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Hydration-induced phase separation in amorphous solid dispersions
A small-angle X-ray scattering study

SIMON DOVREN

Department of Physics

Chalmers University of Technology

Abstract

Amorphous solid dispersions (ASDs) are pharmaceutical formulation in which a drug
is molecularly dispersed within a carrier matrix. ASDs are designed to address the
challenges of drugs with low solubility in their crystalline state. The carrier matrix,
typically a polymer, stabilises the drug in its amorphous phase, which enhance
solubility and dissolution rates of the drug.

This thesis examines ASDs composed of the drug indomethacin and the polymer
PVPVA as carrier, with the objective to correlate hydration-induced phase sepa-
ration to drug release behaviour, and test the stability of ASDs in a humid en-
vironment. Samples of varying drug concentrations, both pristine and hydrated,
were analysed using small-angle X-ray scattering (SAXS), to understand the phase
separation processes on the nanoscale. The molecular mobility in the samples was
analysed with differential scanning calorimetry (DSC) and the drug release was
measured through dissolution tests.

Nanoscale phase separation was found to occur upon exposure to a neutral buffer,
for drug loadings >10%, after absorbing >40% buffer. Higher drug load and buffer
concentration led to a higher degree of phase separation and the formation and
stabilisation of drug-rich domains with distinct interfaces. The phase separation
impacted the dissolution properties, as samples with 5% and 10% drug load had
faster drug release, in comparison to the samples with 20% and 30% drug load.
Phase separation was also found in samples with 30% drug load after being exposed
to 98% relative humidity for 10 weeks. The sample did not crystallise, indicat-
ing a stable system. These results offer insight into the phase behaviour of ASDs
upon dissolution and exposure to humidity, though additional investigation of ASDs
in acidic conditions would enhance the understanding of in vivo phase separation
processes.

Keywords: Amorphous Solid Dispersion (ASD), small-angle X-ray scattering (SAXS),
wide-angel X-ray scattering (WAXS), phase separation, homogenuous, heteroge-
neous, polydispersity.
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1

Introduction

During the last two decades there has been an increase in the fraction of drugs
exhibiting poor water solubility and consequently low bio-availability in pharma-
ceutical development [1]. Amorphous solid dispersions (ASDs) are pharmaceutical
formulations in which a drug, in its amorphous state, is dispersed within a carrier
matrix. This enhances the solubility and dissolution rates of the drug, increasing
bioavailability as more drug is released and absorbed in the stomach. However, the
amorphous state is metastable, and the drug can nucleate, and transition to its more
stable but less soluble crystalline form [2]. By dispersing the drug in a polymer ma-
trix, the stability can be improved as the polymer decreases molecular mobility of
the drug [3]. However, an ASD can also phase separate when hydrated, which may
lead to compromised stability and dissolution.

This study specifically examines ASDs composed of the drug indomethacin and
poly(1-vinylpyrrolidone-co-vinyl acetate) (PVPVA) as carrier. Indomethacin is a
non-steroidal anti-inflammatory drug, mainly used as pain killer. It has low water
solubility but exhibits increased dissolution properties in ASDs with hydrophillic
carriers [4], [5]. PVPVA is a water-soluble copolymer, commonly used in ASDs [6].

There has previously been dissolution studies conducted on ASDs with indomethacin
and PVPVA (IND:PVPVA) [5], [7]. Tres et al. observed that the dissolution rate
has a clear drug load and buffer pH dependence. In a neutral dissolution medium
(pH 7 buffer), the dissolution rates decreased with increasing drug load, though
ASDs up to 90 w% still demonstrated drug release. In an acidic dissolution medium
(pH 2 buffer), only ASD with 5 w% drug load exhibited any drug release. Saboo
et al. proposed that amorphous-amorphous phase separation occurred in the ASDs
with high drug load (> 10%) in an acidic dissolution medium, leading to faster
dissolution of the polymer-rich phase, resulting in a drug-rich hydrophobic surface.
The poor dissolution behaviour is consequently attributed to formation of a drug-rich
layer due to phase separation. The phase separation mechanisms and morphology
are however not fully understood and it is also only presented in the case with
acidic media, even though there is a drug-load dependence in the neutral dissolution
medium. Investigating the phase separation in both cases could reveal the nature
of nanoscale processes and how these relate to dissolution behaviour. Additionally,
phase separation has been shown to be detrimental to stability, as it can lead to
crystallisation of the amorphous drug [8]. Understanding the phase separation will
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help future pharmaceutical research to develop more effective and stable ASDs. To
achieve this, techniques allowing you to extract information about properties of the
nanoscale heterogeneities — such as small-angle X-ray scattering (SAXS) — are of
interest. SAXS enables analysis of particle morphology on the nanoscale, which is
key in order to understand the phase separation mechanisms.

In this thesis, SAXS is implemented to analyse the phase separation in ASDs after
exposure to dissolution media and humidity. The aim of is to link dissolution be-
haviour of IND:PVPVA ASDs to phase-separation processes during dissolution and
during storage in humid environments. With SAXS, differential scanning calorime-
try (DSC) and dissolution tests, the phase separation is characterised with respect
to drug load and buffer concentration and correlated to dissolution behaviour and
phase stability.



2

Background

2.1 Amorphous solid dispersions

Water solubility is key for drug bioavailability, as the drug must be dissolved in
the aqueous gastrointestinal fluids [9]. The solubility of a hydrophobic drug can
be increased in its amorphous state. In comparison to the crystalline state, the
system does not have to overcome the lattice energy barrier in order to dissolve.
However, amorphous drugs tend to crystallise over time, as the amorphous state
is not thermodynamically favourable. To inhibit crystallisation, the drug can be
molecularly dispersed in a carrier matrix. This increases the distances between
the drug molecules, making aggregation of drug molecules diffusion limited [9]. If
the drug is dispersed within a hydrophilic polymer matrix, the dissolution rate can
also be affected. This enhances the wettability of the drug as the surface area is
increased, in comparison the pure amorphous drug, resulting in faster dissolution
rates.

There are several techniques to process ASDs to ensure that the drug is dispersed
within the polymer matrix. One method is hot-melt extrusion [10]. In the process,
the polymer and drug is heated while simultaneously mixed by a rotating screw.
The viscous mixture eventually reaches the die, where it cools and solidifies as a
cylindrical extrudate. This is an efficient processing method, as it is a fast process
that can ensure a high degree of mixing.

2.1.1 Amorphous solids

Cooling a liquid slowly can induce a long-range molecular order at the melting tem-
perature, Ty, i.e. the liquid transitions into its crystalline state. With a faster
cooling rate, the temperature can surpass the melting temperature without crys-
tallising and it becomes a super-cooled liquid, as cooling slows down the molecular
kinetics. The crystalline phase is thermodynamically preferred — having lower Gibbs
free energy — but due to the longer time scales the molecules cannot rearrange to
the equilibrate state [11]. A nucleation could however initiate crystallisation in this
state. Cooling even further, the kinetics will be “infinitely” slow in comparison to
lab time scales, and the system turns into an amorphous solid. This occurs at the
glass transition temperature, T,. This process is illustrated in Fig. 2.1 and is what

3



2. Background

one utilises in hot-melt extrusion. A higher T, indicates lower molecular mobility.
The molecules in the amorphous state have short-range order, but lack the long-
range order of the crystalline form [12]. The molecular properties are similar to a
liquid, while the structural properties are similar to a solid [9]. The lack of long-
range order imply larger distances and weaker attractive forces between molecules,
enhancing the solubility as there is no lattice energy barrier [3]. When an amor-
phous drug is dissolved the solution is consequently supersaturated if it surpasses
the crystalline solubility. Eventually, the drug would precipitate and the concentra-
tion would reach the crystalline solubility. Similarly, pure amorphous drug would
eventually crystallise, as the free energy is higher in comparison to the crystalline
state. The addition of a polymer can prevent this.

Liquid

Super-cooled

e liquid
Specific qu
heat/ Amorphous solid
volume

Crystal

T T
Ty  Tm
Temperature

Figure 2.1: Schematic figure of the specific heat and specific volume of a system
as a function of temperature. Figure adapted from [9].

2.1.2 Polymer-drug mixing

For optimal ASD behaviour, the drug should be mixed on a molecular level in the
polymer matrix [9]. Drug-polymer miscibility is therefore key for the stability and
solubility of formulations. In practical cases, the drug-loading has to be high enough
in order to have the desired drug uptake to give the intended therapeutic effect [2].
The drug can in those cases be in a supersaturated state in the carrier matrix, and
the system is thermodynamically driven towards a favourable state. This implies
that phase separation is favoured, and could lead to crystallisation of the drug if
initiated. However, it is limited by the kinetics which is slow below Tj.

For a system to be miscible, one must have a negative free energy of mixing:
AGmiX - AHmix - TASmix (21)
where AH,;, and AS,; are the enthalpy and entropy of mixing, and 7 is the
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temperature [9]. The entropy of mixing is defined as:
ASmix = —R(nglnpq +n,lnp,) (2.2)

where R is the gas constant, and nqp, and ¢4, denote the number of moles and the
volume fraction of the drug and polymer, respectively. For the mixed state, ¢qp
are always less than one, making In ¢q , negative, and consequently the entropy of
mixing positive. The contribution to the mixing free energy is therefore negative.
The large amount of possible configurations of small drug molecules in between the
large polymer molecules results in a large entropic contribution to the free energy.
The enthalpy of mixing is defined as:

Hmix = Hdd + pr - Hdp; (23>

where dd, pp and dp corresponds to drug, polymer and the mixed systems, respec-
tively. If the drug-polymer interaction is exothermic, the system will release heat,
decreasing the enthalpy. For endothermic interactions, the miscibility will be deter-
mined by the extent of heat required in comparison to the entropic contribution.
The miscibility in ASDs is consequently governed by the drug-polymer interactions.

Dispersing a drug in a polymer matrix also affects the T, of the formulation. In a
mixed system, T, will lie between the T,s of the two components. The exact T}, will
depend on the weight fractions and the intermolecular interactions. A polymer with
a higher T, in comparison to the drug, consequently decreases the mobility of the
drug. Water absorption would instead lower the T,, which increases the mobility.
Absorbing water in a humid environment or during dissolution could consequently
increase the kinetics. If the 7, is below the ambient temperature, it is in its super-
cooled liquid state, in which there is a drastic increase in mobility, possibly increasing
the rate of phase separation and crystallisation.

A schematic of a free energy of mixing diagram of amorphous drug and polymer is
presented in Fig. 2.2, where the two compounds are thermodynamically treated as
liquids, not limited by slow kinetics. The free energy of the system is displayed with
respect to the composition of drug and polymer. The diagram illustrates how small
fractions of drug added to the polymer would lower the free energy (left-to-right),
due to the increase in entropy. The drug would also plasticise, which would increase
molecular mobility of the drug [13]. The amount of drug is further increased until
there is a local minimum, x,q, in the free energy. The composition at z,q depends
on the intermolecular interactions. Up until this point, the system has been stable.
Further increasing the drug content pushes the system into a metastable region. At
his point, the free energy of the system could be decreased if the system would split
into two phases, with composition x,q and zq,. After the inflection point, Z,q, the
system is unstable, and a spontaneous fluctuations would initiate phase separation.
In both cases, the phase separation is thermodynamically driven, as the two phases
— drug-rich and drug-poor — would have the compositions of the two local minima,
i.e. with the lowest free energy. A similar phenomena is observed when adding a
fraction of polymer to the drug (right-to-left).



2. Background

In the metastable region, phase separation would occur through nucleation and
growth. Nucleation would be initiated by fluctuations in concentration, which form
small drug-rich droplets [14]. These grow through diffusion form the supersaturated
phase. Larger droplets eventually grow at the expense of smaller ones, resulting
in coarse drug-rich droplets in a water-rich medium. In the unstable region, the
system would phase separate through spinodal decomposition. Unlike nucleation,
this process involves continuous fluctuations and does not require overcoming an
energy barrier [15]. The system consist of two distinct interconnected phases that
coarsen over time, and can be described by characteristic length scale.

>< R —

PO I —

dp dp |

Drug

Figure 2.2: Phase behaviour of a two component system of polymer and drug. The
x-axis shows the amount of drug in the system. The green marks the metastable
region and the orange the unstable region. The regions below x,q and above x4, are
the stable regions. Figure adapted from [13].

ASDs are systems with two compounds. Adding dissolution media to this would
make it a ternary system. Since dissolution media increases the mobility of the
system, this system can be described by Fig. 2.2, albeit with increased complex-
ity. The composition at zq/,,/4 Would not be as clear, as it would also depend
on drug-media and polymer-media interactions. One can imagine a drug-rich and
a drug-poor phase, but now with the addition of dissolution media, mainly in the
drug-poor region due to the hydrophobicity of the drug. The described phase sep-
aration have been seen in ASDs after exposure to a humid environment [8]. The
absorbed moisture induced amorphous-amorphous phase separation, with different
drug-polymer concentrations. This can be detrimental to shelf life of ASDs as it
can lead to crystallisation. It has also been observed in ASDs after exposure water
[16]. This is relevant for the dissolution properties of ASDs, as it can affect the drug
dissolution rates.
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2.1.3 Dissolution mechanisms of ASDs

According to Schittny et al., there are three main mechanisms of ASD dissolution:
(1) polymer-controlled release, where a polymer gel is formed at the surface during
dissolution, through which the drug have to diffuse; (2) congruent release, where
the polymer and drug are released simultaneously, leading to fast dissolution and
high supersaturation; (3) drug-controlled release, where the polymer on the surface
is dissolved, leaving a drug-rich surface layer [17].

Drug load has been seen to have a clear effect on dissolution rate. Saboo et al.
examined the dissolution profiles of ASDs consisting of indomethacin and PVPVA,
with respect to drug loading in an acidic dissolution media [7]. At low drug loads,
up to 10w%, the drug releases congruently with the polymer. At higher drug load,
the drug release is inhibited, attributed to amorphous-amorphous phase separation
within the ASDs, induced by water absorption. This leads to a faster polymer
release on the surface, and eventually the formation a drug-rich surface layer and
consequently drug-controlled dissolution.

Tres et al. demonstrated both pH and drug-load dependence on drug release [5].
They looked at similar ASDs of indomethacin and PVPVA in acidic and neutral
dissolution media. Only ASDs with 5w% drug load showed drug release. In the
neutral media, there was a drug-load dependence as 5w% ASD dissolved quickest.
15% and 30% had similar dissolution profiles, but slower in comparison to 5w%.
The dissolution of 5w% in acidic media was attributed to polymer-controlled release,
while drug-controlled for the ASDs with higher drug load. In the neutral media, the
dissolution was attributed to congruent release.

2.2 Indomethacin and PVPVA

Indomethacin is a non-steroidal anti-inflammatory drug (NSAID), most commonly
used as pain relief [18]. It is a class II drug in the biopharmaceutical classifica-
tion system, as it has poor water solubility and high intestinal permeability [19].
Indomethacin has been shown to have a pH dependent solubility, exhibiting a hun-
dred fold solubility at pH 7.4 compared to pH 1.2 [5], [20]. This is due to the weakly
acidic nature of indomethacin, arising from the carboxylic group, as seen in Fig.
2.3a [18], [21], [22]. However, it is still poorly soluble at pH 7.

Poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA), seen in Fig. 2.3b is a synthetic,
water-soluble co-polymer, commonly used in ASDs [3]. It forms hydrogen bonds
with indomethacin, inhibiting the formation of carboxylic acid cyclic dimers, and
consequently contribute to more stable ASDs [22], [24], [25].

As previously mentioned, IND:PVPVA ASDs have exhibited drug-load dependence
in dissolution, in both acidic and neutral dissolution media. The drug load effect
is not fully understood. In the acidic media, it is attributed to phase separation.
Whether the system phase-separates in the neutral media is not known.



2. Background
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(a) Indomethacin (b) PVPVA

Figure 2.3: Chemical structures of indomethacin and PVPVA [18], [23].

2.3 Characterisation techniques

2.3.1 Differential scanning calorimetry

Calorimetric measurements are methods to gain insight to a systems thermodynamic
properties [26]. When a system undergoes a phase transitions, the heat flux to or
from the sample changes. In differential scanning calorimetry (DSC), the temper-
ature of the system is linearly varied, while the heat flux is measured. This allows
for extracting the phase transition temperatures, heat capacity etc. A schematic
of a DSC setup can be seen in Fig. 2.4. There are two pans, one containing the
sample and one for reference. Both pans are placed on a conductive disc in a fur-
nace, symmetrically around the centre. Thermocouple wires are connected to the
disc to measure the temperatures of the two pans. The disc is directly connected
to the furnace. It is also connected to an external cooling system, which uses liquid
nitrogen from a tank. The furnace heats the disc, and heat flows to the two pans
equally, achieving an equilibrium. If the sample undergoes a phase transition, a
temperature difference between the two pans will be measured. This difference is
proportional to the heat flow. Plotting this heat flow against the temperature allows
for determination of the thermodynamic properties.

Fig. 2.5 shows an example of a DSC measurement of a sample undergoing melting
and glass transition. It is first heated from room temperature, and melts at ~ 60 °C.
This is exhibited by an inverted peak, corresponding to the energy required to melt
the sample. When cooled, the samples undergoes a glass transition. This is also
seen in the subsequent heating, from where T; is extracted. T, is defined as the
midpoint between the intersections of the three tangents, as seen in Fig. 2.5b. It
can be noted that the heat of melting is significantly larger in comparison to the
glass transition, illustrating the lower heat content of the sample in its crystalline
state when compared to its amorphous state, as previously discussed.

8
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Figure 2.4: Schematic of DSC set-up. Cooling system connected to liquid nitrogen
tank and DSC furnace. In the furnace, the two pans are placed on a conducting
disc, which is connected to the furnace.
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(a) Full DSC measurement starting (b) Zoomed-in glass transition, with T,
with glass and melting transition. determination.

Figure 2.5: DSC starting at room temperature, where a crystalline sample under-
goes a melting transition, indicated by T},, and then cools without crystallising. At
~ 40°C, it undergoes a glass transition, indicated by T}, showing that it is amor-
phous. The dotted box in (a) show the glass transition, zoomed-in in (b). 7} is
defined as the mid-point between the two tangential intersections.

2.3.2 X-ray scattering

X-ray scattering characterises the structure of a system on the Angstrém to nanome-
tre length scale [27]. In comparison with microscopy, scattering does not yield a 2D
image of the analysed sample. Instead, a scattering pattern is acquired, resulting
from photons scattering from all particles in the beam path. The pattern contains
information about the average sample structure. The scattering intensity is pro-
portional to the square of the particle volume, and smaller structures will therefore
appear less prominent in the pattern, relative to larger structure. Consequently,
scattering experiments do not provide a direct image of the sample, but reflect the
nanoscale structures of the system.
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WAXS SAXS

Figure 2.6: Schematic of X-ray scattering measurement with sample in a sandwich
cell. Incident photons with k scatter off the sample with scattering angle 20. Larger
distance between detector and sample leads to larger scattering angles, probing
smaller lengthscales in the samples.

Fig. 2.6 shows a schematic of an X-ray scattering measurement. The sample is
irradiated with an X-ray beam, and the scattered light is detected. The incident
photons with wave vector |ko| = 27/)o interact with the atoms in the sample and
are scattered with a wave vector k. The scattering is elastic, i.e. |ko| = |ks| and
Ao = As. Consequently, interference patterns are recorded on the the detector.
The patterns will depend on the particle structures. Specifically, the scattering
depends on differences in electron density within the sample, which is referred to
as contrast. If there is no contrast between particles and media, no pattern will
appear. The pattern can contain both structural and orientational information,
yielding the intensity in a 2D-plane, I(20, ¢), where O is the scattering angle and
¢ is the azimuthal angle. If there is no preferred orientation within the sample,
the patterns will be isotropic, and the data can be represented 1-dimensionally by
integration over ¢, yielding 7(20). It is commonly redefined to a function of the
scattering vector, ¢, defined as:

g = |Fa— ool = 4; sin(0) (2.4)
where X is the wavelength and 6 is the scattering angle. The scattering vector ¢
relates to real-space distances d accordingly:

(2.5)

combining Eq. 2.4 with Bragg’s law, showing the inversely proportional relation
between ¢ and d [27]. The scattering of all atoms in one particle will result in an
interference pattern that is characteristic for the shape and size of that particle,
as seen in Fig. 2.7. This contribution to the intensity is called the form factor,
P(q). For polydisperse samples, the form factors of all particles add up, creating
an average, less distinct, form factor. This is generally the case in practice. For
concentrated samples where the interparticle distances are comparable to the particle
sizes, there will be additional interference. This interparticle contribution is the
structure factor, S(g). The scattering from Np identical particles with volume Vp

10
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and electron density pp, in a medium with electron density py\; is given by:
I(g) = (pp — pm)*NeVEP(q)S(q) + B (2.6)

where B is the background scattering.

Figure 2.7: Scattering contributions from intra- (P(q)) and interparticle (S(q))
distances in the sample.

Different g-regions of the detected scattering will contain information on different
length scales. Small-angle X-ray scattering (SAXS) measures the intensity at smaller
scattering angles, as seen in Fig. 2.6. This corresponds to smaller distances in re-
ciprocal space and, consequently, larger distances in the real space. In this context,
larger means a few to a few 100 nanometers. The scattering contains information
about the size and shape of the particles and distances between them on this scale.
Wide-angle X-ray scattering (WAXS) measures larger scattering angles, correspond-
ing to smaller distances in real space, revealing distances on the atomic scale. WAXS
is applicable in determining the solid phase of a material. Performing WAXS on a
crystalline material leads to a high degree of interference at the detector due to
the long-range order in the material. This corresponds to the interplanar distances,
resulting in sharp diffraction peaks. For an amorphous material, the intermolecu-
lar distances varies as there is only short-range order, resulting in a distribution of
intensities.

11



2. Background

KRATKY

0.006

102

10* 4 0.005

0.004 1
10°

0.003 4

Ig?

10-1 4

Intensity [a.u]

0.002 4
1072 §

0.001 4
1073 4

0.000

q[A1] q A1)

Figure 2.8: Two characteristic SAXS curves in a log-log plot (left) with corre-
sponding Kratky plots (right). In (left) the red and yellow line are ¢=% and ¢*
asymptotes, respectively, in the Porod region. The dashed lines corresponds to the
two characteristic lengthscales. In (right) the intensity of the green is enhanced by
a factor of 10.

2.3.2.1 Model-free SAXS analysis

Modelling SAXS curves is a common approach in SAXS analysis if one has previous
knowledge of the morphology of the system to a large extent. If the morphology is
less known, this can be difficult and one risks making false claims of the system. In
that case, model-free analysis is a more appropriate approach, which is used in this
thesis.

In Fig. 2.8, two typical SAXS curves are presented. The Guinier region contains
interparticle contributions embedded in the structure factor, S(q) [27]. This typ-
ically appears in the low-g region before a form factor P(q) is present, as small ¢
correspond to large real-space distances. This corresponds to the flat part of the
blue curve in Fig. 2.8. The region at higher ¢, the Porod region, instead shows the
surface scattering. According to Porod’s law, I(q) o< ¢~* for larger q corresponds to
sharp interfaces according. This is hereafter referred to as a -4 slope. I(q) o 2,
would indicate rough or non-ideal surfaces. Other slopes could be characteristic of
other morphologies. For which ¢ these regions appear in practise depend on the
sizes of the probed particles.

When doing model-free analysis, one has to make some assumptions about the sys-
tem, in order to contextualise any features in the SAXS curves. A constantly decay-
ing curve indicates that there are no electron density fluctuations on the nanoscale
in the sample, as it is likely surface scattering from larger particles. Key character-
istics, such as shoulders or peaks would indicate a preferred lengthscale in a phase
separated system. Distinct features would indicate a characteristic lengthscale, while
broad shoulders would indicate polydispersity and an approximate lengthscale. To
extract the characteristic or approximate lengthscale, one can use a Kratky plot,
Fig. 2.8, where I - ¢* is plotted against q. The transition between slopes will here

12
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be illustrated by a peak which can be used to extract a characteristic length scale
of the phase separated morphology.

2.3.3 Dissolution tests

In vitro dissolution testing is a standard method to characterise the drug release of
solid pharmaceutical formulations [28]. The dissolution media is chosen deepening
on which conditions one wants to mimic. A buffer with pH 6.8 should be used
to mimic the gastrointestinal fluids [5], [28]. One method of testing is the paddle
method, Fig. 2.9a. A rotating paddle stirs the dissolution media and the sample
is added to the bath. At set times, aliquots are sampled and analysed in a UV-vis
spectrometer to determine the drug concentration.

In a UV-vis spectrometer, visible light is emitted on to a cuvette containing the
sample, as seen in Fig. 2.9a. This light is transmitted, scattered or absorbed. As
it interacts with a molecule, an electron is initially excited and then de-excites,
emitting a photon. The wavelength of the absorbed photon corresponds to the
electric energy levels of the drug molecule. If one scans through all wavelengths in a
certain interval, an absorption spectrum is acquired, which can be see in Fig. 2.9b.
If the molecule of interest is known, Beer Lambert’s law can be used to calculate
the concentration of the sample [29]:

A = ecl (2.7)

where A is the absorbance, € is the molar absorption coefficient, ¢ is the molar
concentration and [ is the cuvette length. A and e varies with wavelength. To
compute the concentration a certain wavelength is chosen, where the absorption is
clear and has minimal scattering contribution.
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(a) (left) Dissolution test system with rotating paddle and three aliquots sampled
at different times. (right) UV-vis spectrometer: Emitted light is filtered through a
monochromator. It interacts with the sample and the transmitted light reaches the
detector.
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(b) (left) Absorption curves for the three different the three samples aliquots. The
dashed line corresponds to the wavelength used for conversion. (right) Correspond-
ing concentrations.

Figure 2.9: The process of determining drug release through dissolution testing:
Drug is dissolved in a dissolution bath. The absorption of sampled aliquots is mea-
sured with a UV-vis spectrometer, and converted to concentration via Eq. 2.7.
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3

Methods

3.1 Material

Amorphous solid dispersions with indomethacin and PVPVA (IND:PVPVA) were
prepared with hot-melt extrusion by Shuichi Haraguchi at the Division of Applied
Chemistry at Chalmers. Powdered crystalline indomethacin was bought from Sigma-
Aldrich. ASDs were prepared with 0, 5, 10, 20 and 30 % drug load. Henceforth,
these will be referred to as pure PVPVA, 5:95, 10:90, 20:80 and 30:70. 0.1 M
phosphate buffer with pH 6.8 was used as neutral dissolution media, which is used
in the majority of the measurements. 0.1 M HCI solution of pH 1 was used as acidic
dissolution media.

3.2 Differential scanning calorimetry

DSC measurements were performed for all pristine ASDs with different drug loads.
Samples of ~ 5mg were placed in aluminium hermetic pans. In each measure-
ment, the temperature was ramped from 20 — 180 — 0 — 100+ — 20°C at a rate
of 10°Cmin~!'. DSC measurements were also made for three samples with added
buffer: 10:90, 20:80 and 30:70 with buffer concentrations of 23, 18 and 19%, re-
spectively. These were prepared in the pans and left to equilibrate for 24 hours in
sealed containers at room temperature. In each measurement, the temperature was
ramped from 25 — 80 — -100 — 80°C at a rate of 10°C min".

3.3 Small- and wide-angle X-ray scattering

3.3.1 Sample preparation

Hydrated samples were prepared by adding neutral or acidic buffer to a smaller
piece of an extruded strand (5 — 20mg) with a micropipette. The added amount
was determined by weight. The buffer concentration is defined as:

Myuffer

Buffer concentration (%) = 100 - (3.1)

Mypristine + Mpuffer

where Mypyristine and Mpuger are the masses of the pristine sample and the added buffer,
respectively. The IND:PVPVA and buffer concentration of all prepared samples can
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3. Methods

be found in Tables A.1 and A.2. The samples were equilibrated for 24 — 48 hours.

Six humidity stressed samples were prepared. Four, with drug loads 5:95, 10:90,
20:80 and 30:70, were placed in a desiccator with 75% relative humidity. Two, with
drug loads 5:95 and 30:70, were placed in a desiccator with 98% relative humidity.
All samples were stored for 10 weeks.

3.3.2 Measurements

The dry samples were taped onto a sample holder. The indomethacin powder and
the hydrated and the humidity stressed samples were transferred to sandwich cells.
These are sealed, which keeps the them intact in the vacuum chamber of the SAXS
instrument. On each side of the cell there is a kapton sheet, allowing the beam to
reach the sample. A Mat:Nordic SAXS instrument was used to perform the scatter-
ing measurements. The instrument was calibrated with lanthanum hexaboride. The
detector distances were 131 and 1081 mm for SAXS and WAXS, respectively. Each
sample was measured for 300s with SAXS and for 100s with WAXS. Every mea-
surement was transmission corrected. The signal from an empty cell was subtracted
for every measurement.

3.4 Dissolution tests

The drug release of all extruded samples with different drug loads were measured
in dissolution media of phosphate buffer. All samples were similar in length and
mass, varying between 20 — 25 mm and 12.7 — 17.1 mg. The samples were immersed
in a dissolution bath with 1000 mL neutral dissolution media at 37°C. A rotating
paddle stirred the bath at 100 rpm.

The drug concentration was measured with a UV-vis spectrometer. A background
measurement of phosphate buffer was subtracted from all measurements. The peak
at 320 nm was selected to measure the absorption of indomethacin, as it was the most
pronounced and had no scattering contribution. Eq. 2.7 with e =6290 L mol ™' cm ™!
and cuvette length [ =1 cm was used to convert absorption to concentration [18]. A
measurement of only PVPVA in neutral dissolution media was made to confirm that
it did not contribute to the absorbance, with PVPVA concentration of 39 mgL~!,
exceeding the maximum PVPVA concentration in the dissolution tests.
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Results and discussion

4.1 Characterisation of pristine samples

The pristine samples are shown in Fig. 4.1. The yellow tint intensity increases with
drug load, as it comes from the indomethacin. The samples are translucent, indicat-
ing that they are homogenous, and that there is no microscopic phase separation.

Figure 4.1: Images of the pristine ASDs. From left: PVPVA, 5:95, 10:90, 20:80
and 30:70.

X-ray scattering and DSC measurements of the pristine samples indicate that there
is no phase separation on the nanoscale or crystallinity. Fig. 4.2a display the SAXS
curves for each ASD together with the neat polymer and drug. No features indicating
heterogeneities are seen. The constantly decaying curve indicates that there are no
electron density fluctuations. Fig. 4.2b displays the corresponding WAXS curves.
Indomethacin shows sharp diffraction peaks, shwoing that the sample is crystalline.
All pristine ASDs are amorphous, as the intensities have broad peaks, indicating a
distribution of length scales on the Angstrom level. It can be noted that the left
broad peak decreases with lower polymer content.

Fig. 4.3 show the corresponding DSC measurements. All samples undergo a glass
transition. The T, increase with increased polymer amount, which is expected as
the polymer has a higher 7, and antiplasticises the drug, reducing the mobility.
The T,s for the ASDs are above room temperature, as they are solid. The full DSC
measurements can be seen in Fig. A.1. All samples exhibit one Ty, supporting a
mixed system, agreeing with the translucency of the pristine samples and the SAXS
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4. Results and discussion

result. Two Tgs would indicate that there are two phases and that the samples is
phase separated.
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Figure 4.2: X-ray scattering measurements of pristine samples. IND is crystalline
indomethacin powder, while the other are ASDs. All graphs have been shifted
vertically for clarity.
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Figure 4.3: DSC measurements of pristine samples. All show only one glass tran-
sition, indicating that they are amorphous. The glass transition temperature, 7Ty,
is marked for each the measurement. The full measurements can be seen in the
appendix A.1.
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4. Results and discussion

4.2 IND:PVPVA in neutral dissolution media

4.2.1 Plasticisation of hydrated ASDs

The pristine samples had Tis well above room temperature, seen in the DSC mea-
surements in Fig. 4.3. As the ASDs are placed in the dissolution media they are
plasticised, and the mobility increases. Fig. 4.4 shows DSC measurements of three
hydrated samples with low buffer concentration (~ 20%). For all samples, the T} is
close to room temperature. This indicates that the mobility in the samples has in-
creased to a large extent. Even higher buffer concentration would lower the 7}, below
room temperature. This would increase the rate of any ongoing phase-separation or
crystallisation processes.

The full DSC measurements can be seen in Fig. A.7. These only contain one T,
which indicates that no larger scale phase separation or crystallisation has started.
It does not rule at nanoscale phase separation as DSC has a finite resolution [30].
SAXS is more sensitive and can therefore also reveal nanoscale heterogeneities.
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Figure 4.4: DSC of hydrated 10:90, 20:80 and 30:70 samples with 23%, 18% and
19% buffer concentration, respectively.

Fig. 4.5 shows hydrated 5:95 ASDs with varying buffer concentration after 24 hours
of equilibration. The sample with 33% buffer concentration is translucent. Sam-
ples with higher buffer concentration start showing a faint turbidity, which can be
indication of a larger scale phase separation. However, they are still translucent
to a large extent and the phase separation is consequently not that widespread.
Fig. 4.6 shows hydrated 30:70 ASDs with varying buffer concentration. In con-
trast to the 5:95 ASDs, all samples are translucent. This indicates that the samples
are well-mixed after 24 hours of equilibration, and have not phase separated on a
microscale.
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4. Results and discussion

(a) 33% BC. (b) 50% BC. (c) 65% BC.

Figure 4.5: Images of three 5:95 ASDs with varying neutral buffer concentration
(BC) after 24 hours. The 33% sample is translucent, while the 50% and 65% samples
are slightly turbid.

(a) 33% BC. (b) 50% BC. (c) 70% BC.

Figure 4.6: Images of three 30:70 ASDs with varying neutral buffer concentration
(BC) after 24 h. All three samples are translucent.

4.2.2 X-ray scattering revealing phase separation

To detect if nanoscale phase separation occurs during hydration of solid dispersions
SAXS and WAXS measurements were performed on samples which have been hy-
drated with different concentrations of buffer. Fig. 4.7 shows SAXS and WAXS of
pure PVPVA ASDs with varying amount of buffer concentration. The SAXS curves
in Fig. 4.7a show a low scattering signal or constant decay which shows no evidence
of nanoscale heterogeneities as the polymer dissolves. The corresponding WAXS
curves in Fig. 4.7b consist of broad peaks, indicative of amorphous samples. The
noise can be a result of background subtraction, as the signal is low. The WAXS
measurements of the all other samples can be found in Fig. A.2b, A.4, A.5b, A.6b
in the appendix. The samples are all amorphous, differing only in intensity, peak
position and noise level. All SAXS curves can be found in Fig. A.2a, A.3, A.ba,
A.6a. The SAXS figures hereafter contain the characteristic curves for each ASD.

Fig. 4.8 shows four of the SAXS measurements of the 5:95 samples, showing a
similar trend of low and constantly decaying signals as the dissolved PVPVA ASDs,
indicating a homogenous system.
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SAXS of PVPVA WAXS of PVPVA

(a) SAXS (b) WAXS

Figure 4.7: X-ray scattering measurements of hydrated samples of PVPVA ASDs.
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Figure 4.8: Characteristic SAXS measurements of hydrated 5:95 ASDs with vary-
ing buffer concentration.

Fig. 4.9 shows characteristic SAXS curves for the 10:90 ASDs. Here, broad shoul-
ders appear at higher buffer concentration, indicating phase separation. The samples
with low buffer concentration (<40%) are similar to the corresponding ones for 5:95
and pure PVPVA, showing no indication of phase separation. For higher buffer
concentrations (40%-65%), a broad shoulder is visible, indicating nanoscale hetero-
geneities. Since no similar feature was detected in the PVPVA ASDs, this can be
related to phase separation into drug-rich and drug-poor domains. The broad shoul-
der indicates that there is a large polydispersity in the phase separated structure.
However, an average characteristic length scale can be extracted from the midpoint
of the shoulder, resulting in an average domain size between 10-30 nm for the differ-
ent buffer concentrations. Above 65%, a shoulder can be distinguished, though the
signal is noisy and disappears for low ¢. As for the samples with lower drug load,
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this is likely due to the sample dissolving.
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Figure 4.9: Characteristic SAXS measurements of hydrated 10:90 ASDs with vary-
ing buffer concentration.

Fig. 4.10 shows characteristic SAXS curves of the 20:80 ASDs. In comparison to the
10:90 samples, the shoulders are generally more prominent. The curves with buffer
concentration up to 55% all have shoulders. For the samples with lower buffer
concentration (27% and 37%), the shoulders are less pronounced. The shoulders
seem to grow in size and shift to smaller ¢ with higher buffer concentration. Similar
to the 10:90 ASDs, this indicates polydisperse phase-separated domains with an
average size of 10-30 nm.
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Figure 4.10: Characteristic SAXS measurements of hydrated 20:80 ASDs with
varying buffer concentration.
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In Fig. 4.11, the average domain sizes are displayed in a scatter plot. This shows
that the domain sizes seem to increase with buffer concentration. However, the
distribution of length scales indicates that the domain sizes are sensitive to fluctua-
tions in buffer concentration. The curves of samples with higher buffer concentration
(>55%) have an even more pronounced shoulder. For these, the slope is ~ —4 for
high ¢. This indicate phase-separated regions with a more well-defined morphol-
ogy with distinct interfaces. As seen in Fig. 4.11, the characteristic lengthscale,
~ 35nm, does not vary between measurements. It can be hypothesised that when
the buffer concentration is increased above 55%, the drug-rich domains are stable
and the added buffer only enters the hydrophillic drug-poor domains. This can be
further supported by the curve behaviour at low ¢. As the buffer concentration
increases, the curves flatten in the Guinier region. This can be attributed to a de-
crease in structure-factor contribution, due to an increase in distance between the
drug-rich domains as the drug-poor domains grow.
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Figure 4.11: Shoulder centre points of measurements indicating approximate or
characteristic length scales. The left figure shows 10:90, middle 20:80 and right
30:70. The colours correspond to the regions in Fig. 4.14b.

Fig. 4.12 shows the characteristic SAXS curves of the 30:70 ASDs. For samples
with buffer concentration up to 50%, the curves have a shoulder, similar to the 20:80
with lower buffer concentration. This is once more attributed to polydisperse phase
separation, but with average domain size of 30-50 nm, as seen in Fig. 4.11. Higher
buffer concentrations (>50%) have a more distinct shoulder. For these, the slope is
flat in the Guinier region and -4 in the Porod region. As for 20:80, this indicates
phase separation into drug-rich and drug-poor domains with distinct interfaces, but
with a characteristic lengthscale of 50nm, as seen in Fig. 4.11.

23



4. Results and discussion

SAXS of 30:70

102 4§

101 4

107 4

1071 4

Intensity [a.u]

1072 4

1073 4

1074 T T
1072 107!
qlA1

Figure 4.12: Characteristic SAXS measurements of hydrated 30:70 ASDs with
varying buffer concentration.

4.2.3 The IND:PVPVA:BUFFER system

To visualise how the phase separated structure with concentration of dissolution
media for all ASDs, measurements are displayed in a ternary phase diagram where
the structure was divided into five categories based on the scattering signal in Fig.
4.13. The phase diagram has three axes corresponding to PVPVA, indomethacin
and buffer concentration. Each dashed line corresponds to the measurements of
samples with one IND:PVPVA ratio. A zoomed-in version is presented in Fig. 4.14.

The measurements with no signal or no indication of any frequently occurring length
scales are categorised in the red region in Fig. 4.14b. It is believed that the samples
in the bottom of this region, where the buffer concentration is low, are not affected
to a large extent by the buffer. As the buffer concentration increase, the ASDs
dissolve rather than phase separate, if they remain in the red region.

The samples in the green region start exhibiting nanoscale heterogeneities. The
SAXS curves indicate a polydisperse structure with an average lengthscale, seen in
Fig. 4.11. There is a correlation between length scale and buffer concentration for
10:90 and 20:80, though it is not visible for 30:70. The distribution of lengthscales in
this region implies a sensitivity in the domain sizes with respect buffer concentration.
The length scales seem to increase within the green region with higher drug load on
average. The polydispersity and approximate length scales indicate a morphology
that is not well defined, in comparison to the blue region.

The samples in the blue region have a distinct length scale, typically larger than
the approximate lengthscale in the green region. The -4 slopes in the Porod region
in the SAXS curves indicate that distinct surfaces have been formed. There is
therefore a heterogeneity in the system where the length scale is characteristic for
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Figure 4.13: Ternary phase diagram to categorise the SAXS measurements. (a)
show the characteristic SAXS curves where the black has no signal and the red
has only surface scattering: neither indicates phase separation. These correspond
to the black and red circles in (b). The green has a broad shoulder, indicating
polydispersity and an approximate length scale and the blue has a distinct shoulder
with distinct length scale: both indicate phase separation and correspond to the
green and black circles in (b). In (b), yellow corresponds to the pristine samples. A
zoomed-in figure of the area in the rectangle is shown in Fig. 4.14a.

the phase separation, and the formed domains are clearly separated at the interface.
In comparison to the green region, the length scale does not vary to the same
extent between samples. As previously mentioned, it can be hypothesized that the
drug-rich domains are more stable after a certain buffer concentration. In that
case, the extra buffer content would gather in the drug-poor domains, not affecting
the drug-rich domains to a large extent. Similar to the green region, higher drug
loads correlate with longer length scale. Continuing the hypothesis, this could mean
that more drug would gather in the drug-rich domains, making them larger which
increases the lengthscale. The hypothesis is further supported by a the flattening of
the curve in the Guinier region for higher buffer concentration, seen for 20:80 in Fig.
4.10. This could indicate a decrease in structure-factor contribution due to more
spread-out drug-rich domains.

Additionally, there are outliers in each region, e.g. the red measurements that fall in
the green or blue region. The difference in signal in comparison to the surrounding
measurements could be due to inhomogeneities along the strand in the ASD extru-
dates. Regions with different morphology could also have formed within the sample,
and the X-ray beam only interacts with one.
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(a) Zoomed-in version of Fig. 4.13b. (b) Generalised diagram.

Figure 4.14: Zoomed-in versions of the ternary phase diagram in Fig. 4.13b. The
measurements in (a) are generalised as three regions in (b), where they correspond
to three different characteristic SAXS measurements.

4.2.4 Correlating phase separation and dissolution

The release curves of the ASDs with different drug load are presented in Fig. 4.15.
The curves are normalised with respect to the maximum amount dissolved drug for
each sample. All ASDs were fully dissolved within 10 minutes. This indicates that
the phase separation described above has no substantial effect on the drug release,
and that phase separation is not inherently detrimental for dissolution of ASDs.
After 4 minutes of dissolution the 5:95 and 10:90 samples have similar behaviour.
The same can be said for the 20:80 and 30:70 samples. This can be a consequence
of the distinct phase separation with stable drug-rich domains and clear interfaces,
seen for higher drug concentrations in the 20:80 and 30:70 samples.

A similar behaviour was seen by Tres et al. as they performed non-sink dissolution
tests of IND:PVPVA ASDs [5]. In a neutral dissolution media, they saw similar
dissolution behaviour for 15:85 and 30:70 samples, while the 5:95 sample had faster
release. One could hypothesize that the distinct phase separation seen in 20:80 and
30:70 hinders congruent release of drug and polymer to some extent, leading to the
slower drug-release rates. This can be compared to the study by Saboo et al, who
performed dissolution tests of IND:PVPVA ASDs in an acidic dissolution media [7].
For 5:95 and 10:90 ASDs they saw congruent release, while they saw incongruent
drug release for 15:85 and 25:75 ASDs, attributed to the formation of drug-rich and
drug-poor domains. It should be made clear that the dissolution behaviour is very
different in acidic and neutral dissolution media.
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Figure 4.15: Release curves of 5:95, 10:90, 20:80 and 30:70. For each ASD, two
dissolution tests were made. The maximum concentration is normalized with respect
to the weight of the sample.

It should also be noted that the phase separation in this study is found in samples
that have equilibrated for 24 hours, in comparison to the 10 minutes of the dissolu-
tion tests. However, the dissolution media drastically increases the mobility, which
would increase the rate of the phase separation that is now known.

4.2.5 ASDs in acidic media

To compare the phase separation mechanisms during dissolution, ASDs were hy-
drated with varying concentrations of acidic dissolution media. Fig. 4.16 shows
hydrated 5:95 samples, equilibrated for 24 hours. The sample with low buffer con-
centration is translucent. However, increasing buffer concentration increase the tur-
bidity of the samples. In comparison to the 5:95 samples with neutral dissolution
media, these are more turbid, indicating a more pronounced microscale phase sepa-
ration.

Fig. 4.17 shows images of 30:70 ASDs hydrated with acidic buffer and equilibrated
for 24 hours. They became opaque with 30% buffer concentration, indicating mi-
croscale phase separation. This can be compared to the 30:70 samples hydrated with
neutral dissolution media, which remained translucent as the buffer concentration

increase. Here, the samples became solid with higher concentrations, not absorbing
all buffer.
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——

(a) 33% BC. (b) 49% BC. (c) 57% BC.

Figure 4.16: Images of three 5:95 ASDs with varying acidic buffer concentration
(BC) after 24 h. The 33% sample is translucent. Higher buffer concentration in-
creases turbidity, eventually resulting in a “milky” sample.

(a) 30% BC. (b) 47% BC. (c) 64% BC.

Figure 4.17: Images of three 30:70 ASDs with varying acidic buffer concentration
(BC) after 24 h. All samples are opaque. For higher buffer concentration, the ASDs
did not absorb all buffer after 24 hours.

SAXS and WAXS was performed on the hydrated samples, to observe any nanoscale
phase separation. Fig. 4.18 shows characteristic SAXS and WAXS curves of each
ASD. All measurements can be seen in Fig. A.12-A.15. Generally, the SAXS mea-
surements have either a constant decline or low signal, indicating no nanoscale het-
erogeneities. The measurements vary in slope at low ¢, which can be attributed
to different surface scattering contributions from objects larger than the detectable
range of SAXS. The WAXS curves show broad peaks, indicating that the samples
are amorphous. Consequently, no measurement showed any indication of nanoscale
phase separation or crystallisation.

Clearly, larger scale phase separation occurs in these samples that could not be
seen in SAXS. The pH dependence of the phase separation likely originates from
the pH dependence of the solubility of indomethacin. As the solubility in acidic
media is lower in comparison to neutral media, there is a larger miscibility gap
between drug and dissolution media. One can hypothesise that this leads to larger
and more distinct drug-rich regions. In the previous section it was showed that the
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Figure 4.18: Characteristic X-ray scattering measurements of hydrated ASDs with
varying concentration of acidic dissolution media.

drug load and consequently phase separation affected the dissolution behaviour in
neutral media to some degree. There, the drug-rich regions have a characteristic
length scale up to ~ 50 nm. In pH 1, the characteristic length scale is larger. Tres et
al. and Saboo et al. attributed the poor dissolution behaviour of IND:PVPVA ASDs
in acidic dissolution media to phase separation, leading to a drug-rich hydrophobic
surface upon dissolution [5], [7]. Consequently, it seems that in order for phase
separation to have a large effect on dissolution behaviour, it needs to be on a larger
scale.

4.3 Humidity stressed samples

SAXS and WAXS was used to analyse phase separation in ASDs exposed to humid
envionments, as it has been reported to be detrimental to long-term stability. Fig.
4.19 shows the SAXS measurements of these. The samples exposed to 75% RH had
absorbed up to 17% water. All samples remained translucent. The 5:95 was trans-
parent and gel-like with a faint yellow tint, while the 30:70 sample was solid, Fig.
A.16. The samples exposed to 98% RH were gel-like, having absorbed up to 24%
water. This level of absorption is similar to the ASDs with T close to room temper-
ature, indicating that these are on the verge of becoming super-cooled liquids. The
5:95 sample became fully transparent, while the 30:70 sample hade a distinct yellow
tint. There were no signs of crystallisation, based on the WAXS curves in Fig. 4.20.
No samples had become opaque, indicating that there was no phase separation on
the visible scale. No features indicating a characteristic lengthscale were observed in
the SAXS curves of the 75% RH samples, seen in Fig. 4.19a. The SAXS curves of the
98% RH case can be seen in Fig. 4.19b. The 5:95 measurement only consist of noise,
indicating that the samples is dissolved. The 30:70 measurement exhibits a broad
shoulder, indicating polydisperse heterogeneities. The absorbed water concentration
is lower than the lowest buffer concentration for the 30:70 samples, indicating that
heterogeneities are induced earlier than shown in the phase diagram.
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Generally, after exposure to high humidity, the IND:PVPVA remain amorphous, and
only the samples with high drug load in high humidity may exhibit nanoscale phase
separation. This phase separation is not inherently detrimental to dissolution, as
shown in the previous section. It has previously been shown to lead to crystallisation
over time. However, here it is shown that exposure to a humid environment does
not lead to crystallisation of ASDs after 10 weeks.
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Figure 4.19: SAXS measurements of humidity stressed ASDs.
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Conclusion

Phase separation in amorphous solid dispersions has been shown to affect dissolution
properties and long-term stability. It has previously been reported to be detrimental
to drug release in acidic dissolution media. As the drug-poor domains dissolve, a
drug-rich shell is created, inhibiting drug release. This thesis can conclude that phase
separation in IND:PVPVA ASDs is also induced by neutral dissolution media, for
high enough drug loads. For low drug loads, up to 5w% indomethacin, no phase
separation is seen and the sample eventually dissolves in the dissolution media. ASDs
with drug load between 10 and 30w% start to phase separate as dissolution media
is absorbed. In SAXS curves, this is indicated by the presence of broad shoulders.
This phase separation can be characterised with an approximate lengthscale which
corresponds to the centre of the bump. This ranges between 8 and 50 nm, and does
not correlate with buffer concentration. However, the average lengthscale seem to
correlate with drug load. For 10w%, i.e. the 10:90 samples, this phase separation
is seen between 40% and 65% buffer concentration. A higher buffer concentration
seem to dissolve the sample. This phase separation is seen in the 20:80 samples up
to 55% buffer concentration, and up to 50% for the 30:70 samples. Generally, the
morphology of the phase separation can be described as having a distribution of
lengthscales on the nanoscale, without distinct interfaces.

With higher buffer concentration for the 20:80 and 30:70 ASDs, the phase separation
is clearer. It can here be characterised with a distinct lengthscale, which can be seen
in the SAXS curves as a shoulder. This lengthscale does not vary significantly with
varying buffer concentration, while it increases with drug load. For 20:80, it is
~ 35nm, and ~ 50nm for 30:70. The slope is -4 in the Porod region, indicating a
clear interface between the domains. It is hypothesised that when a certain buffer
concentration is reached, the drug-rich domains are stable. The additional absorbed
buffer enters the drug-poor regions, while the drug-rich region is stable.

In comparison to the acidic dissolution media, the phase separation described above
does not inhibit drug release. The distinct phase separation might affect the early
drug release for 20:80 and 30:70. However, all ASDs have good dissolution behaviour
as they dissolve within 10 minutes. Consequently, the phase separation induced by
neutral dissolution media is not detrimental to drug release. The phase separation
differs from the one induced by acidic media. SAXS measurements of ASDs with
acidic buffer did not show any distinct features, suggesting that the lengthscales are
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5. Conclusion

outside the detectable g-range. The samples became opaque after a certain amount
of added buffer, indicating a larger scale heterogeneity. These observations support
that phase separation in ASDs under acidic conditions generally occurs at larger
lengthscales. Further studying of the phase separation induced by acidic dissolution
media with instruments that offer micrometer resolution could give more insight
into the mechanisms and morphology.

Finally, the stability of the ASDs was tested as they were exposed to a humid
environment. Most of the sample did not show any heterogeneity. Only 30:70 showed
phase separation when it was exposed to 98% relative humidity for 10 weeks. This
phases separation is polydisperse, similar to the first one described above. This
showcased the stability of ASDs. The induced phase separation does not likely
inhibit drug release, and is shown here not to lead to crystallisation after 10 weeks.
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Figure A.1: Full DSC of the pristine samples.

Table A.1:

All hydrated samples with neutral buffer.

SAMPLE | BUFFER CONCENTRATION (%)

PVPVA | 37 |45 | 55 | 58 | 64

2:95 33139148 50|50 |51 53]|58]61

10:90 28 | 37 141 |42 |48 |50 | 51 | 53 | 54 |55 |59 | 60 | 61 | 65 | 68
20:80 27 | 37141 | 48|50 | 50 | 52| 53 | 54 |58 | 60 | 62 | 66 | 71 | 71
30:70 28 | 37 | 37 |44 |45 |46 | 47 | 50 | 51 | 53 | 55 | 58 | 61 | 64 | 72




A. Appendix

Table A.2: All hydrated samples with acidic buffer.

SAMPLE | BUFFER CONCENTRATION (%)
9:95 33 |41 | 48 | 53 | 62 | 66
10:90 28 | 37 | 44 | 47 | 51 | 5T | 62 | 69
20:80 28 1351|4550 |52 |56 |60 |65
30:70 20 | 28 | 39 | 47 | 54 | 63
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Figure A.2: X-ray scattering measurements of all wet samples of 5:95 ASDs.
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Figure A.4: WAXS measurements of all wet samples of 10:90 ASDs.
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Figure A.5: X-ray scattering measurements of all wet samples of 20:80 ASDs.
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Figure A.6: X-ray scattering measurements of all wet samples of 30:70 ASDs.
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Figure A.7: Full DSC of the wet samples.
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Figure A.8: Absorption and concentration curves for the two 30:70 samples.
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Figure A.9: Absorption and concentration curves for the two 20:80 samples.
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Figure A.10: Absorption and concentration curves for the two 10:90 samples.
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Figure A.11:

5 95, Sample weight = 12.7 mg, length 25 mm
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Figure A.12: X-ray scattering measurements of 5:95 ASDs in acidic dissolution
media.
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Figure A.13: X-ray scattering measurements of 10:90 ASDs in acidic dissolution
media.
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Figure A.14: X-ray scattering measurements of 20:80 ASDs in acidic dissolution
media.
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SAXS of 30:70 WAXS of 30:70
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Figure A.15: X-ray scattering measurements of 30:70 ASDs in acidic dissolution
media.
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Figure A.16: Images of the humidity stressed samples.

VIII



DEPARTMENT OF PHYSICS

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden
www.chalmers.se

CHALMERS

UNIVERSITY OF TECHNOLOGY


www.chalmers.se

	Introduction
	Background
	Amorphous solid dispersions
	Amorphous solids
	Polymer-drug mixing
	Dissolution mechanisms of ASDs

	Indomethacin and PVPVA
	Characterisation techniques
	Differential scanning calorimetry
	X-ray scattering
	Model-free SAXS analysis

	Dissolution tests


	Methods
	Material
	Differential scanning calorimetry
	Small- and wide-angle X-ray scattering
	Sample preparation
	Measurements

	Dissolution tests

	Results and discussion
	Characterisation of pristine samples
	IND:PVPVA in neutral dissolution media
	Plasticisation of hydrated ASDs
	X-ray scattering revealing phase separation
	The IND:PVPVA:BUFFER system
	Correlating phase separation and dissolution
	ASDs in acidic media

	Humidity stressed samples

	Conclusion
	Bibliography
	Appendix

