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The formulation of paediatric medicines faces significant challenges to meet the requirements for safe and
accurate administration, while maintaining a suitable taste. Multiparticulate formulations have a strong
potential to address these challenges because they combine dose flexibility with ease of administration.
Understanding the stability of multiparticulate formulations over storage as a function of time and environ-
mental parameters, such as humidity and temperature, is important to manage their commercialisation and
use. In this work, we have expanded the toolkit of available techniques for studying multiparticulates beyond
those such as scanning electron microscopy (SEM) and confocal laser scanning microscopy. We include
advanced methods of environmentally-controlled SEM to monitor temperature- and humidity-induced
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Stability changes in-situ, and a variety of Raman spectroscopies including stimulated Raman scattering microscopy to
lmagmlg methods identify and localise the different ingredients at the surface and inside the multiparticulates. These techni-
Formulation

ques allowed unprecedented monitoring of specific changes to the particulate structure and distribution of

individual ingredients due to product aging. These methods should be considered as valuable novel tools for

in-depth characterisation of multiparticulate formulations to further understand chemical changes occurring

during their development, manufacturing and long-term storage. We envisage these techniques to be useful

in furthering the development of future medicine formulations.

© 2024 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction medicines, it is important to understand how environmental condi-

tions affect formulations during aging.

Multiparticulate (MP) formulations show significant potential for
delivering viable paediatric medicines thanks to the flexibility they
offer in terms of dosage and administration.' > The excipient types
and properties are selected to optimise shelf life and active pharma-
ceutical ingredient (API) release after administering. The choice of
excipients and relative concentrations allow control over the release
rate. However, environmental conditions such as humidity and tem-
perature can induce changes to the MP structure and chemistry over
time.*> This in turn can impact the release behaviour, therapeutic
index and efficacy of a medicine.®” To map out mitigation strategies
during manufacturing, distribution and administration of these

* Corresponding author.
E-mail address: caterina.minelli@npl.co.uk (C. Minelli).

https://doi.org/10.1016/j.xphs.2024.05.004

Understanding MP stability requires the analysis of their physical
and chemical attributes before, during and after storage. Subjecting
pharmaceutical materials to conditions of either elevated humidity,
temperature, or both has long been accepted as a method for acceler-
ating their chemical degradation.? In this study we use the same prin-
ciples to study the changes of MP systems under conditions which
simulate an accelerated aging process.

MPs are particle systems generally capable of delivering therapeu-
tics with a satisfactory sustained release or controlled release profile.’
MPs produced by melt-spray-congealing (MSC) technology, are close-
to-spherical particles that range from 10 wm to 500 pm in size. MSC
microspheres are formed by suspending solid API in a molten carrier
matrix, which is then fed onto a spinning-disk atomizer in order to
form droplets, and finally, allowing the droplets to congeal into
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microspheres upon cooling.'®'" The active ingredients are ideally
homogenously distributed in a polymeric network within the par-
ticles. A wide variety of low melting point materials have been used
to form the molten carrier matrix, such as: waxes, fatty acids, glycer-
ides, polyglycol esters of fatty acids, stearic acid, stearyl alcohol, and
other materials that are solid at room temperature and melt without
decomposition within the standard operating temperature of the
MSC equipment, typically 80°C to 90°C.'?

The aim of the present study is to develop and apply advanced
chemical and imaging methods to investigate the effect of aging condi-
tions to the structure of MP formulations containing glyceryl dibehen-
ate (GB) or stearyl alcohol (SA) as matrix formers, and poloxamer 407
alongside the APL SA or GB is used to provide an inert matrix to sus-
pend the API during the melt-spray process. The release of API from
the MP occurs via porous diffusion according to the solubility of the
drug."®>~'> For the porous diffusion, it is important that the API and
poloxamer have low solubility in the SA/GB. Poloxamer 407 is com-
monly used in pharmaceuticals as a soluble, pore-forming agent that
enhances the network of pores and promotes drug dissolution and
release, which is especially useful when the solubility or concentration
of the API is too low to form a network of pores.” The modulation of
the concentration of poloxamer 407 allows for modification of the
release rate of the APL'® In the presence of poloxamer 407, the temper-
ature of the formulation during storage has been shown to affect the
API release rate,'® as it is the case also for the level of humidity and
any introduction of water during storage.'*'® For the MPs studied in
this work, it was observed that the initial release rate of MPs signifi-
cantly decreased after aging for 7 months at the conditions of 40°C and
0 % or 75 % relative humidity (RH) (Fig. S1a) with respect to non-aged
samples. In contrast no changes in the release rate were observed
when MPs were aged for 7 months at lower temperatures of 30°C and
0 % RH or 75 % RH (Fig. S1b), or when at 40°C and 53 % RH (Fig. S1a).
In order to gain a better understanding of the changes occurring in the
MPs during aging that could explain this behaviour, advanced struc-
tural and chemical analysis was performed as described in this work.
The formulations studied in this work were manufactured and then
aged for 7-8 months at 30-40°C and at 3 different levels of humidity.

Accelerated aging studies generally consist of thermogravimetric
analysis (TGA) to determine the thermal stability and differential
scanning calorimetry (DSC) for thermal analysis.'®~'® Typical analyti-
cal tools employed are Fourier transform infrared (FTIR) spectroscopy
and x-ray diffraction (XRD) to measure the chemical properties, scan-
ning electron microscopy (SEM) to measure the size and surface mor-
phology, and high performance liquid chromatography (HPLC) to
measure drug content.®'”'=2! However, these methods tend to pro-
vide information on the materials average bulk properties, while
imaging modalities have been shown to be useful to gain structural
and chemical insights into the MP systems. Jiang et al.*?> and Qi et
al.>*> employed SEM to measure the size and shape of individual MPs
and Cape et al.'* and De Coninck et al.'® demonstrated the use of
SEM to assess the structural properties of MPs. Qi et al made use of
confocal laser scanning microscopy (CLSM) to identify chemical enti-
ties in the formulation and image their distribution over time.”®
However, this technique required a fluorescent dye for labelling the
API, which in itself may affect the behaviour of the API and therefore
its final local concentration. Furthermore, the unknown labelling effi-
ciency translates in some level of uncertainty on the distribution of
the API. This was to some extent overcome by Bertoni et al, who used
Raman spectroscopy mapping to provide information on the lipo-
philic and hydrophilic phases in a MP.2* However, this method suf-
fers from long acquisition times and careful consideration is needed
to balance a shorter chemical mapping time against a higher lateral
resolution of the image.

In this work, we have complemented some of these imaging tech-
niques, namely SEM and Raman spectroscopy, with the state-of-the-

art methods of environmental SEM (ESEM) and stimulated Raman
scattering (SRS) microscopy. ESEM provided information on the
physical changes as typically measured with SEM, with the additional
ability to monitor materials in-situ under specific environmental con-
ditions such as elevated humidity, allowing for physical transforma-
tions which occur over long periods of time under ambient
conditions to be observed rapidly on the timescale of the experimen-
tal measurement.> Confocal Raman spectroscopy mapping provided
complementary chemical imaging of the surface and cross sections of
MPs and was used to identify excipients and the APIL Despite the
detailed information, confocal Raman mapping suffers from long
acquisition times. For this reason, conventional spontaneous Raman
spectroscopy was coupled with SRS microscopy, which allowed for
rapid chemical imaging of a single Raman wavenumber at a time. SRS
microscopy allows for the visualisation of each component with a
specific vibrational band in the Raman spectra, which is selected in
advance, based on spontaneous Raman spectroscopy measurements
of the samples. SRS images can be rapidly acquired at a high spatial
resolution, therefore detailed information can be extracted on the
size and shape of the API particles, and the distribution of the API and
excipients throughout pharmaceutical formulations.’®~?® Owing to
its rapid image acquisition speed, SRS was also used to image multi-
ple MPs to study sample variability across a large MP population.

Materials and Methods
Materials

Glyceryl dibehenate (Compritol ATP 888) was used as purchased
from Gattefosse, stearyl alcohol (Kolliwax®) and poloxamer 407
(Kolliphor® 407) were obtained from BASF Corporation and were
used as purchased. The API has a melting point of 227.0°C, low solu-
bility, high permeability, is highly crystalline and is non hygroscopic.
Full details of the API are not disclosed for proprietary reasons.

Multiparticulate Formulations Preparation

A molten mixture was formed of the API, with GB or SA, and
poloxamer 407 according to Table 1. It should be noted that samples
Cand D in Table 1 consist of different batches of nominally identical
formulations. The molten mixture was then fed into the centre of a
custom-made spinning disk atomizer that consisted of a bowl-shaped
stainless-steel disk that was 10.2 cm in diameter. The temperature of
the spinning disk atomizer was maintained between 80°C and 95°C
by the heat emitted from the molten stream. The rotations of the
spinning disk were controlled by a motor mounted below the disk,
allowing for speeds of up to 10,000 rpm. Finally, the MSC micro-
spheres were formed when the droplets that were spun off the atom-
izer congealed in ambient air. Microspheres were collected in an
inflated bag.

Aging Conditions

The aging conditions are presented in Table 1. For each condition,
a representative sample of 60 mg of the MP formulations was placed
into glass vials inside an environmental chamber. After aging, vials
were removed from each storage condition, and measurements or
evaluations were performed. Samples were tested for dissolution
(Fig. S1) and characterisation as described in the sections below. The
aged samples were left to equilibrate at ambient conditions for up to
24 hours for the dissolution tests and were stored at ambient condi-
tions for up to 2 months for the Raman spectroscopy, SEM and SRS
microscopy studies. During storage, no changes were observed in the
high resolution imaging by SEM.
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Table 1

Sample names, their composition as a weight percentage, and aging conditions in terms of duration, temperature and relative humidity.

Formulation
Sample Name %GB %SA %Poloxamer 407 %API Duration of aging (months) Temperature (°C) Relative humidity (%)
A 40 0 20 40 n/a n/a n/a
B 45 0 15 40 n/a n/a n/a
B_ORH 45 0 15 40 7 40 0
B_53RH 45 0 15 40 7 40 53
B_75RH 45 0 15 40 7 40 75
B_75RH_30C 45 0 15 40 8 30 75
C 0 45 15 40 n/a n/a n/a
D 0 45 15 40 n/a n/a n/a
D_ORH 0 45 15 40 7 40 0
D_53RH 0 45 15 40 7 40 53
D_75RH 0 45 15 40 7 40 75

Scanning Electron Microscopy (SEM)

Surface morphologies as well as the internal structure of the MP
were studied using Zeiss (Germany) scanning electron microscopes
(SEMs). For simple imaging of the particles, secondary electron
images were acquired in both Supra 40 and Auriga 60 Field Emission
SEMs, which were used at 1 kV and with a small aperture giving <20
PA beam current to prevent charging. The samples were prepared by
sprinkling them onto a self-adhesive carbon tape. The imaging under
controlled environmental conditions was performed in an EVO 50EP
SEM instrument, which is a standard tungsten filament SEM in
extended pressure mode, with a 500 pum final aperture enabling
chamber pressures of 2000 Pa and using water vapour to control the
humidity surrounding the sample. The sample stage was Peltier
cooled and samples were prepared by sprinkling onto copper stubs
using conducting carbon cement to embed the particles and ensure
good thermal contact. The samples were cooled to 5°C with a water
vapour pressure of 1000 Pa to give near 100 % RH. Imaging was per-
formed at 20 kV with a 1 nA beam current and a solid-state backscat-
tered electron detector.

Raman Spectroscopy

Confocal Raman spectroscopy measurements were carried out
using an inVia Qontor spectrometer (Renishaw plc, UK) with a 50x,
0.5 NA objective lens (Leica Microsystems Ltd, Germany). Raman
spectra of the excipients and API were acquired with a 532 nm laser
and a power at the sample of 2.5 mW. Raman spectra of the ESEM
sample were acquired with a 830 nm laser, a power at the sample of
13 mW to 43 mW, and a line profile spot size of ~2 yum in X-axis and
7 pm in Y-axis. Each spectrum was acquired with 2 accumulations of
30 s. The excipients and API were measured inside glass vials and the
laser was focussed >100 pm into the sample, to allow for contribu-
tions from different regions. Three spectra were acquired per sample
at different locations and subsequently averaged for each sample.

Transmission Raman spectroscopy measurements were acquired
with a 830 nm laser and a 50x, 0.5 NA objective lens (Leica Microsys-
tems Ltd, Germany), a power at the sample of 92 mW, and a spot size
of >100 uwm. Three spectra were acquired per sample at different loca-
tions with two acquisitions of 60 s per spectrum and subsequently
averaged for each sample. Samples were measured inside glass vials.

Surface maps were acquired with a 532 nm laser and a 100x, 0.9
NA objective lens (Leica Microsystems Ltd, Germany), a power at the
sample of 2.2 mW, and a spot size of ~1 ywm. The samples were sprin-
kled onto a self-adhesive carbon tape. Cross section maps were
acquired with a 532 nm laser and a 50x, 0.5 NA objective lens, a
power at the sample of 2.5 mW, and a spot size of ~1.5 um. The sam-
ples were sprinkled onto a silicon wafer using conducting carbon

cement to embed the particles, then cut with a scalpel blade. The
‘LiveTrack’ feature of WiRE software (Renishaw plc, UK) maintained
the focus for the surface maps (Fig. S2) throughout the measurement
to correct for differences in the Z-axis position of the surface due to
the curvature or roughness of the MP and allowed for a clear image.
Maps were all acquired with a 1 um pixel spacing, with 1 acquisition
of 3 s per spectra at each pixel.

Analysis was carried out in WiRE version 5.4 and the spectra were
baseline corrected with an intelligent polynomial of order 9 to 11.
Any cosmic rays were removed with a '"Width of Features’ algorithm
(single spectra) or a 'Nearest Neighbour’ algorithm (maps). For analy-
sis of the maps, direct classical least squares (DCLS) component anal-
ysis was used to fit each ingredient to the spectra. Confocal Raman
spectra and spectra from surface maps were calibrated to the 520.5
cm~! peak from a silicon sample. The transmission Raman spectra
were calibrated to a confocal Raman spectrum of sample B acquired
with the same 830 nm excitation laser wavelength.

Stimulated Raman Scattering (SRS) Microscopy

SRS microscopy measurements were performed with a Leica SP8
microscope (Leica Microsystems Ltd, Germany). A PicoEmerald-S
laser system (APE, Berlin) was used to output two pulsed 2 ps laser
beams; a 1031 nm Stokes beam spatially and temporally overlapped
with a tuneable pump beam. The Stokes beam was modulated at
20 MHz and stimulated Raman loss signals were detected in trans-
mission using a silicon-based detector and lock-in amplifier (UHFLI,
Zurich  Instruments, Switzerland). @A  water immersion
25x magnification objective lens (0.95 NA, Leica Microsystems Ltd,
Germany) and a long working distance air condenser lens (0.55 NA,
Leica) were used due to the sample thickness. A laser power of ~14
mW for the pump beam and ~39 mW for the Stokes beam at the
sample was used. Image acquisition was performed using Leica LAS-
X version 3.5.5.19976, which was also used for image analysis in
combination with Image] (Fiji). The field of view was 465 pm, there-
fore for larger areas tile scans were performed where an array of mul-
tiple images was collected and combined using the ‘mosaic merge’
function within Leica LAS-X. The images acquired at each position for
each ingredient were overlayed in Image] *°. For MP counting, a
threshold and gaussian blur were applied on the tile scans for each
ingredient and the maxima were found in Image], using the ‘Find
Maxima’ function.

Confocal Raman spectra guided the selection of the wavelengths
for SRS microscopy measurements. A Raman shift of 1401 cm~! was
chosen to identify the API, and 1303 cm™! for the identification of the
GB, while 1279 cm™! was chosen to check the off-resonance signal to
confirm the signals vanished when tuned away from a peak and
could therefore be confirmed to be Raman scattering rather than
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Figure 1. Representative SEM images of batch B with (a) no aging, and after aging for 7 months at 40°C with a relative humidity (RH) of (b) 0 %, (c) 53 % and (d) 75 %. Higher
magnification SEM images of batch B after aging at 75 % RH for (e) 8 months at 30°C and (f) 7 months at 40°C. Additional images comparing changes in RH can be found in the

supplementary information (Fig. S6).

spurious signals *°. An off-resonance image was acquired as a control
measurement (Fig. S3b and d, Fig. S4b and Fig. S5b), at a wavelength
not attributed to any ingredient, and has been subtracted from the
on-resonance images in Fig. 6 and Fig. 7 in order to remove minor
spurious signals.

Results
Morphology of the MPs

Characterisation of structural features of the MP was carried out
to map and understand possible changes in the surface morphology
and topology of the MPs as a result of the aging process. Fig. 1 shows
SEM images of MP formulation B samples which were aged under dif-
ferent conditions. The size of the non-aged MPs ranged between
~100 um and ~400 pm (Fig. 1a) and their shape was typically close-
to-spherical with a smooth surface. Some particles deviated signifi-
cantly from a spherical geometry, exhibiting a drop-shape appear-
ance. After aging at 40°C for 7 months, the MP size appeared similar
to the non-aged particles, however there were clear changes in the
surface morphology. The samples aged at 0 % RH and 53 % RH exhib-
ited surface features suggesting the presence of pores at the surface
(Fig. 1b and 1c). Upon aging at 75 % RH, fewer “pores” were visible on

the MP surface, however the surface appeared rougher (Fig. 1d) and
very different to the smooth structure seen in the non-aged sample
(Fig. 1a). Upon aging at lower temperatures of 30°C, the MP surface
changes were less apparent (Fig. 1e), compared to the samples aged
at 40°C (Fig. 1f) at the same humidity of 75 % RH. This is consistent
with the dissolution profiles (Fig. S1) where there was a significant
decrease in initial release rate for the sample aged at 40°C at 75 % RH,
but not the sample aged at 30°C at 75 % RH.

Raman Spectroscopy Measurements

Raman spectra of each excipient and API are shown in Fig. 2a and
were used to identify the chemical compounds associated with the
peaks observed within the Raman spectra of the formulations. The
Raman spectra of GB and poloxamer 407 were consistent with the
literature.'”*! For each compound, the spectra exhibited one or more
unique peaks that could be used for chemical identification, namely
an intense peak at 1401 cm~! for the AP, an intense peak at 1296
cm™! for the GB and SA, and a peak at 843 cm™! for the poloxamer
407. Though, the lower relative concentration of poloxamer 407 and
lower intensity of the unique peak meant that, in practice, no specific
peak could be used to create a map of its distribution, and therefore
DCLS analysis was used to calculate the contribution of each
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Figure 2. (a) Confocal Raman spectra of API (cyan), GB (magenta), SA (orange) and poloxamer 407 (yellow), acquired with a laser wavelength of 532 nm. The vertical lines show the
peaks initially selected for chemical identification. (b) Transmission Raman spectra of samples A (blue), B (purple), C (black) and D (red), where A and B contain GB, and C and D con-
tain SA. An inset is shown to aid the visualisation of differences between samples. Each spectra is an average of 3 measurements per sample, aquired over 2 accumulations of 30 s,
with transmission Raman spectra acquired at a laser wavelength of 830 nm. All spectra were normalised to the maximum intensity. All samples were non-aged.

ingredient to the overall spectrum. This enabled the calculation of the
relative concentration of poloxamer 407 across the image to produce
the relative chemical map.

Fig. 2b shows the spectra of samples A, B, C and D, as measured by
transmission Raman spectroscopy. In this method, the beam is
expanded and analyses much larger sample volumes, enabling the
measurement of Raman signal to be representative of the bulk chem-
istry of the materials.> This allows for a rapid and straightforward
evaluation of the overall composition of the sample, for comparison
with other batches, which is particularly useful to avoid sub sampling
when samples contain multiple components with microscale varia-
tions in concentration. Formulations A and B resulted in similar spec-
tra, with similar relative intensities of the GB and API. This appears to
suggest that the 5 % difference in the mass of poloxamer 407 between
samples A and B is below the sensitivity of the method and cannot be
detected by transmission Raman spectroscopy. As expected, samples
C and D had similar Raman spectra because of their nominally identi-
cal composition (Table 1).

The formulations with GB (A and B) both have a similar peak
intensity ratio at 1062 cm™! compared to 1130 cm™', attributed to
trans chain C-C stretching out-of-phase and in-phase vibrations,
respectively.>>** The formulations containing SA (C and D) have a
higher peak intensity at 1062 cm™! than at 1130 cm™!, which is dif-
ferent to the samples containing GB, due to the slight differences in
molecular structure. The ratio of the SA and GB peaks (1062 cm ™,
1130 cm™' and 1296 cm™!, where the latter is the in-plane CH,
twist®>>4) to the API is higher in the samples containing SA despite
having a similar concentration to the GB, which is unsurprising as
these are different excipients with differences in molecular structure
and overall proportion of carbon chains.

Fig. 3a shows the confocal Raman mapping of the cross section of
a representative single MP from batch A (no aging). Each image pixel
contains information on the full Raman spectrum associated with the
material at that location. These spectra were analysed to identify the

material’s chemical composition, whose information is rendered in
the image by associating specific colours with the different chemis-
tries. The API (cyan) appears to be distributed in particles throughout
the MP. GB (magenta) can be seen to surround the API and be present
throughout the MP. The poloxamer 407 was present in small quanti-
ties in different regions of the cross section. The different ingredients
can be associated with structural features observed in the related
optical image (Fig. 3b). The ability to associate structural features to
specific chemistries significantly enriches the information delivered
by the imaging methods, enabling interpretation of morphological
features in relation to their chemistry.

For batch B, we performed an extended complementary analysis
of the chemical and morphological features of the surface of the MPs
before and after aging, by comparing confocal Raman mapping with
SEM imaging, as shown in Fig. 3c to 3h. For the non-aged sample, the
Raman spectroscopy map (Fig. 3c) identified GB as the main compo-
nent. This formed the smooth surface imaged by SEM (Fig. 3d), along-
side areas attributed to poloxamer 407. The Raman spectroscopy
maps also suggested the geometrical features occasionally apparent
in the SEM images corresponded to the API particles.

As observed previously, Fig. 3e and 3f show that upon aging at 0 %
RH, the MP surface lost the smooth appearance which was observed
in the non-aged sample, to exhibit a flaky structure attributed to the
GB, similar to one of the typical forms (unctuous flakes) of GB.>> No
presence of poloxamer 407 was observed after sample aging, but the
API was still present as particles in different regions across the surface.

Upon aging at 75 % RH, the GB appeared as rough features at the
surface, as shown by Fig. 3g and h. The presence of poloxamer 407
was observed in a very low concentration. However, the API still
appeared as particles and was present in different regions across the
surface.

The average spectra of the surface maps in regions with low API
local concentration (i.e. DCLS component of <0.03), showed some
changes after aging. The non-aged sample exhibited a shoulder peak
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Figure 3. (a) Raman spectroscopy map and (b) optical image of the cross section of a MP from batch A (no aging) after cutting in half with a scalpel. Raman spectroscopy maps and
SEM images of the surface of a MP from batch B with (c, d) no aging, and after aging for 7 months at 40°C with a relative humidity (RH) of (e, f) 0 %, and (g, h) 75 %, respectively. The

APl is in cyan, the GB is in magenta, and the poloxamer 407 is in yellow.

around 1280 cm™! consistent with the presence of poloxamer 407,
whereas the aged samples did not exhibit this peak (Fig. S7a) sug-
gesting a reduced local concentration or absence of poloxamer 407.
This appears consistent with the changes observed in the intensity
ratio of the peaks at 1062 cm~! and 1130 cm™! in the aged and non-
aged samples, as Fig. 2a shows that both the GB and poloxamer 407
are expected to contribute to the intensity of the peak at 1130 cm™".
However, it can not be excluded that the differences observed in the
peak intensity ratio are due to different relative concentrations of
glyceride forms (mono, di and triglycerides), or to the degradation of
these forms.?® It is known, in fact, that when poloxamer 407 is pres-
ent in concentrations >10 %, it may have an effect on the miscibility
of a small fraction of GB, and is preferentially miscible with monogly-
cerides,*® therefore the loss of poloxamer 407 could explain changes
to the relative concentration of each GB form. More significantly, the
aged samples exhibited an additional peak at 1730 cm™! (Fig. S7a),
which is consistent with carbonyl-containing oxidation products that
may have been generated during the aging process.>®>” The peak at
1730 cm™! did not occur at every position, even within a single
sample (Fig. S7b).

In the formulation of sample D, poloxamer 407 (yellow in Fig. 4)
and SA (magenta) were observed at the surface of the MP. The latter,
which substitutes GB in the formulation, similarly appeared to sur-
round the API (Fig. 4a, 4b and 4g). Raman spectroscopy maps of the
cross sections of batch C and batch D before any aging appear very
similar, which is as expected due to the identical nominal composi-
tion of the two batches. After aging at 0 % RH, the surface of sample D
significantly changed (Fig. S8 and Fig. S9) with smooth flake-like fea-
tures covering the MP. Corresponding Raman spectroscopy maps and
SEM images from the same region allow for the identification of SA
as the excipients causing these flakes. Fig. 4(i), in fact, suggests the
API are still geometrically shaped, whereas the SA formed additional

features on the surface. After aging at the higher relative humidity of
75 %, poloxamer 407 appeared to enrich the surface of the MP (Fig. 4f
and 4Kk). Cross sectional images of sample D were particularly useful
when investigating the location of different excipients. While Fig. 4k
shows a low concentration of SA at the surface, Fig. 4f suggests SA is
still present inside the MP. On the contrary, Fig. 4d shows that in
samples aged at 0 % RH there is a low concentration of poloxamer
407 throughout the whole MP as well as at the surface.

Environmental SEM (ESEM) Analysis

To gain further insights into the chemical and structural changes
induced on the formulations by aging, non-aged MPs from batch B
were monitored with SEM in an environmental chamber, under con-
ditions designed to simulate an accelerated aging process. The typical
outcome of these measurements is shown in Fig. 5. Fig. 5a shows a
MP before any accelerated aging, at a water vapour pressure of 100
Pa (12 % RH). The water vapour pressure was subsequently increased
over a duration of 39 minutes to reach a value of 1000 Pa (100 % RH).
This timepoint was labelled as “0 minutes”, after which the MP was
carefully monitored. Between 0 (Fig. 5b) and 17 (Fig. 5f) minutes, the
MP gradually increased in size, with a 9 % increase in the radius; for
clarity, in each subfigure of Fig. 5 the projected circumference of the
MP at Fig. 5a before aging is marked by a red line, while the current
one is marked by a blue line. After 5 minutes at 1000 Pa (Fig. 5¢), we
observed a droplet that had formed on the surface on the MP and
after 32 minutes (Fig. 5g) a smooth material or solution covering the
surrounding region. From this timepoint onwards, the water vapour
pressure was decreased and at 40 minutes (Fig. 5h) reached a
pressure of 100 Pa (12 % RH). At 40 minutes the MP appeared to have
contracted slightly towards the original size, while the surrounding
material observed at 32 minutes was still present.
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Figure 4. Raman spectroscopy maps (a, b, d, f) and SEM images (c, e) of the cross section of a MP after cutting in half with a scalpel. Images were acquired from (a) batch C (no
aging), (b) batch D (no aging), and batch D after aging for 7 months at 40°C with a relative humidity (RH) of (c, d) 0 %, and (e, f) 75 %, respectively. Raman spectroscopy maps (g, i, k)
and SEM images (h, j, 1) of the surface of a MP from batch D with (g, h) no aging, and after aging for 7 months at 40°C with a RH of (i, j) 0 %, and (k, 1) 75 %, respectively. The square in
(j) marks the Raman map region in (i). The APl is in cyan, the SA is in magenta, and the poloxamer 407 is in yellow.

Raman spectroscopy measurements of the MP in Fig. 5h were
used to chemically identify the structural features observed by ESEM
and provide insights into the components responsible for the
changes. The Raman spectrum measured at position 1 of Fig. 5h is
shown in blue in Fig. 5i and appears similar to the transmission
Raman spectrum in Fig. 2b, suggesting little change in overall average
chemical composition. The Raman spectrum at position 2 was mea-
sured at 3 different places on and near the droplet which had formed
and dried. The corresponding Raman spectra all exhibited a higher
background signal than position 1 (before baseline subtraction) and
the ratio of the peaks at ~1400 cm™~! and 1410 cm™! slightly changed
with respect to the spectrum at position 1. This may be due to a
chemical change in the API molecule, or an adventitious chemical
species deposited during the ESEM analysis. The Raman spectrum of
the material surrounding the MP (Fig. 5i, spectrum 3) was predomi-
nantly composed of aqueous poloxamer 407.%'

SRS Microscopy Characterisation

The selection of specific Raman shifts in SRS means that MP
images can be acquired significantly faster with respect to confocal
Raman spectroscopy imaging, where each pixel is associated with a
full Raman spectrum. This makes SRS microscopy particularly suited
to measure the materials at different depth positions, or over large
areas. Images in Fig. 6 are the result of SRS images acquired from the
surface of the MP to 53 pwm inside it along a vertical axis perpendicu-
lar to the plane of view, at 1 um increments. Images at further depths
were not collected due to insufficient signal to noise caused by signal
attenuation from light scattering and absorption by the sample.
Fig. 6a shows a maximum projection image of the depth stack and
provides a high-resolution representation of the API particles and
surrounding GB. It should be noted that poloxamer 407 could not be
imaged with SRS because the Raman spectrum did not have a unique

Raman band of high intensity and its relative concentration was low.
The image shows that the API is present throughout the MP and the
API particles range in size from over 50 xm in length, to under 10
um. Both the API and GB were present at the surface of the MP
(Fig. 6b) as well as ~ 13 um inside (Fig. 6¢). The large number of API
particles and surrounding GB can be visualised clearly when sepa-
rated out into images of the individual components (Fig. 6d and
Fig. Ge respectively), and the results are consistent with the confocal
Raman spectroscopy maps.

SRS microscopy tile scans consist of a mosaic of several fields of
view stitched together, acquired by rastering across the sample. This
allows the rapid imaging of many MPs and therefore the study of the
distribution of API and GB within them across a large population of
MPs. A tile scan at one Z-axis position (Fig. 7) suggested the MPs
appear to be mainly spherical, with a few instances of elongated or
broken MPs. After applying a threshold and gaussian blur on the sep-
arate API and GB tile scan images, the maxima can be identified in
Image] to give the number of MPs (Fig. S10) and calculate the per-
centage containing AP In the GB component of Fig. 7 225 MPs were
identified as containing GB, and in the API component of Fig. 7 225
MPs were identified as containing API. These figures exclude broken
MPs and are corrected for parts of elongated MPs that were errone-
ously counted as individual particles. The 225 MPs that were identi-
fied contained both API and GB, suggesting API is present in 100 % of
the MPs.

Discussion

The MP formulations were characterised using advanced micros-
copy methods for the analysis of their behaviour upon aging. It was
demonstrated that control over environmental conditions for SEM
and chemical mapping with live tracking of the focus for Raman spec-
troscopy provided deeper insights into the chemical structure of the
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Figure 5. Environmental scanning electron microscopy (ESEM) of batch B without previous aging. The water vapour pressure was increased to 1000 Pa over 39 minutes between
(a) ‘before’ and (b) ‘0 min’. The water vapour pressure was kept at 1000 Pa bewteen (b) ‘0 min’ and (g) ‘32 min’. The sample was left to dry between (g) ‘32 min’ and (h) ‘40 min’. The
sample was mounted on a peltier stage which was kept at 5°C throughout the measurments. (i) Raman spectra measured at the positions labelled in (h). Spectra 2 and 3 are each an
average of 3 spectra, where the spectra have been taken from the points labelled in (h) and baseline corrected before averaging. The peak at ~1580 cm-1 is most likely from the
carbon cement below the sample >

Figure 6. Stimulated Raman scattering (SRS) microscopy (a) maximum projection image of the API and GB. Image of (b) the top ~ 1 ;um of the particle and (c) image at a depth of ~
13 pm into the MP (depth resolution ~ 1 xm). Maximum projection image of (d) the AP, and (e) GB. All images are of sample batch B, with the APl component (cyan) acquired at
1401 cm ™! and GB component (magenta) acquired at 1303 cm ™.
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Figure 7. SRS tile scan of MPs from sample batch B, with the API component (cyan) acquired at 1401 cm ™! and GB component (magenta) acquired at 1303 cm ™.

MPs with respect to traditional SEM and Raman spectroscopy meth-
ods. These novel capabilities enabled us to study chemical and struc-
tural changes of the MPs during aging and across batches of MPs with
different formulations. In particular, the ESEM allowed us to study
the behaviour of the MPs when exposed to increasing levels of
humidity. Combining electron and Raman microscopies enabled the
mapping of the distribution of the chemical components across single
MPs and the chemical identification of specific morphological fea-
tures. This was particularly insightful when comparing different MP
formulations, i.e. samples B and D, as the presence of SA correlated to
a high relative surface concentration of poloxamer 407 at 75 % RH,
but the relative surface concentration of poloxamer 407 was very
low for the same aging conditions when MPs contained GB. Interest-
ingly, it was also observed that the Raman spectrum and shape of the
API particles appeared to be largely unaffected by the aging process.
The transmission Raman spectra also allowed the comparison of
batch A and B with GB to batch C and D with SA and the technique
could be used for relative comparisons of concentrations and batches
during manufacturing, for ingredients that are present in concentra-
tions above the limit of detection of the method.

Raman spectroscopy maps such as Fig. 3a are very useful for
determining the distribution of the different chemical components in
the samples and correlating with morphological features. The large
Raman shift range and high spectral resolution (3-4 cm™!) of the con-
focal Raman spectroscopy maps are particularly useful if the Raman
spectra of the individual excipients and API do not have unique
Raman bands, as the identification of these chemical components
would be challenging from a single Raman shift or with the poorer
spectral resolution of SRS (~10 cm™!). In this work, the poloxamer
407 did not have a unique Raman band of high intensity and was
present in low concentrations compared to the other components,
therefore the confocal Raman maps were useful to show this compo-
nent. However, Raman spectroscopy maps can take hours or even
days to acquire, depending on the total sample area and the lateral

1

resolution of the image. SRS microscopy is a complementary Raman
technique which allows for faster measurements at specified Raman
shifts, with improved axial resolution (~1 y#m) compared to confocal
Raman (>5 wm). This technique enabled more rapid chemical map-
ping at high spatial resolution of both the surface and the inner vol-
ume of the MPs with minimal sample preparation. The rapidity of the
method also meant we could image large areas (tile scans) of the
sample for measuring the overall population of MPs, which can be
used to help quantify the number of MPs containing APL In this work,
the SRS tile scans confirmed the presence of API in 100 % of the MPs
imaged from sample batch B. The SRS tile scan in this work was mea-
sured at one Z-axis position, therefore it is more suitable for compar-
ing variability rather than quantifying the size of the MPs.

As far as the formulation containing GB is concerned, the SEM
images performed before and after aging under different conditions
suggested that the changes observed in the MPs depend upon the
level of relative humidity present during storage. Both of the aged
samples exhibited changes in the Raman spectra at locations with
high GB concentration, which appears to suggest a possible degrada-
tion of the GB. An investigation into the surface morphology of the
aged MPs showed the MPs remaining a similar size to the non-aged
sample, but pores forming at 0 % RH, which suggests that part of the
MP was lost while the macroscopic structure remained unchanged.
This is consistent with the loss of poloxamer 407 observed in the
Raman spectroscopy map at the surface of the MP stored at 0 % RH,
which may have contributed towards the formation of these pores. In
contrast, upon aging at 75 % RH the MPs also remained a similar size
to the non-aged sample, but the GB on the surface appeared very
rough and a smaller number of surface pores were observed.

The ESEM method enabled us to directly observe the effect of
changes in relative humidity on the structure of the MPs. The con-
trolled introduction of water vapour while maintaining a constant
temperature was coupled with the simultaneous imaging. The main
structure of the MPs was observed to expand with the increase in
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humidity and contract upon drying. During this process, we observed
the accumulation of aqueous poloxamer 407, as confirmed by Raman
spectroscopy, around the MPs. The migration of poloxamer 407 had
also been observed in the Raman maps of the samples aged for 7
months. This appears to suggest that poloxamer 407 may leak out of
the MP, while the Raman maps also suggested GB may change to a
different form. Poloxamer 407 promotes drug dissolution and release,
therefore the loss of poloxamer could be the cause of the change of
the release rate that was observed upon aging (Fig. S1). It can not be
excluded, however, that the difference in the release rate is also due
to changes in the GB polymorphic forms.*®

The formulation containing SA highlighted the importance of
utilising cross-sectional mapping of MPs alongside surface mapping.
While the sample aged at 0 % RH showed a loss of poloxamer 407
similar to the GB formulation, the sample aged at 75 % RH exhibited a
high relative surface concentration of poloxamer 407, different to the
GB formulation. The Raman spectroscopy map of the cross section at
75 % RH confirmed the presence of SA in the core of the MP, despite
the very low SA concentration at the surface. These results allowed
us to identify the migration of different excipients within the MP.

The methods investigated in this work complement routine tests
performed on these types of MPs. When used in conjunction with
release test profiles, these methods can help identify the optimal
formulation and optimise the production and storage methods for
prolonging the lifetime of MPs.

Conclusions

MP formulations containing GB, SA and poloxamer 407 were
characterised to study the changes to structure morphology and
distribution of the formulation ingredients due to the exposure
to different environmental conditions over 7 months. The insights
discovered with advanced Raman spectroscopy-based methods and
ESEM inform the formulation and manufacturing of the MPs and
support further development. We have shown the utility of these
methods to study pharmaceutical formulation aging under a range of
storage conditions and help to form a basis of understanding on the
aging process.

In this instance, we have confirmed the presence of API in all the
MPs that were measured, identified as different sized particles. The
topography of GB and concentration of poloxamer 407 at the surface
of the MP was found to change in MPs whose release rate decreases
significantly after aging for 7-8 months at 40°C and 0 % RH or 75 %
RH. The results suggest that the loss or reduction in poloxamer 407,
possibly due to solid form transformations of GB where the polox-
amer 407 is miscible, may be one of the causes of the decrease in
release rate, which is consistent with the knowledge that poloxamer
407 is used to promote drug dissolution and release rate. We have
discussed that the change in release rate could also be due to the
potential GB polymorphic form transformations ocurring during
aging. In the case of the formulations containing SA, after aging at 40°
C for 7 months, the humidity conditions also appeared to affect the
behavior of poloxamer 407, with a significant difference in its surface
concentration observed at 75 % RH compared to 0 % RH.

Future work could see these methods used in a larger range of
pharmacuetical products and compared directly with the bulk
properties measured with techniques such as TGA and HPLC.
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