 50/50 PLA/HPMC (1.2 μm). This demonstrates
more narrow, tortuous HPMC-rich domains in the dispersion with low
HPMC fraction and that the size of the connected regions between
hydrophilic domains increases with increased HPMC content. The larger
connecting domains in themorphology of theASDwith 50/50 PLA/HPMC
fraction allows for efficient penetration of the dissolution medium
throughout the dispersion and hence results in a faster dissolution profile
compared to the ASD with higher PLA content (Fig. 2c). Conversely, the
more narrow, tortuous matrix in the dispersion with 10 wt% nicotinamide
in 70/30 PLA/HPMC can be correlated to increasingly extended drug-
release profiles of ASDs when the PLA fraction increases.

Comparing the pristinemorphology (STXM, PXCT Figs. 3–5) and the
leached morphology (SEM, Fig. 2d) demonstrates a distortion of domain
structure during dissolution. Whereas the pristine morphology displays a
rigid PLA matrix surrounding the HPMC phase, SEM images reveal a
fractured structure with only thin walls of PLA remaining in the porous
structure after dissolution. This is attributed to the swelling of the hydro-
philic polymer, which gets more pronounced in the dispersions with a
higher fraction of HPMC. As a result, an increase in the exposed area of the
PLA-rich phase and shorter diffusion paths for the drug to the dissolution
medium leads to an enhanced drug release from the PLA phase in the
dispersions with a high fraction of HPMC. The higher fraction of released
drug leads to more efficient use of the drug in the formulation as less drug
will be trapped in the insoluble matrix.

In conclusion, our results reveal a correlationbetweenmorphology and
release rate in phase-separated dispersions.However, it should benoted that
the dissolution characteristics of the dispersion will be highly dependent on
both composition and selected drug and polymer compounds. The release
mechanismwill first be dictated by the release characteristics of the polymer
anddrug species,wheremorphology canbeusedas a rate-controlling factor.
In the case of a highly soluble drug, as in our work, the release rate is mainly
governed by the rate of diffusion of the drug through the wetted HPMC
phase. If, instead, a drug with low solubility is used, the release rate is

Fig. 4 |Morphology and connectivity of hydrophilic domains.Tomographic slices
(top-row) extracted from the reconstructed 3D volumes of a 0 wt% and b 10 wt%
nicotinamide in 70/30 PLA/HPMC and c 10 wt% nicotinamide in 50/50 PLA/
HPMC. The PLA-rich phase is shown in bright, and the HPMC-rich phase in dark.

Grey scale bars indicate quantitative electron density contrast. 3D volume render-
ings of the segmented HPMC-rich phases (bottom-row), where domains with the
same colour are connected, while domains of different colour have no connectivity
with other domains in the imaged volume.
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expected to be dominated by the erosion of the hydrophilic polymermatrix
while the drug concentration is kept below the limit of congruency15.

Prospects for tailoring dissolution profiles with morphological
properties in ASDs
Phase-separated polymer blends prepared by hot melt extrusion present a
formulation strategy to tailor the drug release of ASDs. In a system with
nicotinamide dispersed in hydrophilic HPMC and hydrophobic PLA, the
dissolution characteristics are demonstrated to distinctively depend on the
polymer ratio. STXM and PXCT reveal that both polymer fraction and the
addition of drug affect the morphology in the ASDs, presenting an
opportunity to control the drug release profile by the morphology of the
phase-separated matrix. With increasing hydrophobic content, a narrower
network of hydrophilic polymer domains is created, slowing down the
release rate by the slower progressionof thedissolutionmediumthrough the
dispersion. Conversely, the increased fraction of hydrophilic HPMC creates
larger connected domains resulting in faster dissolution. By simply adapting
the composition of the formulation in the extrusion process, the release
profile can be tailored with respect to the intended dissolution, demon-
strating the prospects of utilising phase-separatedmorphologies in ASDs to
manufacture pharmaceutical formulations with tailored drug release
profiles.

Methods
Preparations of melt-extruded filaments
Nicotinamide (Thermo Fisher, Germany), AFFINISOL HPMC HME 4M
(DowWollf, Germany) and PLA (NatureWorks LLC, USA) were weighed
and physically mixed in a 6 g batch with 0 and 10 wt% nicotinamide in
polymer fractions of 30/70, 50/50 and 70/30 PLA/HPMC. The AFFINISOL
HPMCHME 4Mwas selected due to the significantly lower glass transition
temperature and melt viscosity as compared to other available grades of
HPMC. The mixtures were fed via a hopper into the barrel of a 5mL
capacity Xplore micro compounder with two conical mixing screws and a
circular die of∅ = 1.5mm. The barrel temperature was set to 180 °C, screw
speed of 50 rpm, with a mixing time of 6min.

Differential scanning calorimetry
A small piece of the sample (~5mg) was weighed and put in a hermetically
sealedaluminiumpan. For theDSCmeasurements, aTAQ1000 instrument
was usedwith heliumandnitrogen as purge gases for the sample chamber at
a rate of 50ml/min. The samples were measured by first cooling to−50 °C

followed by 1min isotherm and a heating step to 180 °C, repeated for two
cycles. The heating and cooling rateswere kept at 10 °C /min.An empty pan
was used as a reference.

X-ray diffraction
XRDmeasurements were carried out using a Mat: Nordic X-ray scattering
instrument (SAXSLAB) equipped with a high brilliance Rigaku 003 X-ray
micro-focus, Cu-Kα radiation source (λ = 1.5406 Å) and a Pilatus 300 K
detector.Measurements of the dispersions were performed directly over the
extruded polymer rods in transmission mode, using an exposure time of
300 s with a sample-to-detector distance of 134mm, calibrated by LaB6.

Dissolution studies
The dissolution profiles of the ASDs were measured using a USP paddle
apparatus (Prolabo, France) with a volume of 900mL. Phosphate buffer
with pH 6.8 was used as a dissolution medium, and a temperature of 37 °C
with a paddle speed of 25 RPMwas set for the experiment. Two individual
dissolution baths for each sample were measured with extruded filaments
with a weight of ~100mg per bath. Each filament had a cylindrical shape
with a diameterof~1.5mmanda length of 5 cm. For eachdissolution curve,
duplicatemeasurementsweremade.During thefirst 3 h, a samplewas taken
every 15min and after that every 30min. The samples were left in the buffer
for 5 days before being extracted for SEM imaging. The sampled dissolution
medium was measured using UV/Vis spectroscopy (Cary 60 UV–Vis,
Agilent, USA), and the released nicotinamide concentration was calculated
from the absorption peak at 262 nm using a standard curve.

Scanning electron microscopy
SEM imaging of the leached dispersions was performed using a JEOL JSM-
7800F Prime microscope with an acceleration voltage of 5 kV. After the
dissolution studies, the remaining undissolved matrix of the extruded fila-
ments was quenched in liquid nitrogen and freeze-dried for 24 h to limit
structural distortion from water surface tension during drying. The dried
filaments were fractured into smaller pieces and sputtered with a 4 nm gold
layer prior to the SEM imaging.

Scanning transmission X-ray microscopy
To perform STXM imaging coupled with NEXAFS spectroscopy, the
extrudedfilamentswere cut into 150 nmthin sections by anultramicrotome
at room temperature andplaced on silicon nitride, Si3N4,membraneswith a
thickness of 100 nm. The STXM/NEXAFS measurements were performed

Fig. 5 | Local thickness of hydrophilic domains. Derived local thickness in each
pixel in reconstructed a 2D slices and b 3D volumes of the ASDs with 10 wt%
nicotinamide in 70/30 (top row) and 50/50 PLA/HPMC polymer fraction (bottom

row). The local thickness in each pixel is illustrated by a colour, defined by the size of
the diameter of the largest sphere that fits inside the domain and contains that pixel.
c Histograms over the local thickness in the volumes illustrated in (b).
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at the PolLux beamline at the Swiss Light Source, Paul Scherrer Institut
(Switzerland)16. A 25 nm zone plate was used to focus a monochromatic
X-ray beam on the sample and an area of the sample was imaged by raster
scanning the sample over the focused beam, collecting the transmission
value in each point using a photomultiplier tube (PMT), coupled with a
phosphor screen. NEXAFS spectra were acquired by collecting a stack of
measurements in the energy range between 280 and 330 eV, covering the
carbon K-edge. The step size of the energy scan varied from 0.1 eV around
the absorption edge to 1 eV in the post-edge region. STXM images were
acquired at selected energies corresponding to resonance energies for the
different components in the dispersion with a beam size and step size
adapted between 30 and 100 nm depending on the aimed field of view and
resolution. Spectral processing was performed using the MANTiS
software17. The spectra were converted to optical density and spectra and
images were normalised by the density of the post-edge measurement to
correct for density and thickness variations and emphasise the chemical
contrast in the sample. Compositional maps were created by singular value
decomposition18 using themeasured reference spectra of the components to
obtain images of their spatial distribution.

Ptychographic x-ray computed nanotomography
The extruded filaments were cut and mechanically milled by the lathe
system Preppy, developed at the cSAXS beamline19. A small part of the
extruded filament was glued to an OMNY-pin20 and ∼40 μm-sized pillar
wasmilled from the centre of the extruded strands. The drill was enclosed in
a cryogenic chamber cooled by liquid nitrogen to keep the samples from
elevated temperatures during milling. The PXCT measurements were
performed at the cSAXS beamline (X12SA) at the Swiss Light Source, Paul
Scherrer Institut (Switzerland). To mitigate structural changes caused by
radiation damage, the measurements were made under cryogenic condi-
tions using the OMNY-setup21. A beam with an energy of 6.2 keV was
focused on the sample by a coherently illuminated Fresnel zone plate with
locally displaced zones, which makes an optimised illumination for
ptychography22. The beam size on the sample was about 9 μm and pty-
chographic scansweremadewith a step size of 1.5 μmto provide an overlap
between neighbouring illuminated regions. The diffraction pattern was
collected in each scanning position with an acquisition time of 0.05 s by an
in-vacuumEiger 1.5Mdetector.Thedetectorwasplaced inside anevacuated
flight tube with a sample-to-detector distance of 7.2m. The ptychographic
scanswere collected at equally spaced angles from0° to 180° generating1600
projections for the tomographic reconstruction. The acquisition was split in
two sequentially acquired full tomograms, each with an angular range from
0° to 180°, but with double angular step size. The flux was about 3.5 × 108

photons/s and the total acquisition time for each of the three samples was
approximately 10 h, imparting a dose of ∼2 × 107 Gy on the specimen,
estimated as the surface dose of the given material composition23. To con-
firm the absence of significant radiation damage, two sub-tomograms of the
first and second half of the sampled dataset were reconstructed to confirm
the absence of structural differences from the measurement. PtychoShelves
and the cSAXS tomography Matlab package were used for ptychographic
and tomographic reconstructions24–26. The ptychographic projections were
reconstructed using the difference map algorithm27 followed by a
maximum-likelihood optimisation28. The tomographic reconstructions
were performed with a filtered back projection algorithm. The half-pitch
resolution was determined by Fourier shell correlation to ∼100 nm in the
tomograms29.

Image analysis
The reconstructed volumes from PXCT were processed in the software
Avizo and ImageJ. Background subtractionwas first performed by applying
Gaussian blur with a length scale larger than the largest features to remove
low-frequency intensity variations. Regions with extensive artefacts were
cropped from the volume required to perform a proper segmentation of the
volume in two phases. Amedian filter was applied to reduce high frequency
noise and was followed by a watershed-based segmentation of two phases.

The segmented HPMC-rich regions were further visualised in Avizo, and a
local thickness algorithm was applied in ImageJ to calculate the size of the
diameter of the largest sphere that fits inside the object and contains that
pixel, generating an estimate of the size of hydrophilic domains in the
connected network30,31.

Data availability
The data reported in this article are available from the corresponding
authors upon request.
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