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ABSTRACT

Amorphous solid dispersions (ASDs) represent a promising approach to enhancing the oral bioavailability
of poorly water-soluble drugs by forming stable, highly soluble amorphous states. Despite their advantages,
significant challenges remain due to the metastable nature of ASDs, which often requires the incorporation of
additives to inhibit crystallisation. This article explores the intricate interactions between drugs and polymers
within ASDs, focusing on hydrogen bonding, ionic interactions, van der Waals forces, and hydrophobic
interactions, and their roles in maintaining drug solubility and stability. It highlights that the drug release
mechanism is complex and varies with drug loading, transitioning from polymer-controlled to drug-controlled
release. Characterisation techniques such as thermal analysis, spectroscopy, and microscopy provide insights
into the interactions and stability of ASDs. Despite advances, challenges remain regarding the complexity of
interactions and the long-term stability of ASDs, necessitating further research into optimal polymer selection,
drug-polymer ratios, and processing techniques. This study emphasises the need for a deeper understanding of
drug-polymer interplay and its implications for the rational design of effective ASD formulations to improve
drug delivery systems.
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1. INTRODUCTION metastable; hence, additives are often necessary to delay

crystallisation and take advantage of this high-energy

Amorphous solid dispersions have become a
topic of interest in recent years due to their potential to
improve oral bioavailability by creating highly soluble
and stable amorphous forms of drugs. Forty per cent of
the new chemical entities currently on the market are
poorly water-soluble, and about 90% of drugs in the
development pipeline are regarded as poorly soluble.
This creates major obstacles to formulation'. ASDs are
employed as a strategy for improving the oral
bioavailability of poorly water-soluble compounds
because they possess higher apparent solubility and
faster dissolution rates compared to their crystalline
equivalents. Nonetheless, this amorphous state is
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state in pharmaceutical formulations?3. For more than
two decades, ASDs have been a topic of research
regarding their solid-state stability, and there have been
reports of highly stable ASDs with exceptional shelf life,
demonstrating the successful management of the risk of
crystallisation through appropriate polymer
combinations*®. However, the release mechanism of
drugs from ASDs is not yet well understood. It has been
proposed that drug release from ASDs at low drug
loading is controlled by the polymer, since both drugs
and polymers are released at the same rate (congruently)®.
On the other hand, when higher drug loading is reached,
which varies for different drug-polymer combinations,

Faculty of Pharmacy, Mahidol University, Thailand is licensed under CC BY-NC-ND 4.0. To view a copy of this license, visit
W@ https:// www.creativecommons.org/licenses/by-nc-nd/4.0/

442



H. Arjun Kamble & G. Srinivasan.

a sudden fall in drug release rate occurs due to the switch
to drug-controlled release, leading to incongruence
between the release of drug and polymer. This transition
from congruent to incongruent drug-controlled release as
a function of drug loading is thought to involve some
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interplay between the properties of drugs and polymers.
Unfortunately, the exact details about this interplay, as
well as its related factors, have not yet been explored,
thus preventing the rational design of optimum
performance-based formulations”®.
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Amorphous drug and Polymer entanglement

Figure 1. Schematic representation of drug—polymer interactions in amorphous solid dispersions (ASDs), illustrating Amorphous drug and
polymer chain entanglement that contribute to physical stability and dissolution enhancement.

2. TYPES OF DRUG-POLYMER INTERACTIONS
2.1 Hydrogen bonding

Hydrogen bonding between drug molecules
and polymers plays a central role in reducing the
crystallisation tendency of amorphous drugs. Strong
hydrogen bonds reduce the enthalpy and free energy of
mixing, stabilising the molecular dispersion even at
low polymer concentrations®, Solid-state NMR
studies have further confirmed that when these
interactions are robust, mixed drug—polymer domains
smaller than 5 nm can form, reflecting excellent
molecular-level  miscibility!*'2.  This nanoscale
blending is critical for long-term stability, as it disrupts
the formation of drug—drug hydrogen bonds, a key
early step in crystallisation, as seen in the case of
indomethacin, where carboxylic acid dimers serve as
nucleation centres'®. Moreover, the directional and
strong nature of hydrogen bonds between drug and
polymer restricts molecular mobility, hindering the
movement needed for crystallisation4. However, it is

important to note that simply having hydrogen-
bonding sites on a polymer doesn’t guarantee lasting
stability. Polymers rich in amide donors don’t always
produce stable dispersions, highlighting that the
presence of bonds isn’t the only factor'®.
Two primary explanations exist for such observations.
First, polymer solubility within the amorphous drug
phase is critical. If the polymer is insufficiently
soluble, it may cluster at interfaces rather than
distributing uniformly, failing to fully inhibit
crystallisation. Instead, it may inadvertently accelerate
crystallisation through polymer-induced hetero-
nucleation, where drug molecules align and crystallise
on polymer surfaces'®’. Second, even when hydrogen
bonds are present, excessive polymer mobility or low-
viscosity regions can promote drug diffusion and
nucleation offsetting the stabilising role of hydrogen
bonding®®. Together, these insights show that while
hydrogen bonding remains a powerful stabiliser in
ASDs, its effectiveness depends on additional factors:
uniform  molecular-level  miscibility,  polymer
molecular mobility, and suppression of unintended
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nucleation pathways. Assessing each of these variables
is essential for creating truly stable amorphous
formulations.

2.2 lonic interactions

lonic interactions occur when ionisable drugs
and charged polymers form electrostatic bonds,
typically between oppositely charged functional
groups. The strength of these interactions is influenced
by several factors, including pH, pKa, and the degree
of ionisation of both the drug and polymer. When
conditions favour ionisation, strong drug—polymer
complexes can form, effectively stabilising the
amorphous state and enhancing solubility, particularly
in environments where the drug’s unionised form is
poorly soluble®®. In these systems, the ionised drug is
generally much more soluble than its uncharged form.
Complexation with a polymer helps maintain that
solubility by acting as a solubilising carrier. A good
example is indomethacin—cationic Eudragit EPO
ASDs: here, the negatively charged carboxylate groups
of indomethacin interact with the positively charged
amine groups in Eudragit, creating a stable ionic
complex. These systems have demonstrated higher
glass transition temperatures (Tg), which indicate
reduced molecular mobility and better resistance to
crystallisation, even under accelerated conditions,
compared to non-ionic formulations?.

This stabilising effect arises because ionic
bonds add significant internal energy to the matrix,
hindering the drug molecules’ ability to reorganise into
their crystalline form. In essence, the ionic polymer
acts as a cage, locking drug molecules in place. This
effect can also extend to tunable release profiles, as the
complex may dissolve preferentially under specific pH
conditions, leading to targeted drug release. For
example, ciprofloxacin ASDs formulated with
Eudragit L100-55 exhibited enhanced physical
stability and pH-dependent release: ionisation in the
gut environment promoted drug release in the intestine
while protecting it in the stomach?. Solid-state analytical
techniques, such as solid-state NMR, can confirm ionic
interactions by revealing shifts in chemical signals.
These shifts correspond to changes in local electronic
environments around ionisable functional groups and
provide insight into the ratio of ionised wversus
unionised species a key factor for optimal
complexation??. Studies have shown that near-
equimolar ratios of drug to polymer often yield the
most stable amorphous salts. If there is too little
polymer, the drug may not be fully complexed; too
much can lead to phase separation or reduced drug
loading?®.

It is important to remember that while ionic
complexation strengthens physical stability, it requires
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careful formulation design. The drug—polymer ratio, the
pH environment during both manufacturing and storage,
and the compatibility of the ionic groups must all be
regulated. Poor balance may result in partial ionisation
or unstable microenvironments, diminishing both
stability and release control.

2.3 Van der Waals Forces

Van der Waals interactions, though individually
weak compared to covalent or hydrogen bonds, play a
vital supportive role in stabilising ASDs. These forces,
comprising London dispersion forces, Keesom
(permanent dipole—dipole) interactions, and sometimes
even induced-dipole contributions, help to keep drug
molecules closely packed within the polymer matrix. In
effect, they contribute subtle yet persistent binding
energy that helps maintain the amorphous state,
ensuring improved solubility and bioavailability over
time?*.

In ASD formulation, it is not just the presence
of these forces that matters, but also their cumulative
strength a concept often described as "cohesive
stabilisation.” When polymers and drugs interact via
van der Waals forces, they contribute to a continuous,
cohesive network within the solid matrix. This cohesion
is essential in resisting stressors such as temperature and
moisture, which can trigger drug recrystallisation. For
example, recent work by Tanaka et al. (2022) showed
that the selection of a polymer with appropriate
polarizability and dispersion characteristics reinforced
the complex through enhanced London forces,
significantly delaying crystallisation of a weakly polar
antidiabetic drug?.

Simultaneously, dipole—dipole interactions
complement these dispersion forces. Polymers like
polyvinylpyrrolidone  (PVP) or  hydroxypropyl
methylcellulose (HPMC), which contain permanent
dipoles due to carbonyl, methoxy, or hydroxyl groups,
can establish Keesom interactions with drugs
possessing complementary polar groups. These
interactions offer moderate binding energy less than
hydrogen bonds but stronger than pure dispersion forces
that enhances miscibility and aids in forming a
homogenous amorphous dispersion. As described by
Williams and Rahman (2023), an ASD of carvedilol and
PVP exhibited greater physical stability due to such
dipole—dipole interactions, in combination with van der
Waals forces, which together raised the activation
energy required for crystallisation?®.

Non-polar drugs also benefit from ASDs via
dispersion interactions, though the mechanism differs.
Since these drugs lack polar functional groups, their
stability depends more on weak London forces.
However, strategic use of semi-crystalline or highly
polarizable polymers like Soluplus or polyacrylic acid
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derivative can enhance these dispersion forces by
increasing matrix proximity and polarizability. In a
study of fenofibrate with Soluplus, van der Waals and
hydrophobic interactions were the dominant stabilising
mechanisms, maintaining the drug in an amorphous
state under ambient conditions for months?.
Importantly, van der Waals forces act synergistically
with other intermolecular interactions. They bolster the
overall stabilising network, enabling hydrogen bonds
and ionic interactions to act more effectively by
maintaining molecular proximity. For instance, in a
recent sulfasalazine—PVP-VA ASD, a multi-modal
interaction matrix of dispersion, dipole—dipole, and
hydrogen bonding collectively prevented crystallisation
even after accelerated stress testing demonstrating how
each interaction type compensates for another in real-
world systems?. Van der Waals forces are crucial for
the cumulative structural integrity of ASDs. By
promoting close molecular packing and enhancing
miscibility, they support stronger interactions and
contribute significantly to the physical stability of the
final product a fact increasingly acknowledged in
modern ASD formulation strategies.

2.4 Hydrophobic interactions

Drug-polymer interactions are driven by
hydrophobicity and the phase behaviours of amorphous
solid dispersions (ASDs). These drug-polymer
associations are necessary for stabilising hydrophobic
drugs in a polymer matrix, preventing crystal growth,
and maintaining drug solubility. The balance between
the polar and non-polar properties of the polymer is
critical for optimal ASD stability?®. The interaction of
the poorly soluble drug with polymers such as
polyvinylpyrrolidone  (PVP) and hydroxypropyl
methylcellulose acetate succinate (HPMC-AS) relies
primarily on a phase dominated by hydrophobic
interactions, which play a crucial role in the stability of
the formulation®.

When the drug is co-dissolved or blended with
the polymer in an aqueous medium, both the drug and
the polymer’s hydrophobic regions can interact
through stable associations that help maintain drug
solubility. This is particularly critical for drugs that are
known to precipitate out of solution. For instance, one
study suggests that HPMC-AS can significantly
mediate the drug’s supersaturation level but exacerbate
hydrophobic interactions. This is not the case for PVP,
which is dominated by hydrogen bonding interactions
that can be much more sensitive to the rate of
dissolution and the method of introducing the polymer
into the solution®,

It is necessary to blend hydrophilic and
hydrophobic aspects to optimally stabilise the drug-
polymer system. An excessively hydrophilic polymer
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may be ineffective in conferring stability to the drug in
the supersaturated state, thus allowing for precipitation
and poor bioavailability. On the other hand, an overly
hydrophobic polymer may not adequately interact with
the drug, resulting in poor solubility and dissolution
rates. Therefore, the selection of polymers with tailored
hydrophilic-hydrophobic properties is critical®..

3. DRUG-POLYMER INTERACTION
CHARACTERIZATION TECHNIQUES

3.1 Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is
widely recognised as a cornerstone technique in the
thermal analysis of ASDs. It provides crucial insights
into key thermal properties such as the glass transition
temperature (Tg), melting point (Tm), and crystallisation
behaviour, all of which are directly linked to the
miscibility and physical stability of the drug—polymer
system. When a single, clearly defined Tg is observed
in the thermogram, it generally indicates that the drug
has been successfully and uniformly dispersed within
the polymer matrix, suggesting good miscibility®2. On
the other hand, the appearance of multiple Tgs or
additional melting peaks may signal phase separation or
incomplete amorphisation. To estimate the theoretical
Tg of such systems, models like the Gordon—Taylor and
Fox equations are often employed. If the experimental
Tg deviates significantly from the predicted values, this
often suggests specific molecular interactions, such as
hydrogen bonding or ionic attraction, between the drug
and polymer components®,

One study found that the Tg of a ritonavir—
copovidone dispersion was notably higher than
expected, which they attributed to strong hydrogen
bonding. DSC is also valuable for detecting the onset of
recrystallisation. The appearance of an exothermic peak
before melting typically signals that the amorphous drug
is beginning to recrystallise, indicating potential
physical instability. Additionally, the technique helps
evaluate drug loading capacity; while higher drug
concentrations generally lead to a lower Tg due to
plasticisation, this effect can be mitigated if strong
drug—polymer interactions are present. In more complex
ternary systems involving additional polymers or
excipients, DSC can also reveal whether these
components are compatible or likely to destabilise the
formulation34,

Modern enhancements such as modulated DSC
(MDSC) allow for the separation of overlapping thermal
transitions into reversing and non-reversing events,
improving Tg resolution in multi-component systems.
While DSC cannot directly specify the type of
molecular interaction involved and may struggle to
detect very small amounts of crystallinity, its rapid
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results, ease of use, and reliability make it a valuable tool
during early formulation development and screening®.

3.2 Thermal gravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal
analytical ~ techniqgue  widely  employed in
pharmaceutical development to determine the stability
and composition of formulations. In TGA, a sample is
gradually heated under a controlled atmosphere (usually
nitrogen or air), and its weight change is monitored as a
function of temperature. This allows precise
measurement of events such as moisture loss, polymer
degradation, drug volatilisation, or residue formation
insights that are essential for ensuring the quality and
shelf life of ASDs®*. One of the primary applications of
TGA in ASD formulation is assessing moisture content.
Even small amounts of absorbed water can have
significant effects: they can plasticise the matrix, lower
Tg, and trigger unwanted crystallisation. For example, a
recent study showed that TGA could be used to detect
moisture desorption from indomethacin-HPMCAS
dispersions, revealing that formulations with critical
moisture levels exhibited lower Tg and began
recrystallising upon storage®’. Beyond moisture, TGA
helps evaluate the thermal degradation profile of both
the drug and the polymer. It identifies the onset
temperatures for decomposition, a key factor in
selecting processing methods such as hot-melt extrusion
or spray drying. A study demonstrated that a
copovidone-based ASD of esomeprazole showed
thermal stability up to 200°C, indicating suitability for
hot-melt processing®.

TGA also supports composition analysis. By
comparing weight loss steps to known thermal
behaviours, the relative proportions of polymer, drug,
and excipients can be deduced. In a study of ritonavir—
copovidone ASDs, TGA under nitrogen was used to
profile distinct degradation steps, which aligned with
HPLC quantification and confirmed the ASD's
integrity®. TGA is invaluable for compatibility testing.
When formulating ASDs, it is crucial to ensure that no
unexpected interactions, such as polymer degradation or
drug—excipient incompatibility, occur. In the latest
study, TGA profiles of celecoxib—Eudragit were
examined, revealing a new weight-loss step at 180°C,
suggesting interaction-induced degradation and leading
to changes in formulation strategy“°.

3.3 Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy
is a widely used, non-destructive technique that plays a
crucial role in the development and evaluation of ASDs.
Its importance lies in two key areas: first, its ability to
distinguish between crystalline and amorphous phases
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of a substance; and second, its effectiveness in
identifying specific interactions between a drug and
polymer, such as hydrogen bonding, dipole—dipole
interactions, and, in some cases, van der Waals forces.
These capabilities make FTIR an essential tool in both
early-stage formulation work and routine quality control
during product development®4?,  One of the
fundamental applications of FTIR in ASD research is
confirming whether a drug has successfully transitioned
from a crystalline to an amorphous state. Crystalline
compounds typically show sharp, well-defined
absorption peaks in the FTIR spectrum due to their
orderly molecular structure. In contrast, amorphous
forms produce broader, less intense bands because of
molecular disorder and varying local environments. For
example, the carbonyl (C=0) stretching vibration in
crystalline indomethacin usually appears near 1715
cm'. After processing through methods like spray
drying or hot-melt extrusion, this peak may shift to
around 1690 cm™ and broaden noticeably. Such
changes indicate that the drug has become amorphous
and is likely engaging in hydrogen bonding with a
polymer like polyvinylpyrrolidone (PVP) or
hydroxypropyl methylcellulose (HPMC)*344, Similarly,
the disappearance or broadening of —OH stretching
bands in the 3200-3600 cm™! region is another reliable
sign of amorphisation and potential hydrogen bonding.
FTIR is especially useful for detecting hydrogen bonds,
which are often the dominant stabilising interaction in
ASDs. Reductions in the frequency (redshifts) and
broadening of peaks corresponding to C=0, O—H, or N-
H groups are strong indicators that hydrogen bonding is
taking place. For instance, in indomethacin—-PVP
dispersions, such shifts provide compelling evidence of
strong hydrogen bond formation between the drug’s
acidic group and the polymer’s carbonyl functionality**.

The technique can also offer indirect insights
into weaker interactions. Dipole—dipole interactions
typically cause minor spectral shifts, often observable
when comparing ASDs made with polymers of different
polarity. For example, slight changes in the vibrational
modes of —C-O or —N-H groups may be noted when
drugs are formulated with polar polymers like HPMC or
Soluplus. Although these shifts are subtle, they can still
provide useful information about interaction strength
and compatibility*. Van der Waals forces, while non-
specific and weaker than hydrogen bonds, might still
affect the spectrum. These interactions may be
suggested by slight broadening or changes in intensity
of aliphatic —CH stretching bands (2800-3000 cm™),
particularly in ASDs involving hydrophobic drugs and
low-polarity polymers like cellulose derivatives. While
FTIR alone may not definitively confirm van der Waals
interactions, the technique becomes much more
informative when results are interpreted alongside data
from DSC or solid-state NMR“.
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3.4 Raman spectroscopy

Raman spectroscopy is a valuable and versatile
technique used to study ASDs, especially when
analysing drug—polymer interactions and identifying the
presence or absence of crystallinity. Unlike infrared
(FTIR) spectroscopy, which measures changes in dipole
moment, Raman spectroscopy works by detecting
inelastic scattering of laser light, making it particularly
sensitive to changes in molecular polarizability. This
distinction allows Raman to be especially useful in
aqueous or hydrated systems, where water interference
tends to complicate FTIR measurements*"4¢, In ASDs,
Raman spectroscopy helps uncover subtle molecular-
level interactions such as hydrogen bonding, m—n
stacking, and even van der Waals forces. These
interactions typically lead to noticeable changes in
spectral features, including slight shifts in peak
positions, variations in intensity, or broadening of
vibrational bands. For instance, the carbonyl stretching
band of carboxylic acid drugs like efavirenz shifts to a
lower frequency when hydrogen bonding occurs with
polymers such as PVP or HPMC. A study highlighted
this effect by using in situ Raman to monitor drug—
polymer interactions during hot-melt extrusion,
revealing real-time spectral changes that confirmed
improved miscibility°.

One of the biggest advantages of Raman over
other spectroscopic methods is its potential for real-
time, non-invasive monitoring during manufacturing.
With the integration of fibre-optic probes, Raman
spectroscopy can be applied directly within processing
lines, such as during spray drying or extrusion, to track
formulation quality as it develops. Wyttenbach and
Kuentz (2021) demonstrated how real-time Raman
analysis could effectively monitor crystallinity and
drug—polymer ratios throughout the ASD production
process, minimising the need for time-consuming offline
testing®. Raman mapping enables the visualization of
spatial distribution within a sample, helping identify
areas where the drug may not be evenly dispersed or
where phase separation has occurred. When combined
with chemometric tools like principal component
analysis (PCA), this technique can quantify drug
uniformity and detect traces of crystallinity that other
methods, such as PXRD, might miss. This makes Raman
particularly useful for long-term stability studies, where
early signs of crystallisation are critical to catch®.

Raman spectroscopy does come with a few
challenges. Fluorescent compounds can interfere with
signal detection, especially in coloured formulations,
and interpreting the resulting spectra often requires
expert knowledge and advanced statistical analysis.
Still, given its non-destructive nature, compatibility
with aqueous systems, and ability to integrate into real-
time manufacturing environments, Raman spectroscopy
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remains a key analytical tool in modern ASD
development, especially within Quality by Design
(QbD) frameworks focused on process understanding
and control®.

3.5 Solid-state nuclear magnetic resonance (sSNMR)

Solid-state  nuclear magnetic  resonance
(ssNMR) spectroscopy is a highly advanced analytical
technique that offers unparalleled insight into the
molecular structure and dynamics of ASDs. Unlike
conventional solution NMR, which is limited to liquid
samples, sSNMR is specifically designed to work with
powdered or solid-state materials, making it ideal for
studying systems that lack long-range molecular order,
such as ASDs. Where techniques like X-ray
crystallography or PXRD may fall short, ssSNMR steps
in to provide detailed information at the atomic level,
especially regarding drug—polymer interactions and
physical stability®>°3, The technique works by detecting
the resonance of atomic nuclei, typically ~13C, ~15N,
or “1H, when placed in a magnetic field. When drugs
interact with polymers through hydrogen bonding, ionic
attraction, or 7— stacking, the chemical environment of
these nuclei changes, leading to measurable shifts in the
NMR spectrum. In a study by De Vries and colleagues
(2020), a change in the ~13C chemical shift of
ketoconazole’s imidazole group was observed when it
was combined with HPMC-AS, providing direct
evidence of molecular interaction that contributed to
improved amorphous stability®*. Beyond detecting
interactions, ssSNMR is also highly effective at
distinguishing between amorphous and crystalline
states. Crystalline materials produce sharp, narrow
peaks in the spectrum due to their uniform molecular
environments, while amorphous materials exhibit
broader, more diffuse signals that reflect molecular
disorder. This makes ssSNMR particularly valuable for
identifying low levels of recrystallisation that may
develop during storage an important concern for long-
term stability in ASD formulations®.

Recent advancements have significantly
improved the sensitivity and resolution of ssNMR.
Techniques like cross-polarisation magic-angle
spinning (CP-MAS) are commonly used to enhance
signal quality, especially for nuclei like ~13C, which
are present at low natural abundance. Additionally, 2D
NMR techniques such as heteronuclear correlation
(HETCOR) provide spatial information about how
different atoms are arranged relative to one another,
allowing researchers to map out drug—polymer
interactions in remarkable detail®®. One of the major
advantages of ssNMR is that it allows for direct
observation of both the drug and polymer components
without the need for labelling, chemical modification,
or destructive sample preparation. However, the
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technique does have its limitations. It typically requires
long measurement times, specialised equipment, and
considerable technical expertise. As a result, sSSNMR is
more commonly used in advanced research settings
rather than in routine quality control®. Still, recent
studies show promising new applications. Shamblin et
al. (2022), for example, used ssNMR to monitor
molecular mobility in ASDs under accelerated storage
conditions. They were able to detect early indicators of
instability well before changes were observed with
techniques like DSC or PXRD. Such findings highlight
ssNMR’s potential as a predictive tool for long-term
stability, offering a valuable early-warning system in
formulation development®®.

3.6 Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) is one of the
most fundamental techniques used in the physical
characterisation of  ASDs, especially  when
distinguishing between crystalline and amorphous
forms. Based on Bragg’s law, PXRD works by
measuring how X-rays are diffracted by the orderly
lattice structures found in crystalline materials. When a
material is crystalline, it produces sharp, distinct
diffraction peaks at specific 20 angles due to its regular,
repeating atomic arrangement. In contrast, amorphous
materials, which lack this long-range order, show up as
broad, diffuse halos in the diffractogram®’. PXRD plays
a critical role in confirming whether a drug has been
successfully converted into its amorphous form during
processing techniques like spray drying or hot-melt
extrusion. If the sharp Bragg peaks associated with the
crystalline drug disappear and are replaced by a smooth
hump, it’s a strong indication that amorphisation has
occurred. For instance, Saboo and colleagues (2021)
demonstrated complete amorphisation of celecoxib
when combined with Soluplus, with PXRD confirming
the absence of crystalline peaks, supported by
complementary DSC data®.

The technique is also highly valuable in
stability studies. Under storage conditions, especially
accelerated ones like 40°C/75% relative humidity,
PXRD can detect even minor recrystallisation. The
reappearance of low-intensity Bragg peaks over time
serves as an early warning sign of physical instability.
Interestingly, ASDs with stronger drug-polymer
interactions or lower drug loading tend to maintain their
amorphous state longer, a trend that can be clearly
tracked using PXRD over several months®. More
advanced versions of PXRD, such as variable-
temperature PXRD, allow researchers to monitor how
crystallisation progresses in real time as temperature
changes. This helps define the thermal stability limits of
a formulation. In cutting-edge research, synchrotron-
based PXRD, offering higher sensitivity and resolution,
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has even been used to detect trace levels of crystallinity
that might go unnoticed with standard equipment®.
While PXRD excels at identifying whether a drug is
crystalline or amorphous, it does have its limitations. It
cannot provide details about the type of molecular
interactions involved such as hydrogen bonding or ionic
interactions so it is often paired with complementary
techniques like FTIR or Raman spectroscopy for a more
complete  understanding.  Additionally,  sample
preparation is important; uneven or improperly packed
samples can introduce artefacts like preferred
orientation®?,

3.7 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) is a
highly informative structural analysis technique that
plays a vital role in characterising ASDs, especially
when it comes to detecting nanoscale features and
internal organisation that aren’t easily observed using
conventional methods. While powder X-ray diffraction
(PXRD) is excellent for identifying long-range
crystallinity, SAXS excels at capturing subtle structural
variations such as micro-phase separation, domain size,
and molecular-level dispersion features, particularly
relevant in systems where the drug and polymer are
poorly miscible or in ternary blends involving multiple
excipients®2. SAXS works by measuring how X-rays
scatter at very small angles, typically between 0.1° and
5°, which corresponds to structures between 1 and 100
nanometres in size. This scale is ideal for identifying
nano-domains within the ASD matrix, including
polymer-rich and drug-rich regions that may signal
early phase separation. These features are often
invisible to PXRD or optical microscopy. In one notable
study, SAXS was applied to evaluate posaconazole—
HPMCAS dispersions and was able to detect early-stage
nano-aggregation long before crystallinity could be
confirmed by PXRD, demonstrating SAXS’s superior
sensitivity in identifying phase instability®®.

One of the primary applications of SAXS in
ASD research is to verify whether the drug is
molecularly dispersed within the polymer. A clean,
featureless SAXS pattern typically suggests uniform
mixing, whereas the appearance of periodic or
structured scattering features indicates the presence of
phase heterogeneity. This becomes particularly
important when working with ternary ASDs or
exploring novel polymer combinations, where
miscibility may be less predictable. For example, Hulse
et al. (2021) used SAXS to map micro-domains in both
binary and ternary formulations, providing insight into
long-term stability and guiding the selection of
excipients that minimise crystallisation risks®. Another
promising use of SAXS is in situ monitoring during
manufacturing processes like spray drying or hot-melt

448



H. Arjun Kamble & G. Srinivasan.

extrusion. By observing the material in real time,
researchers can evaluate how processing parameters
such as temperature, shear rate, or solvent removal
affect the internal structure and aggregation tendencies
of the formulation. Variable-temperature SAXS, in
particular, can simulate long-term storage conditions
and track how phase separation or clustering evolves
over time®%. While SAXS offers several advantages,
including high sensitivity and nanoscale resolution, it
does have some practical limitations. High-end SAXS
systems often require access to synchrotron radiation
sources, which may not be feasible for every research or
quality control lab. However, recent advances in
benchtop SAXS instrumentation are making the
technique more accessible, suggesting it could become
a routine part of ASD characterisation in the near
future®,

3.8 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is a
valuable imaging technique widely used to explore the
surface characteristics, particle size, and microstructure
of pharmaceutical formulations, including ASDs.
Although SEM does not directly reveal molecular-level
interactions, it provides detailed visual evidence of
drug—polymer miscibility, the uniformity of dispersion,
and surface changes that can impact the physical
stability and performance of a formulation®. The
technique works by directing a focused beam of high-
energy electrons across the surface of a sample. As the
electrons interact with the atoms in the material, they
generate signals that are collected and transformed into
high-resolution, three-dimensional images. These
images allow researchers to distinguish between
crystalline and amorphous states based on particle shape
and texture. Crystalline drug particles usually appear
sharp, faceted, and well-defined, while amorphous
particles are more irregular, smoother, and often
spherical with a matte surface®’.

One of SEM’s key roles in ASD development
is verifying whether the drug has been successfully
incorporated into the polymer matrix. When crystalline
features disappear after processing methods like spray
drying or hot-melt extrusion, and particles appear
uniformly shaped and amorphous, this visually confirms
effective dispersion. For example, it was observed that
carvedilol ASDs prepared with HPMCAS displayed
consistent, non-crystalline  particles, suggesting
successful amorphisation®®. SEM is also instrumental in
stability studies. Over time, particularly under
accelerated conditions, recrystallisation may occur. This
is often visible as the reappearance of crystalline
domains on the surface. By comparing SEM images
taken before and after storage, researchers can detect
early signs of physical degradation. In addition, SEM is
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frequently paired with energy-dispersive X-ray
spectroscopy (EDS), which provides information about
elemental composition. This helps track phenomena like
drug migration, phase separation, or the enrichment of
specific components on the surface®. Beyond stability
assessments, SEM is useful in evaluating manufacturing
processes like granulation, milling, or extrusion. It can
detect surface defects, porosity, and coating
inconsistencies that might affect dissolution or shelf
life. In more complex systems, such as ternary ASDs or
formulations containing surfactants, SEM can help
visualise micelle structures, wetting behaviour, or
interfacial disruptions™.

3.9 Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) is a highly
advanced imaging technique that provides nanoscale
resolution for studying surface morphology,
topography, and mechanical properties. In the field of
ASDs, AFM is particularly valuable for revealing
detailed structural features such as micro-phase
separation, assessing drug-polymer miscibility, and
evaluating surface characteristics like roughness and
adhesion factors that directly influence the stability,
dissolution rate, and bioavailability of the final dosage
form™. AFM works by scanning a very sharp probe tip,
mounted on a flexible cantilever, across the surface of a
sample. As the tip moves over the surface, it experiences
deflections caused by atomic-level forces, and these
deflections are recorded to produce high-resolution,
three-dimensional images. Unlike Scanning Electron
Microscopy (SEM), which primarily provides surface
images, AFM also measures interaction forces,
elasticity, and adhesion at the nanoscale. This additional
layer of mechanical information helps researchers
understand localised differences in surface chemistry
and formulation behaviour,

One of AFM’s most important applications in
ASD research is its ability to detect early signs of nano-
phase separation, which often precedes visible
crystallisation. It has been demonstrated that AFM
phase imaging could identify drug-rich and polymer-
rich regions in ASDs, even before such separation
became detectable by conventional techniques like
PXRD or DSC. This makes AFM especially useful for
evaluating high drug-loaded systems, where subtle
incompatibilities can lead to long-term instability that
isn’t immediately obvious at the macro level”. In
addition to imaging, AFM can operate in force
spectroscopy mode, allowing precise measurement of
the adhesive force between the tip and the sample
surface. These values are closely related to surface
energy and wettability two key parameters in
understanding dissolution behaviour. A strong adhesive
interaction often points to a polymer-dominant surface,
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which may promote stability but slow down drug
release. On the other hand, drug-rich surfaces tend to
have weaker adhesion and may dissolve faster, but they
also carry a higher risk of recrystallisation™.

AFM is also useful for examining the influence
of excipients such as surfactants or secondary polymers
in ternary formulations. By analysing phase maps and
surface structures, researchers can detect regions of
incompatibility or crystallised excipients that could
negatively impact the performance of the final product.
Emerging techniques even combine AFM with localised
thermal analysis (AFM-TA), allowing for thermal
behaviour to be studied at precise surface locations™.
Despite its many strengths, AFM does have some
limitations. It requires the sample to be flat and dry,
which means it is less suited for real-time or hydrated
analysis. Additionally, the area that can be scanned is
relatively small typically under 100 micrometres
squared so it is best used as a complementary method
alongside bulk techniques like PXRD or DVS. Still, its
ability to offer a window into the nanoscale world
makes AFM an invaluable tool in the formulation
scientist’s toolkit?.

3.10 Dynamic vapor sorption (DVS)

Dynamic Vapor Sorption (DVS) is a precise
and sensitive gravimetric technique commonly used to
evaluate how ASDs interact with moisture. It plays a
critical role in understanding a formulation's
hygroscopic behaviour, water uptake capacity, and
vulnerability to moisture-induced phase separation or
crystallisation. DVS is particularly useful because
moisture can have a profound impact on the physical
stability of ASDs, acting as a plasticiser, lowering the
Tg, and increasing molecular mobility, all of which can
accelerate drug recrystallisation’. In a typical DVS
experiment, a small sample is placed on an ultra-
sensitive microbalance inside a humidity-controlled
chamber. The relative humidity (RH) is gradually
increased or decreased in a controlled sequence while
the instrument continuously records the sample’s
weight changes over time. The resulting data are plotted
as a sorption isotherm, which illustrates how much
moisture the material absorbs or desorbs at each RH
level. These curves help identify important behaviours,
such as the point at which the material begins to
deliquesce, the rate at which it takes up or releases
water, and any hysteresis between sorption and
desorption. Together, these indicators provide a clear
picture of the formulation’s resilience or sensitivity to
moisture under various storage conditions’’.

Moisture’s plasticising effect is a particular
concern. When water is absorbed, it often lowers the Tg
of the amorphous matrix. If the Tg falls below ambient
temperature, the increased mobility of molecules can
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trigger nucleation and eventual crystallisation. In a
study on indomethacin-PVVP dispersions, significant
water uptake above 60% RH was followed by
recrystallisation. In contrast, dispersions made with
more hydrophobic polymers like HPMCAS exhibited
minimal moisture absorption and maintained their
amorphous stability’”®. DVS is also highly useful for
comparing the moisture-handling capabilities of
different polymers. For instance, polymers like PVP or
PEG are more hygroscopic and may destabilise
moisture-sensitive drugs in high-humidity
environments. In contrast, polymers such as HPMCAS
or ethyl cellulose offer greater moisture resistance.
These insights can inform important formulation
choices, including the selection of desiccants, primary
packaging materials, and storage recommendations’.
Another valuable application of DVS is detecting
moisture-induced phase separation (MIPS), where
absorbed water causes the drug and polymer to separate
into distinct regions-a precursor to crystallisation. This
behaviour is typically observed as an unusual or sharp
increase in mass uptake on the isotherm and can later be
confirmed using PXRD or AFM®,

Despite its strengths, DVS does have some
limitations. It generally requires long equilibration
times to ensure accurate readings at each RH step, and
while it quantifies how much moisture is absorbed, it
doesn’t directly indicate whether that moisture is
chemically bound or simply physically adsorbed.
Nonetheless, its ability to sensitively and quantitatively
measure water uptake makes DVS an indispensable tool
for screening ASDs, especially when moisture stability
is a primary concern.

3.11 Inverse gas chromatography (IGC)

Inverse Gas Chromatography (IGC) is an
increasingly favoured technique in pharmaceutical
formulation, particularly for analysing surface
energetics and predicting the miscibility of drugs and
polymers in ASDs. Unlike conventional gas
chromatography, where a liquid or gas sample is
injected into a packed column, IGC reverses the setup:
the ASD material itself acts as the stationary phase, and
a series of vapour-phase probe molecules are passed
over it. By examining how these probes interact with the
surface of the sample, researchers can extract important
data on surface energy, polarity, and thermodynamic
behaviour—critical factors when designing stable,
effective ASDs®. One of the standout capabilities of
IGC is its ability to quantify both dispersive surface
energy (associated with van der Waals forces) and
specific surface energy (related to polar interactions,
such as hydrogen bonding or acid—base chemistry).
These measurements can also be used to determine
solubility parameters, including the Flory—Huggins
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interaction parameter (y), which is a key indicator of
drug—polymer miscibility. Lower yx values (typically
below 0.5) suggest strong miscibility and stable
systems, while higher values hint at potential phase
separation or crystallisation risks. For example, Yousaf
et al. (2021) successfully used IGC to predict the
compatibility of efavirenz with several polymers, and
the findings were later confirmed by complementary
techniques such as solid-state NMR and DSC?,

One of IGC’s practical advantages is that it
operates under dry conditions and does not require
chemical modification of the sample. This is
particularly helpful when working with moisture-
sensitive compounds or early-stage formulations. Its
non-destructive nature and relatively fast turnaround
make it an excellent screening tool, especially before
committing resources to large-scale processes such as
spray drying or hot-melt extrusion®. IGC is also
valuable for assessing the cohesive—adhesive balance
(CAB) in multicomponent systems. A high CAB value
between a drug and polymer indicates strong mutual
attraction and compatibility, while a low value suggests
poor adhesion and a risk of phase separation. In
addition, IGC can be used to evaluate the effects of
surface treatments, particle ageing, or long-term storage
on material stability, making it a versatile tool in both
development and quality control®,

IGC has its limitations. It primarily analyses
surface interactions, which may not always represent
what’s happening within the bulk of the material. Also,
setting up uniform, well-packed columns can be
challenging, especially with sticky, cohesive, or
irregularly shaped powders. Still, IGC continues to
grow in popularity as a reliable preformulation
technique. It effectively bridges the gap between
theoretical ~miscibility models and real-world
experimental data, offering critical insights during the
early stages of ASD development and formulation
optimisation®.

4. ASD STABILITY AND DRUG-POLYMER
INTERACTIONS

4.1 Physical stability

In ASDs, crystallisation inhibition can be
achieved by powerful drug—polymer interactions that
limit the mobility of drug molecules, thereby preventing
the formation of crystals and maintaining their physical
stability. The intensity of these interactions is crucial in
delaying crystallisation as well as retaining the drug’s
amorphous nature within the formulation®. Drugs can
be stabilised using polymers that have a high Tg,
through a process known as anti-plasticisation. This is
done by raising the overall Tg of the ASD, thus
minimising the movement of drug molecules and
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inhibiting crystallisation. However, it should be noted
that, on its own, Tg may not always provide a reliable
prediction about the physical stability of ASDs®’. To
delay crystallisation and maintain drugs in an
amorphous state in solid dispersions, these strong drug—
polymer interactions cause a reduction in molecular
mobility. With drug molecule motion being restricted,
the chances of crystallisation decrease, thereby
improving its physical stability in ASDs®,

Recent research continues to shed light on how
drug—polymer interactions, polymer selection, and
external conditions collectively influence the physical
stability of ASDs. A study conducted by Pajzderska et
al. explored the long-term stability of felodipine-PVP
ASDs using “1H NMR relaxometry. Their findings
showed that the formulation remained physically stable
for 250 days when stored under dry conditions (0%
relative humidity), underscoring the effectiveness of
drug—polymer miscibility in maintaining the amorphous
state. However, once the ASD was exposed to 75% RH,
water uptake led to a reduction in stability, ultimately
resulting in recrystallisation. This demonstrated the
destabilising effect of moisture acting as a plasticiser,
which increases molecular mobility and facilitates
crystal formation-even in systems with strong initial
miscibility®. A similar trend was observed in ASDs
containing a-mangostin formulated with either Eudragit
or PVP. When stored at 90% RH and 25°C, the 1:1 a-
mangostin—Eudragit formulation began to recrystallise
within just seven days. In contrast, PVP-based systems
with higher polymer content (1:4 and 1:10 drug-
polymer ratios) remained amorphous for the entire
duration of the study. These results emphasise how both
polymer choice and drug loading play a crucial role in
resisting crystallisation, particularly under high-
humidity conditions®. Another compelling example
comes from a comparative study on fenofibrate ASDs
prepared by hot-melt extrusion (HME) versus spray
drying. Over a one-year storage period, HME-based
formulations  exhibited  superior resistance to
recrystallisation, with only minor crystalline content
detected via DSC. Meanwhile, spray-dried samples
showed earlier signs of physical instability, confirmed
by PXRD and SEM. Interestingly, changes in
dissolution profiles were noted before any visible signs
of crystallinity appeared, indicating that functional
performance may begin to decline even before structural
changes can be detected®.

4.2 Chemical stability

Chemical instability in ASDs can lead to the
formation of degradation products or impurities, which
may compromise the safety, efficacy, and shelf life of
the final drug product. Several factors influence
chemical stability in these systems, including the nature
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and strength of drug—polymer interactions, the local pH
environment within the matrix, and exposure to external
stressors such as elevated temperature, humidity, light,
and oxygen. These elements can accelerate degradation
pathways, such as hydrolysis or oxidation, particularly
when the drug is in a high-energy amorphous state®.
One notable example comes from a study that explored
the chemical stability of simvastatin ASDs formulated
with different polymers. The study found that
polyvinylpyrrolidone (PVP) significantly promoted
hydrolytic degradation of simvastatin under humid
conditions. On the other hand, HPMCAS, a more
hydrophobic and acidic polymer, offered better
chemical protection, likely due to its reduced moisture
uptake and ability to create a localised acidic
microenvironment that inhibits hydrolysis®,

In a similar study, the authors evaluated the
chemical stability of olanzapine ASDs. Systems
containing PEG-based polymers showed a higher rate of
degradation, attributed to both increased hygroscopicity
and the presence of residual peroxide impurities within
the polymer. Conversely, using Soluplus, a non-PEG-
based amphiphilic polymer, resulted in significantly
enhanced chemical and physical stability, particularly
under accelerated storage conditions®. Another relevant
case is that of nicotinamide—-PVP ASDs, where
oxidative degradation was observed to increase over
time, especially when the samples were exposed to light
and atmospheric oxygen. To mitigate this, antioxidants
such as butylated hydroxytoluene (BHT) can be
incorporated into the formulation. This approach
markedly reduced oxidative degradation, emphasising
the role of stabilising excipients in protecting
chemically sensitive drugs®.

Collectively, these studies reinforce the idea
that polymer selection affects not just the physical
characteristics of ASDs, such as Tg and crystallisation
resistance, but also plays a crucial role in governing
chemical reactivity. Factors like polymer acidity,
moisture affinity, oxidative stability, and residual
impurity content must all be taken into account.
Additionally, formulation strategies such as the use of
antioxidants, inert packaging, or moisture-barrier
coatings can further extend the chemical shelf life of
these systems. Therefore, assessing chemical stability
early in the formulation process, alongside physical
characterisation, is essential to ensure the long-term
success of ASD-based drug products.

4.3 Moisture uptake

Moisture uptake is a critical factor that can
significantly influence both the physical and chemical
stability of ASDs. These systems are thermodynamically
unstable by nature and tend to absorb moisture from the
environment, particularly when stored under conditions
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of high relative humidity (RH). This humidity-driven
absorption can lead to plasticisation of the polymer
matrix, effectively lowering the Tg. As the Tg drops,
molecular mobility increases, making the formulation
more susceptible to recrystallisation or even chemical
degradation over time. Therefore, understanding and
controlling how much moisture an ASD can absorb is
essential for predicting its long-term behaviour and
ensuring product quality under real-world storage
conditions®.

In indomethacin—PVP ASDs, it was found that
at RH levels above 60%, the system absorbed moisture
rapidly, causing a measurable reduction in Tg and
triggering recrystallisation. In contrast, formulations
using HPMCAS, a more hydrophobic polymer,
exhibited much lower water uptake and retained their
amorphous character even under the same humid
conditions™. This example clearly highlights how the
moisture-barrier properties of hydrophobic polymers
can play a protective role in stabilising the drug. In
another study,the moisture uptake behaviour of
itraconazole ASDs formulated with different polymers
are compared. They reported that ASDs containing
PVP-VA absorbed significantly more atmospheric
moisture than those made with Eudragit L100, resulting
in faster degradation under accelerated storage
conditions. This observation underscores the importance
of polymer hygroscopicity in determining how resistant
an ASD will be to moisture-related instability®. A
further example involved ternary ASDs of
carbamazepine formulated with poloxamer 407 and
HPMC. These combinations showed improved
resistance to humidity compared to binary formulations.
The enhanced performance was attributed to a
synergistic effect between the two polymers, which
formed a denser matrix network that restricted moisture
penetration and minimised water uptake, thereby
improving physical stability®’.

These studies reveal that moisture sorption is
not simply an environmental outcome but a
formulation-specific property influenced by factors
such as polymer chemistry, drug loading, and matrix
structure. Analytical techniques like Dynamic Vapor
Sorption (DVS) offer valuable predictive insights into
the moisture-handling capabilities of ASDs, making
them indispensable tools during formulation
development and stability risk assessment.

5. STRATEGIES FOR OPTIMIZING DRUG-
POLYMER INTERACTIONS AND STABILITY

5.1 Polymer selection
In developing ASDs, one of the most critical

aspects is selecting an appropriate polymer carrier. The
physicochemical properties of the drug, the target
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release profile, and the manufacturing technique are the
primary factors influencing the choice of polymers®. A
soluble, miscible polymer is desirable to solubilise the
drug and prevent crystallisation. By comparing the
Hildebrand solubility parameter of the drug with that of
various polymers, one can determine how much they are
miscible with the drug. The solubility parameters of the
polymer should closely match those of the drug to
enhance bioavailability and drug release profiles. The
better the solubility, the easier it becomes for the
polymer matrix to solubilise the drug. A miscible
system guarantees that the drug will be evenly
incorporated into the polymer, minimising the potential
for phase separation and crystallisation of the drug. This
is particularly important in ensuring the stability of the
ASDs, as crystallisation can render the compound
insoluble and, consequently, not bioavailable®.
Polymers with high thermal stability are able to
withstand certain external conditions during processing,
such as the application of heat during melting or drying.
This is crucial in formulation, as it ensures the polymer
and drug retain their properties. Conversely, polymer
degradation can lead to unwanted by-products that
negatively affect the drug and its release properties. It is
also important to note that the thermal transitions,
specifically the Tg of the polymer, are critical'®. For
example, if a polymer has a Tg much lower than the
processing temperature, it may soften the matrix and
ease drug release; however, this raises the likelihood of
phase separation. On the other hand, if a polymer’s Tg
is much higher, it will not permit enough drug release.
Therefore, a polymer must be chosen to ensure that all
these parameters are met in the correct proportions®, A
polymer's solubility in a variety of solvents can be
altered by its ionisation state. lonisable polymers, such
as those with carboxylic acid or amine groups, may
display greater solubility in more polar solvents when in
their ionised states. This greatly enhances the possibility
of achieving better solubilisation of the drug within the
polymer matrix, leading to improved drug release and
bioavailability. Hydrophilicity or hydrophobicity of the
polymer can also be influenced by alterations in the
ionisation state'®2, Typically, polymers with higher
molecular weights have increased viscosity, which can
affect the processing conditions during the formulation
of ASDs. Higher stability of the dispersion can be
achieved if the viscosity is high enough to prevent
sedimentation or phase separation. However, the
dispersion must also remain sufficiently low in viscosity
to allow processes like hot-melt extrusion or spray
drying. For this reason, a polymer with a specific
molecular weight is required to achieve a balance
between processability and stability. A higher release
rate from the solid dispersion is possible with lower
molecular weight polymers because their structure is
more open, allowing easier drug diffusion. Conversely,
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the drug release rate with higher molecular weight
polymers is lower due to the thicker matrix®.

The release profile of the drug is influenced by
whether the polymer wused is hydrophilic or
hydrophobic. Hydrophilic polymers will swell and
increase diffusion of the drug, while hydrophobic ones
can reduce it. It is therefore possible to tailor the release
profile of the drug by selecting polymers that fall
between the extremes of hydrophilic and hydrophobic,
ensuring that the therapeutic action is maintained?®®.
Selected polymers can help achieve and maintain
supersaturation by forming a protective matrix that
prevents the drug from crystallising. Polymers that form
strong interactions with the drug can effectively
stabilise the supersaturated state and prevent nucleation
and crystal growth. Optimising drug-polymer
interactions is crucial for maintaining the stability of the
amorphous solid dispersion'®. Polymers with solubility
dependent on pH can be employed to regulate drug
release in different parts of the gastrointestinal tract. pH-
dependent solubility plays a crucial role in the
development of oral drug delivery systems, particularly
in designing ASDs with site-specific or delayed drug
release. These polymers are engineered to dissolve only
at certain pH thresholds, allowing the drug to remain
protected in the stomach and to be released in a
controlled manner at targeted regions of the
gastrointestinal (Gl) tract. This approach not only helps
protect acid-sensitive drugs from gastric degradation
but also minimises drug release in the stomach, reducing
gastric irritation and improving absorption in the
intestine!®, Methacrylic acid copolymers, such as
Eudragit L100 and Eudragit S100, are classic examples
of pH-sensitive polymers. Eudragit L100 begins
dissolving at pH >6.0, making it suitable for duodenal
delivery, while Eudragit S100 dissolves at pH >7.0,
targeting the distal ileum or colon. These polymers have
been widely used in enteric coatings and increasingly in
ASDs to prevent premature drug release in the stomach
and enable site-specific release further down the Gl
tract'%, Another polymer, hydroxypropyl
methylcellulose acetate succinate (HPMCAS), has
gained attention in ASD formulation due to its pH-
dependent solubility (typically dissolving at pH 5.5-
6.8) and excellent ability to stabilise amorphous drugs.
HPMCAS not only maintains the supersaturated state of
the drug in the small intestine, enhancing
bioavailability, but also minimises crystallisation due to
its hydrophobic backbone and strong drug-polymer
interactions. It is commonly used for BCS Class Il drugs
that are poorly water-soluble and require enhanced
solubility and permeability!®”1%, While pH-dependent
polymers offer great versatility, formulation scientists
must consider factors such as polymer-drug miscibility,
drug loading, and GI transit time, which can influence
the actual site and extent of release. Moreover,
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variability in individual gastric and intestinal pH
profiles among patients can lead to inter-subject
variability in drug absorption®.

5.2 Methods of processing

HME and spray drying methods have the ability
to promote molecular-level dispersion of poorly water-
soluble drugs within a polymer matrix. This is key to
enhancing solubility and improving bioavailability.
Comparing HME and spray drying also provides
meaningful insight into how different processing
conditions can affect the long-term physical stability
and performance of ASDs. Understanding these
differences helps guide the selection of the most suitable
method for a given drug-polymer system. Both
techniques have a strong track record in the
pharmaceutical industry and are supported by a growing
body of research, making them logical choices for
evaluating formulation strategies in both preclinical and
commercial settings*®111,

5.2.1. Melt extrusion

Polymers possessing appropriate thermoplastic
properties, such as a low Tg and melt viscosity, are
preferred to facilitate drug solubilisation and mixing.
The dissolution of the drug within the polymer matrix is
enhanced at elevated temperatures, improving contact
between the two components and leading to greater
interaction''?, The amorphous form of the drug is
crucially stabilised by stronger intermolecular
interactions, such as hydrogen bonding. Externally
supplied work is used to soften and mix the material,
and this phase locks the drug into the amorphous form.
The system is then rapidly cooled, suppressing
crystallisation and enhancing the stability of the ASD.
There are additional advantages, such as the improved
quality of the final product, due to the precise control
available during extrusion. During extrusion, the
polymer is heated and pulled through a nozzle, which
increases viscosity when sheared. This high viscosity
provides kinetic stabilisation, making it harder for the
drug molecules to move, thus delaying phase separation
and crystallisation!*2,

5.2.2. Spray drying

Polymers with high solubility in volatile
organic solvents are preferred to ensure the formation of
a homogeneous ASD. Similarly, another widely used
method for preparing ASDs is spray drying. This
involves dissolving the drug and polymer in a solvent,
which is then dispersed into an atomised hot air stream.
The solvent contained in the atomised droplets rapidly
evaporates, which is crucial for achieving an amorphous
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state. The quick evaporation not only increases the
surface area but also ensures that the drug does not
crystallise during the transformation from liquid to
solid**. The type of solvent used significantly
influences the drug-polymer properties; using one that
improves the polymer’s dispersibility can enhance
dispersion quality. Additionally, using co-solvents or
mixed solvent systems can improve drug—polymer
solubility and interaction. Regarding ASD dissolution,
particle size and shape are important; smaller particles
usually enhance the dissolution rate, particularly when
spray drying is used, as these factors can be controlled.
Most polymers and drugs, including thermolabile
compounds, can be used with these techniques to
formulate ASDs, making them applicable to most
pharmaceutical applications!?®,

5.3 Optimization of drug-polymer ratio

The optimisation of the drug—polymer ratio in
ASDs is critical for achieving the right balance between
enhancing solubility and providing physical stability*®.
A higher drug loading in ASDs can lead to a greater
improvement in dissolution when compared with
crystalline drugs. Amorphous drugs have higher free
energy and molecular mobility, which improves
dissolution and results in an apparent enhancement in
solubility. However, beyond a certain level, increasing
drug loading can compromise the physical stability of
ASDs. An increase in drug loading also increases the
likelihood of recrystallisation during storage or
dissolution. The amorphous drug is Kkinetically
stabilised by the polymer component in the ASD, thus
preventing crystallisation. In systems with low drug
loading, polymers can significantly inhibit nucleation
and subsequent crystal growth, enhancing physical
stability. However, at higher drug loading levels, the
saturation of drug-polymer interactions may occur,
which may not sufficiently stabilise the amorphous state
and thus increase the chances of recrystallisation. The
release profile of the drug from an ASD can also be
altered by the extent of its loading, including
supersaturation  kinetics and  dissolution rates.
Controlling release kinetics by optimising this ratio is
crucial to achieving the desired delivery profiles's.

5.4 Using co-polymers and ternary systems

Ternary ASDs are gaining attention as an
effective strategy to address some of the challenges
associated with conventional binary systems. By
incorporating two excipients typically a combination of
polymers or a polymer and a surfactant ternary systems
can offer enhanced physical stability, improved
solubility, and the potential for more tailored drug
release profiles. However, these benefits come with
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increased formulation complexity, as developers must
consider not only how the drug interacts with each
polymer but also how the two polymers interact with
one another'’®. A notable example of a ternary system
designed to enhance physical stability is the formulation
of nifedipine with HPMC-AS and Soluplus. In this
combination, HPMC-AS helped raise the glass
transition temperature and reduce moisture uptake,
while Soluplus contributed to improved miscibility with
the drug. Together, they formed a more stable
amorphous matrix than either polymer alone,
significantly reducing the likelihood of recrystallisation
during storage under stress conditions?. Ternary
systems have also shown great promise in achieving
customised drug release profiles. For instance, a study
on curcumin demonstrated that blending Eudragit
RSPO, PVP K30, and a small amount of poloxamer 407
allowed researchers to fine-tune the release rate simply
by adjusting the component ratios. The hydrophilic
nature and plasticising effect of poloxamer altered the
matrix porosity and polymer relaxation, enabling a
range of release behaviours from immediate to sustained.
This adaptability is particularly valuable for optimising
treatment across different therapeutic contexts!?.
Despite their advantages, ternary ASDs do
present some challenges. With more components in the
mix, there is a higher risk of incompatibility or phase
separation, especially if the polymers are not well-
matched. Predicting how each component will interact
requires a combination of theoretical modelling and
extensive  experimental  testing.  Additionally,
manufacturing can become more complicated,
particularly during processes like hot-melt extrusion or
spray drying, where differences in polymer viscosity,
solubility, or thermal behaviour can affect the
uniformity and quality of the final product!?2.

6. CONCLUSION

ASDs are being investigated to enhance the
effectiveness of orally administered medicines,
particularly for drugs with poor water solubility.
Compared to crystalline forms, solid dispersions have
consistently demonstrated an ability to enhance both
drug solubility and stability. Specific interactions
between drugs and polymers are essential for the
retention of the amorphous state, including ionic forces,
hydrogen bonds, van der Waals interactions, and
hydrophobic effects. However, challenges remain in
understanding the complexity of these interactions,
choosing the appropriate polymers, and predicting the
long-term stability of ASDs. Molecular strategies aimed
at reducing macromolecular barriers to drugs in ASDs
have explored adjustments such as polymer selection,
variation in drug—polymer ratios, and the use of co-
polymers, among others. Further research is required to
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overcome these challenges and fully unlock the
potential of ASDs in pharmaceutical formulations.
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