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Hydroxypropyl methylcellulose (HPMC), a widely used cellulose derivative, plays a central role in stabilizing
drug-containing amorphous solid dispersions (ASDs), by inhibiting the drug recrystallization. However, the
moisture sorption behavior of HPMC can compromise the physical stability of ASDs under humid conditions. This
study examines how humidity, drug loading, storage time, and spatial location within the ASD together influence
the recrystallization behavior of a model drug (naproxen) in HPMC-based ASDs prepared via hot melt extrusion.
We hypothesized that moisture induced drug recrystallization is governed primarily by the water sorption
characteristics of HPMC. To investigate moisture induced drug recrystallization, extrudates were stored for 14
days at 75% and 98% RH. All formulations remained fully amorphous (>99.5%) at 75% RH, whereas significant
recrystallization occurred at 98% RH. Notably, recrystallization initiated at the extrudate surface, reflecting
moisture driven structural gradients within the polymer matrix. These results establish a structure-property
relationship linking HPMC hydration and increased chain mobility to drug recrystallization, providing a
mechanistic insight relevant for designing robust moisture-resistant cellulose derivatives-based drug delivery
systems.

1. Introduction

Oral administration of drugs has been the most prominent route of
drug administration and constitutes almost 60% of the market, owing to
its convenient nature, simplicity in handling and storage, cost-
effectiveness, and independent administration of the drugs by the pa-
tients (Deac et al., 2023; Govender, Kissi, Larsson, & Tho, 2021). An
important property that orally administered drugs should possess is
dissolution in the gastrointestinal fluids and permeation through the gut
membrane. The Biopharmaceutical classification system (BCS), estab-
lished in 1995 by Amidon et al. (Amidon, Lennernas, Shah, & Crison,
1995) classifies drugs according to their solubility and permeability
characteristics, with Type II and IV drugs (high/low permeability and
low solubility) garnering significant attention, as poor aqueous solubi-
lity can lead to reduced bioavailability (BA) (Baghel, Cathcart, &

O'Reilly, 2016; Yazdi, Benson, Taylor, & Edgar, 2025).

For drugs where the solubility of the crystalline form is too low and
the desired BA cannot be obtained through micronization or use of
nanoparticles, amorphous solid dispersions (ASDs) are one way to
overcome the solubility challenges. In ASDs the amorphous drug is
dispersed in the polymeric phase (Kissi et al., 2021), and the presence of
the polymer matrix increases the physical stability of the drug in its
amorphous state by inhibiting its recrystallization (Bapat, Paul, Tseng, &
Taylor, 2024; Shi, Li, Yeh, Wang, & Xin, 2020). The polymer matrices
employed are crucial to the performance of the ASDs, and their selection
matched to the drug substance characteristics plays a major role in the
performance of the ASDs. Among the different polymers employed, the
cellulose derivative hydroxypropyl methylcellulose (HPMC) has been
found to be a suitable polymeric carrier in ASDs, likely because the two
different substituents attached to the carbohydrate polymer chain offer
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Table 1
Physicochemical properties of AFFINISOL™ HPMC HME 100LV.
MeO" (wt%) DSan" HPO" (wt%) MSavg" Total Substitution® (%) MeO/HPO ratio” Molecular weight, M,, (kDa)‘ T, (°C)
22.0-27.0 1.91 25.0-32.0 0.91 47.0-59.0 0.89 190.1 £+ 2.6 101.15 £ 0.35

2 Information from the manufacturer, Dow Chemical Co. limits.

b Calculated with MeO (wt%) and HPO (wt%) using eq. 5. in (Viridén, Wittgren, & Larsson, 2009).
¢ Measured as duplicates using Size-exclusion chromatography (Refer Section SI1.)

opportunities for interactions with drug molecules (Barba, d'Amore,
Chirico, Lamberti, & Titomanlio, 2009; Chang et al., 2020; Fan et al.,
2018; Jin et al., 2023; Sarabu et al., 2020; J. Zhang et al., 2017; X.
Zhang et al., 2025). The balance of methoxy and hydroxypropyl groups
dictates water uptake, which modulates polymer chain mobility and
thereby influences the likelihood of drug recrystallization. This struc-
ture-property relationship forms the basis for the present study
(Larsson, Viridén, Stading, & Larsson, 2010; Otoni, Lorevice, Moura, &
Mattoso, 2018).

While there are different methods to prepare ASDs, hot melt extru-
sion (HME) has proven to be a successful manufacturing process owing
to its environmental friendliness, ability to perform continuous
manufacturing, solvent-free nature, and potential for industrial-level
scale-up (Ha et al., 2025; KeBler et al., 2025; Patil et al., 2024; Sarabu
et al.,, 2020; Sarode et al., 2014). Recent developments have also
enabled HPMC to be processed with ease using HME. A new grade of
HPMC was introduced by Dow Chemicals, specially designed for this
purpose, a few years ago (Huang et al., 2016). This grade, called the
AFFINISOL™ HPMC HME, has garnered considerable attention owing to
its ease of extrudability, thermal stability and ability to stabilize the drug
in ASDs (Larsen, Kissi, Nogueira, Genina, & Tho, 2024; Mora-Castano
et al., 2024; Prasad et al., 2019; Vlad et al., 2025).

ASDs are thermodynamically in a metastable state, which gives rise
to a potential risk of physical instability through recrystallization of the
drug (Guan et al., 2021). Recrystallization is further accelerated by
environmental factors such as relative humidity (RH) (Pajzderska,
Mielcarek, & Wasicki, 2022). Several studies have investigated the ef-
fect of humidity on the physical stability of ASDs experimentally
(Bhujbal et al., 2021; Chen et al., 2018; Feng et al., 2016; Haku, Suzuki,
Ohashi, Titapiwatanakun, & Fukami, 2025; Konno & Taylor, 2008; Li
et al., 2020; Lin et al.,, 2018; O'Connell et al., 2025; Rumondor,
Wikstrom, Van Eerdenbrugh, & Taylor, 2011; Tian et al., 2014; Wu &
Van Mooter, 2023; S. Zhang, Lee, & Chow, 2019; Zhao et al., 2024).
In particular, Taylor and co-workers (Marsac et al., 2010; Marsac,
Konno, Rumondor, & Taylor, 2008; Purohit & Taylor, 2015, 2017;
Rumondor, Marsac, Stanford, & Taylor, 2009) have studied extensively
how relative humidities (or moisture) affects the phase behavior and
physical stability of ASDs. Xie and Taylor (Xie & Taylor, 2017) analyzed
the stability of ASDs prepared with celecoxib and different polymers
such as PVP, PVPVA, and HPMC acetate succinate (HPMCAS), by
exposing them to elevated temperatures and relative humidities. The
results suggested that under high-humidity environments, ASDs with
stronger drug-polymer interactions and lower moisture sorption were
resistant to moisture-induced phase separation and drug recrystalliza-
tion. Purohit and Taylor studied the phase behavior (Purohit & Taylor,
2017) and phase separation kinetics (Purohit & Taylor, 2015) of
ritonavir-based ASDs with PVP, PVPVA and HPMCAS upon exposure to
high humidities and bulk water (during dissolution). They observed
amorphous-amorphous phase separation (AAPS) for ritonavir-PVP and
ritonavir-PVPVA based ASDs upon high RH storage and dissolution. This
was attributed to the preferential interaction of the polymer with water
that led to disruption of drug-polymer interaction and subsequent for-
mation of drug-rich phase. Rumondor et al. (Rumondor, Stanford, &
Taylor, 2009) investigated the influence of polymer type (PVP and
HPMCAS) and storage RH on crystallization kinetics of felodipine-based
ASDs. It was observed that above 75% RH, crystallization of felodipine
occurred at a higher rate in PVP-based ASDs than HPMCAS-based ASDs

and this was associated with the highest propensity of PVP to absorb
water and result in moisture-induced drug-polymer immiscibility.
However, the majority of studies focus on ASDs with excipients con-
sisting of synthetic polymers such as PVP, PVPVA, or specifically
HPMCAS when the focus is on cellulose derivatives. Thus, there seems to
be a lack of studies that analyze the combined influence of storage hu-
midity, storage times, and drug loading on physical stability/drug
recrystallization in HPMC based ASDs and correlate the behavior of
HPMC under moisture exposure to the drug recrystallization
phenomena.

Beyond their functional role in stabilizing amorphous drugs,
cellulose-based polymers such as HPMC are derived from renewable
resources, making them attractive for designing environmentally
responsible pharmaceutical formulations. Improved understanding of
their moisture driven behavior therefore also contributes to more sus-
tainable drug delivery strategies.

With these details in mind, the primary objective of the study was to
understand how storage humidity (and hence, water uptake), storage
time, and drug loading influence the drug recrystallization in HPMC
based ASDs and further elucidate the underlying mechanisms. The hy-
pothesis of the study is that drug recrystallization is primarily governed
by the moisture sorption characteristics of HPMC, the interactions
occurring between moisture and HPMC, and the resultant enhancement
in its polymer chain mobilities. To test this, ASDs were prepared with
AFFINISOL™ HPMC HME 100LV as the excipient and a model drug
(naproxen) at drug loadings from 5 to 30 wt%, using hot melt extrusion.
The characteristics of the ASDs were evaluated using differential scan-
ning calorimetry (DSC), Fourier transform infrared (FT-IR) spectros-
copy, and wide-angle X-ray scattering (WAXS). Furthermore, to
investigate moisture-induced drug recrystallization, the ASDs were
stored at 75% and 98% RH for 14 days and analyzed at regular intervals
using the aforementioned techniques.

2. Materials and methods
2.1. Materials

AFFINISOL™ HPMC HME 100 LV (100 cP) was kindly donated by
Dow Wolff Cellulosics GmbH, Walsrode, Germany. The physicochemical
properties of HPMC HME 100LV used in the current study are given in
Table 1. Further, a model drug, naproxen (Molecular weight = 230.26 g/
mol), was purchased as a powder form from MP Biomedicals, United
States. The salts, sodium chloride and potassium sulfate, were purchased
from Sigma Aldrich. All chemicals were of analytical grade and used
without further purification procedures.

2.2. Methods

2.2.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of neat materials (HPMC HME
100LV and naproxen powders) was conducted to assess thermal stability
and guide the selection of processing conditions for hot melt extrusion.
TGA was carried out using a Mettler Toledo TGA/DSC 3+ Thermal
Analysis System. The powders were weighed into a 70 pL alumina cru-
cible and heated from 25 to 500 °C with a heating rate of 10 °C/min in a
nitrogen atmosphere.
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2.2.2. Preparation of HPMC/naproxen amorphous solid dispersions

The preparation of the ASDs was performed using a twin-screw
Haake Minilab II (Thermo Fisher Scientific) micro compounder. HPMC
HME 100LV and naproxen were initially pre-mixed into a physical
mixture at different drug loadings (5, 10, 20, and 30 wt%) using a
mortar and pestle. The physical mixture was subsequently fed into the
micro compounder and extruded into filaments through a 2 mm circular
die. The extrusion process was carried out at 170 °C and 90 rpm. The
extruded filaments were stored in zip-lock bags and used for further
characterization without any post-processing steps. Samples with 5, 10,
20 and 30 wt% naproxen loading are named as HPMC + NAP5, HPMC +
NAP10, HPMC + NAP20 and HPMC + NAP30, respectively, throughout
the article.

2.2.3. Physical stability test

Extrudates of pure HPMC HME 100LV and ASDs were subjected to a
physical stability test by storing them at room temperature (23 °C) in
two different desiccators with varying relative humidities (RHs). The
selected RHs were 75% and 98%. Saturated NaCl solution and K;SO4
solution were used to obtain 75% RH and 98% RH, respectively. The
samples were stored for 14 days. At regular intervals of storage, samples
from the desiccator were removed and analyzed using calorimetric,
spectroscopic, and scattering techniques to examine changes induced by
storage humidity and time.

2.2.4. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out using a
Mettler Toledo DSC 5+ system. DSC was performed on the neat mate-
rials (in powder form), as well as the ASDs (in extrudate form), before
and during the physical stability test. The samples were weighed in a 40

Percentage of recrystallized drug (%) =

__Area under peaks arising from crystalline drug,

Carbohydrate Polymers 388 (2026) 125580

where p; and p, are the densities of naproxen (=1.25 g/cms) (Paudel,
Van Humbeeck, & Van Den Mooter, 2010) and HPMC HME 100LV
(=1.2 g/cm3) (Iemtsev et al., 2020), respectively.

Furthermore, DSC was performed during the physical stability test to
evaluate changes in the T, with storage time and humidity. For these
measurements, the stored extrudates (as duplicates) were analyzed on
the 7th and 14th day of storage. The samples were heated at 10 °C/min
from starting temperatures ranging between —75 to —30 °C, to end
temperatures between 60 and 100 °C, depending on the sample. The T
was evaluated from the first heating curves.

2.2.5. Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) measurements were performed
to analyze the stability of the ASDs and monitor the drug recrystalliza-
tion during the physical stability test, using a Mat: Nordic X-ray scat-
tering instrument (SAXSLAB), equipped with a high brilliance Rigaku
003 X-ray micro-focus, Cu-Ka radiation source (A = 1.5406 A) and a
Pilatus 300 K detector. The instrument calibration was performed using
lanthanum hexaboride (LaBg). The exposure time during the measure-
ment was 300 s. The measurements were performed using an ambient
sample holder for neat materials (in powder form) and ASDs stored in
ambient conditions. On the other hand, a sandwich cell with Kapton
windows was used to characterize ASDs subjected to physical stability
tests. The data for the samples measured using the sandwich cell were
corrected for the background by subtracting the signal from the Kapton
windows. The WAXS curves were plotted and analyzed using OriginPro
2023.

The percentage of recrystallized drug was calculated from the WAXS
curves using the following equation:

100 3

pL aluminum pan and sealed with a lid containing a pinhole to allow the
escape of volatile substances. All measurements were conducted in a
nitrogen atmosphere with a gas flow of 50 mL/min.

Before the physical stability test, the extrudate samples were
measured as duplicates from —40 to 225 °C, at 10 °C/min (heating and
cooling rates), and the glass transition temperature (T,) was estimated
from the second heating curves. The DSC measurements of HPMC HME
100LV and naproxen powders were, on the other hand, performed over
the temperature range 25 to 200 °C at 10 °C/min (heating and cooling
rate).

In addition to measuring the T, of the ASDs experimentally, Gordon-
Taylor (GT) equation (Gordon & Taylor, 1952) was used to calculate the
theoretical T

W1.Tg1 +k.W2.Tg2
wr +k.W2

(€Y

Tg,theoret‘ical =

where wy, Tg1, and wy, Ty, are the weight fraction and glass transition
temperatures of naproxen and HPMC HME 100LV, respectively. The
glass transition temperature of naproxen was taken as 5 °C from liter-
ature (Lobmann et al., 2011). The parameter k in the original GT
equation derived for polymer blends represented the uneven contribu-
tion of free volume of the individual components to the T of the blend
(Kalogeras & Brostow, 2009). However, in the context of ASDs, k refers
to the interaction density between the drug and polymer and can be
estimated from the following equation (Iyer et al., 2021):

k:/)l.Tgl

2
pre Ty @

Total area under the WAXS curve

2.2.6. Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectroscopy of the neat materials
(powders), and the ASDs (extrudates) were conducted using the Bruker
Vertex70v spectrometer in the attenuated total reflectance (ATR) mode.
The measurements were performed in the wavenumber range 4000-400
cm’l, with 32 scans and a resolution of 4 cm ™! (average of 3 spectra).
Furthermore, they were baseline-corrected using an adaptive baseline
correction algorithm and normalized to the 1049 cm™!, the C—O
stretching band in the HPMC. For samples, where the 1049 cm ™! band
was not clear due to the presence of strong peaks from the drug, the
spectra were normalized at the 1026 cm ™! band of naproxen. The data
processing was performed using Spectragryph 1.2.16.1 software
(Menges, 2022), while the spectra were plotted using OriginPro 2023.

2.2.7. Water uptake study

A water uptake study was conducted to quantify the amount of water
that ASDs absorbed during storage in humid environments. At time in-
tervals similar to the physical stability tests, the samples (in duplicates)
were removed from the desiccators, weighed using a Mettler Toledo
AE163 Analytical Balance, and then placed back. Further, the data was
plotted as water content vs storage time (average). The error was
calculated as the difference divided by 2.
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Fig. 1. DSC thermograms of HPMC HME 100LV and HPMC + NAP ASDs, a)
First heating, b) Second heating, ¢) Experimental, and theoretical T, calculated Fig. 2. WAXS curves of HPMC HME 100LV, naproxen, and HPMC + NAP ASDs,
using eq. 1, of the ASDs. a) After extrusion, b) After 2 months of storage, c¢) After 6 months of storage.
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3. Results and discussion
3.1. Characterization of HPMC HME 100LV, naproxen, and their ASDs

3.1.1. Thermogravimetric analysis

Extrudates of HPMC HME 100LV and HPMC/naproxen ASDs were
manufactured using HME, a process conducted at elevated tempera-
tures. Therefore, TGA was performed on HPMC HME 100LV and nap-
roxen powders to evaluate the thermal stability of the materials and
determine the extrusion temperature. The TGA thermograms of HPMC
HME 100LV and naproxen are shown in Fig. SI1. From the thermograms,
it is evident that HPMC HME 100LV and naproxen show good thermal
stability up to 325 °C and 215 °C, respectively. However, it should be
noted that thermal processing of AFFINISOL™ HPMC HME grades have
shown to be prone to discoloration and degradation even at tempera-
tures around 200 °C (Svoboda et al., 2023). Therefore, based on litera-
ture evidence, the supplier's recommendation, and the TGA results, an
extrusion temperature of 170 °C was adopted for the extrusion of the
ASDs.

3.1.2. Differential scanning calorimetry

The DSC thermograms of HPMC HME 100LV and naproxen powder
are shown in Fig. SI2. In the second heating curve, HPMC HME 100LV
exhibits a clear glass transition at 100 °C. This is similar to the T, of
103 °C obtained by Gupta et al. (Gupta, Solanki, & Serajuddin, 2016).
Furthermore, pure naproxen powder exhibited a distinct melting peak at
158 °C in the first heating curve and a melting peak at 157 °C in the
second heating curve.

DSC studies of the ASDs were conducted to assess 1) the plasticiza-
tion effect of naproxen on HPMC HME 100LV, 2) whether naproxen was
in the amorphous state and 3) the miscibility of naproxen in HPMC HME
100LV, across all drug loadings. The DSC thermograms (first and second
heating) of HPMC HME 100LV and the ASDs are displayed in Fig. 1a and
b, respectively. Furthermore, the experimentally determined T, and
theoretical T calculated using the Gordon-Taylor equation (eq. 1), of the
ASDs are shown in Fig. 1c. The Tg of the drug plotted in Fig. 1c was
obtained from literature (Lobmann et al., 2011).

The glass transition temperatures of the ASDs were calculated from
the second heating curves due to the presence of a faint (and broad) peak
between 50 and 60 °C in the first heating curves that made it difficult to
evaluate the T, for certain samples (HPMC + NAP10 and HPMC +
NAP20). The broad peak is likely due to the loss of residual moisture
and/or enthalpy relaxation in the samples after extrusion. Nevertheless,
T, estimated for the remaining samples from the first heating were
similar to the values obtained from the second heating (Table SI1),
indicating no major influence in the T, due to the first heating run.

The DSC measurements of the ASDs do not show any melting peak
for naproxen across all drug loadings. Additionally, a single T, is
observed for all the samples. On comparing the experimental T, values
with theoretical values obtained through the Gordon-Taylor equation
(eq. 1), it is observed that the experimental T, values undergo a negative
deviation. This indicates that the drug-polymer interactions are weaker
compared to the interactions present in the individual components
(Péter-Haraszti et al., 2024). Similar results have been obtained by
Pugliese et al.(Pugliese et al., 2021) and Wang et al. (Wang, Rades, &
Grohganz, 2023) for HPMCAS- Acetaminophen and HPMC-
Carbamazepine ASD systems. The negative deviation from the pre-
dicted T, was attributed to the domination of intramolecular in-
teractions between like species.

Furthermore, glass transition temperatures measured for the ASDs
indicate that the addition of naproxen results in plasticization effect on
the HPMC HME 100LV carrier. Li et al. (B. Li, Konecke, Wegiel, Taylor,
& Edgar, 2013) demonstrated the plasticization effect of curcumin on
HPMCAS, whereas Kissi et al. (Kissi et al., 2021) reported a similar effect
of naproxen on Kollidon® VA 64. The presence of a single T, along with
the absence of melting peaks from the drug indicates that naproxen is

Carbohydrate Polymers 388 (2026) 125580
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Fig. 3. FT-IR spectra of HPMC HME 100LV, naproxen, and their ASDs. Mea-
surements of ASDs were performed on extrudate's cross-section.

molecularly dispersed in the HPMC HME 100LV carrier at all drug
loadings.

3.1.3. Wide-angle X-ray scattering

WAXS measurements were performed to check whether naproxen
remained in the amorphous state in the ASDs across all drug loadings.
Furthermore, to ensure the long-term stability of the ASDs, the mea-
surements were carried out at three time points: after extrusion, after 2
months, and after 6 months of storage under ambient conditions (sam-
ples stored in zip-lock bags). The WAXS profiles of HPMC HME 100LV,
naproxen, and HPMC + NAP ASDs are shown in Fig. 2. The naproxen
sample was measured in powder form, whereas the measurements for
HPMC HME 100LV and HPMC + NAP ASDs were performed on
extrudates.

From the WAXS profiles, it is evident that, after extrusion, all ASD
samples exhibit signals similar to HPMC HME 100LV, with no peaks
corresponding to the crystalline drug. In addition, the incorporation of
drug leads to the broadening of the peaks at ¢ = 0.57 A™! and q = 1.4
A~ These results indicate that we have successfully prepared ASDs of
HPMC HME 100LV and naproxen. Furthermore, on storage of the ASDs
at ambient conditions, naproxen remained in an amorphous state in the
majority of the samples even after 6 months, as seen from the absence of
any drug peaks. The only exception was HPMC + NAP30, which
exhibited faint drug peaks after 6 months of storage. On using eq. 3, the
percentage of recrystallized drug was evaluated to be around 0.1%,
indicating that the crystalline fraction is not substantial. Hence, it can be
concluded that HPMC + NAP ASDs predominantly exhibit long-term
stability (up to 6 months) when stored at ambient conditions.

3.1.4. Fourier transform infrared spectroscopy

FT-IR spectroscopy was performed to analyze the intermolecular
interactions between HPMC HME 100LV and naproxen at different drug
loadings. The FT-IR spectra of HPMC HME 100LV and naproxen pow-
ders are shown in Fig. SI3, while FT-IR spectra of HPMC HME 100LV
extrudate, naproxen, and the HPMC + NAP ASDs are displayed in Fig. 3.
In addition, Fig. SI4 shows a zoomed-in version of Fig. 3 focusing on the
wavenumber range 1500-1800 em L. These spectra represent mea-
surements performed on the extrudate cross-section. The highlighted
orange regions predominantly indicate characteristic bands from nap-
roxen, and the blue regions indicate bands from HPMC HME 100LV. This
is followed in all the IR spectra shown throughout the article.

The FT-IR spectrum of HPMC HME 100LV shows characteristic bands
that serve as a fingerprint of the different chemical groups present. The
band at 1049 cm™! corresponds to the C—O stretching vibration, while
that at 1118 cm ™! points towards the C-O-C pyranose ring vibration, and
the band at 1456 cm ™! is associated with C—H bending. Furthermore,
bands between 2800 and 3000 cm ™! correspond to C—H stretching, and
the band at 3458 cm ™! arises from O—H bond stretching (Vlad et al.,
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Fig. 4. Water sorption isotherms of HPMC HME 100LV and ASDs stored at, a)
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visible clearly.

2025).

The most representative bands of crystalline naproxen are found at
1681 and 1724 cm ™, which correspond to the carbonyl stretching of the
carboxylic group. The band at 1681 cm ™! refers to the hydrogen-bonded
carbonyl group, while the band at 1724 cm ! refers to the free carbonyl
group. If naproxen is converted to its amorphous state, the IR spectra
will undergo certain shifts. The hydrogen-bonded carbonyl band shifts
to 1697 cm™!, while the free carbonyl band moves to 1728 cm™!
(Lobmann et al., 2011, 2013). Furthermore, the broad band between
wavenumbers 3100 and 3200 cm " is associated with O—H stretching of
the carboxylic acid group (Liu, Zhou, & Zhang, 2017)(Paudel & Van Den
Mooter, 2012).

The FT-IR spectra of the HPMC + NAP ASDs exhibited the charac-
teristics bands of both HPMC HME 100LV and naproxen. However, the
ASD preparation led to two dominant changes in the spectral features.
Firstly, it can be observed in the spectra (Fig. 3 and Fig. SI4) that the
intense band at 1681 cm ™! corresponding to the hydrogen-bonded
carbonyl group has undergone a significant reduction in intensity and
shifted to a higher wavenumber of 1706 cm ™. This is a clear indication
of disruption of hydrogen bonding between naproxen molecules (Paudel
& Van Den Mooter, 2012) and can be viewed more clearly in Fig. SI4,
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where a shoulder is observed at 1706 cm ™. Secondly, the band attrib-
uted to the non-hydrogen bonded carbonyl group (band at 1724 cm™ 1)
undergoes a reduction in intensity as well and shifts to 1730 cm ™ *. These
reductions in intensities and shifts in the characteristic bands upon the
preparation of the ASDs with HPMC HME 100LV, seem to indicate the
disruption of interactions between naproxen molecules and formation of
new intermolecular interactions with HPMC HME 100LV, which facili-
tates the amorphous nature of the ASDs.

3.2. Physical stability test

3.2.1. Water uptake

Water uptake measurements were performed to quantify the water
absorbed by the ASDs as a function of storage humidity and time. Fig. 4
shows the sorption isotherms for the ASDs stored at 75% and 98% RH.

The primary observation for both humidities is the decrease in water
sorption as drug loading increases. This is due to naproxen's greater
hydrophobicity, which increases the overall hydrophobicity of the
samples relative to HPMC HME 100LV. Samples stored at 75% RH reach
a plateau on the 3rd day and absorb approximately 6.5 wt% of water
(HPMC HME 100LV) after 14 days.

In contrast, all samples stored at 98% RH absorb substantial amounts
of water; for instance, HPMC HME 100LV and HPMC + NAP30 absorb
approximately 33 wt% and 18 wt% water, respectively, after 14 days of
storage. Moreover, the water uptake does not reach equilibrium for any
of the samples, unlike samples stored at 75% RH. However, it should be
noted that when the authors measured water uptake after 3 weeks of
storage (data not shown), the samples had reached an equilibrium water
content corresponding to ~33 wt%, ~30 wt%, ~26 wt%, ~22 wt%, and
~ 18 wt% for HPMC HME 100LV, HPMC + NAP5, HPMC + NAP10,
HPMC + NAP20 and HPMC + NAP30, respectively.

3.2.2. Wide-angle X-ray scattering

The physical stability and the drug recrystallization phenomenon of
HPMC + NAP ASDs were primarily monitored using WAXS measure-
ments. The WAXS profiles of HPMC + NAP ASDs exposed to 75 and 98%
RH are shown in Fig. 5. The figure illustrates how the WAXS profile of
each sample changes with storage humidity and storage time.

When the ASDs are stored at 75% RH (WAXS curves in the left col-
umn in Fig. 5), it can be observed that, irrespective of the drug loading,
the prepared ASDs do not exhibit any WAXS peaks that correspond to
the crystalline naproxen even after 14 days of storage. Furthermore, the
ASDs at different storage times and drug loadings show WAXS profiles
similar to HPMC HME 100LV. However, on careful inspection, the
WAXS profile of HPMC + NAP30 exhibited very small peaks at q = 1.4
AL, Using eq. 3, the percentage of recrystallized drug was found to be
less than 0.2%, making it negligible. Therefore, it can be concluded that
HPMC + NAP ASDs exhibit good physical stability on storing at 75% RH
for the storage periods investigated in the current study.

On the contrary, the HPMC + NAP ASDs that were exposed to 98%
RH show a striking difference in their characteristics based on the drug
loading. The sample with 5 wt% naproxen exhibits WAXS characteristics
similar to those of the samples stored at 75% RH, with no evidence of
drug recrystallization. This indicates the amorphous nature of the
sample, even under high-humidity conditions. On the other hand, the
sample with 10 wt% naproxen shows signs of peaks arising from crys-
talline naproxen. In addition, samples with 20 and 30 wt% naproxen
exhibit strong WAXS peaks corresponding to naproxen at different
storage times. Fig. 6 shows the storage time at which drug recrystalli-
zation was identified for each ASD stored at 98% RH, and the calculated
percentage of recrystallized drug (using eq. 3) for each ASD across
different storage times.

It can be observed that samples with 10, 20, and 30 wt% naproxen
exhibit the onset of drug recrystallization on Day 10, Day 7, and Day 2 of
storage, respectively. On increasing the storage time, the intensity of
drug recrystallization increases irrespective of the drug loading. This can
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be viewed in Fig. 6b, where the percentage of recrystallized drug in-
creases with storage time. Furthermore, HPMC + NAP30 exhibits the
highest percentage of recrystallized drug, followed by HPMC + NAP20
and HPMC + NAP10. In addition to the percentage of recrystallized
drug, the apparent crystallization rates were determined by using a
linear fit to the data in Fig. 6b and estimating the slope. The apparent
crystallization rates for HPMC + NAP10, HPMC + NAP20, and HPMC +
NAP30 were 0.6%/day, 1.2%/day, and 1.8%/day, respectively, showing
a linear increase with drug loading.

3.2.3. Fourier transform infrared spectroscopy

FT-IR measurements were performed on the cross-section of the
extrudates, as well as the surface and core of the extrudates. The sche-
matic illustrating the sample preparation of FT-IR measurements is
shown in Fig. 7. The spectra obtained from cross-sections of extrudates
of ASDs stored at 75% and 98% RH are presented in Fig. SI5 and Fig. 8,
respectively. The spectra shown correspond to samples measured on Day
7 and Day 14 of storage.

The samples stored at 75% RH show no pronounced changes in their
IR spectra, regardless of drug loading. The bands corresponding to the
amorphous naproxen centered at approximately 1730 cm™! remain
unchanged with storage at all concentrations. Similarly, the peaks

Carbohydrate Polymers 388 (2026) 125580

arising from the drug between the wavenumbers 1600 and 1630 cm™!

remain as well upon storage at 75% RH. The only noticeable change for
the samples stored at 75% RH is a slight increase in the intensity of the
peak at 1730 cm™ L. Nevertheless, the spectra indicate the amorphous
nature of the drug after 14 days of storage and the absence of any drug
recrystallization in the bulk of the extrudates.

On the contrary, the fingerprint region between 1575 cm™" and
1775 cm ™! showed differences among the samples stored at 98% RH.
For all ASDs, there were no strong drug-associated peaks visible in this
region, as was seen for the samples stored at 75% RH. This is primarily
due to the high moisture absorption by the ASDs at 98% RH. The high
moisture absorption is witnessed by the appearance of a new band at
around 1650 cm™! in the samples stored at 98% RH. The band at 1650
cm™! arises from hydrogen bonding between HPMC HME 100LV and
water molecules, and represents the H-O-H angle-bending vibrations
(Cichosz & Masek, 2020). The presence of this band potentially masks
the bands from the drug in this region. Another interesting observation
is the increase in intensity of the band at 3420 cm ™! and the presence of
a shoulder at 3275 cm ™! across all ASDs. Both these bands arise from the
hydroxyl groups present in HPMC HME 100LV. The band at 3420 cm™!
represents the intramolecular hydrogen bonding of O(2)H---O(6), while
the shoulder at 3275 cm™! corresponds to the intermolecular hydrogen
bonding of O(6)H---O(3) (Oh, Yoo, Shin, & Seo, 2005). Furthermore, the
band at 3420 cm ™! has shifted from 3458 cm ™! after storage, which can
be reasoned as the weakening of intramolecular hydrogen bonding in
HPMC HME 100LV. This result, along with the increase in band in-
tensity, indicates that at high relative humidity, there is an interaction
between water and the hydroxyl groups of HPMC HME 100LV (which
act as sorption centers) through hydrogen bonding (Kalutskaya & Gusev,
1980). Additionally, no significant changes in the drug-related bands
were observed after storage at 98% RH, as measured on extrudate cross-
sections.

In addition to measuring the extrudate cross-section, IR measure-
ments were performed on the core and surface of the extrudates as
aforementioned. The corresponding IR spectra of HPMC + NAP20 and
HPMC + NAP30, stored at 75% and 98% RH for 14 days, are shown in
Fig. 9. Furthermore, the IR spectra for HPMC + NAP 5 and HPMC +
NAP10 are shown in Fig. SI6. For the measurements performed on the
extrudate surface, the IR penetration depth (in ATR setup) was calcu-
lated based on eq. 1. in (Grdadolnik, 2002) and found to be in the range
0.6-2.5 pm.

On examining the figures, it is apparent that the storage of the ASDs
gives rise to distinct spectral features in measurements performed on the
extrudate surface and core. The surface of HPMC + NAP20 and HPMC +
NAP30, stored at 75% and 98% RH, show a higher proportion of bands
corresponding to the crystalline drug. For samples stored at 98% RH, the
bands at 1681 cm~! and 1724 cm ™!, which are attributed to the
hydrogen-bonded and non-hydrogen-bonded carbonyl groups in crys-
talline naproxen, appear indicating the crystallization of naproxen on
the extrudate surface upon exposure to moisture. Furthermore, on
comparing samples stored in 75% and 98% RH, it is evident that samples
stored at 75% RH exhibit fewer and lower-intensity drug peaks. This
effect of humidity is seen clearly for HPMC + NAP10, where strong drug-
associated bands such as the characteristic bands at 1681 cm™! and
1724 cm ™! are visible only on the extrudate surface for samples stored at
98% RH.

On the other hand, the core of all ASDs, regardless of drug concen-
tration and humidity, shows similar features to samples measured prior
to storage. The only differences are observed for samples stored at 98%
RH, where a new band is visible at approximately 1650 cm ™, and the
intensity of the 3420 cm ™! band has increased. These relate to the water
absorption of the samples as elucidated in the previous paragraphs.
These indicate that storing the ASDs under humid conditions has led to
preferential crystallization of the drug on the extrudate surface (refer to
Fig. SI7 for visual photographs) rather than in the bulk/core of the
extrudate. In addition, migration of drug molecules from the bulk of the
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Fig. 7. Schematic of sample preparation for FT-IR measurements on, a) cross-section of extrudates, b) surface and core (interior) of extrudates.

extrudates to the surface also occurs and is discussed in the next section.

3.2.4. Moisture-enhanced molecular mobility of the ASD systems

From the results reported above, it is evident that relative humidity
and, thus, moisture has a significant effect on the drug recrystallization
in ASDs. One of the major factors influencing the stability of ASDs is the
system's molecular mobility, which changes upon exposure to moisture.
This led the authors to elucidate the changes in the molecular mobility of
the HPMC + NAP systems as a function of storage humidity and time. To
study this, DSC measurements were performed, and the changes that
occurred in the T, of the ASDs upon storage at 75% and 98% RH were
investigated. The measurements were performed on Day 7 and Day 14 of
storage. The T, as a function of drug loading is shown in Fig. 10, while
the corresponding DSC thermograms are shown in Fig. SI8.

The change in T, with storage coincides with the water-uptake and
drug recrystallization observed in the ASDs. For samples stored at 75%
RH, water uptake was low, ranging from 4 to 7 wt% depending on the
sample. This water uptake led to a reduction in T; of around 40 °C for
HPMC HME 100LV and 20 °C for HPMC + NAP30. Despite a reduction in
Ty, most samples (up to 20 wt% of naproxen) remained in a glassy state
when stored at room temperature. This indicates relatively low molec-
ular mobility in the ASD system and maybe one reason why samples
stored at 75% RH remained amorphous.

On the other hand, samples stored at 98% RH exhibited a significant
reduction in T,. After 7 days of storage, all samples, including the HPMC
HME 100LV extrudate, exhibited a similar Ty (—25 to —35 °C). This large
reduction arises from the high amounts of water uptakes by HPMC HME
100LV and the ASDs. Furthermore, after 14 days of storage, the water
uptake was only slightly higher than on Day 7; hence, the T, values are
also superimposed. Another observation noticed for samples stored at
98% RH is the independence of T, values on drug loading, compared to
samples stored at 75% RH where it was dependent. This phenomenon
will be further discussed in the next section. To conclude, the significant
decrease in T, (at 98% RH) is an indication of high molecular mobility of
the ASD system and is caused by the water sorption, which is majorly
driven by the polymeric excipient. Thus, the moisture-enhanced mo-
lecular mobility may be one of the primary driving forces behind the
observed drug recrystallization.

3.3. Deeper insights into the influence of moisture in ASDs

Amorphous solids exhibit higher solubility and dissolution rates
compared to the crystalline form, while simultaneously suffering from
thermodynamic instability (tendency to recrystallize) owing to their
higher free volume and molecular mobility (Taylor & Zografi, 2025). To
eliminate the instability issues, stabilizing excipients are added to pre-
pare dosage forms of amorphous drugs. In the current work, HPMC HME
100LV has been used as an excipient to form solid dispersions and sta-
bilize the drug in the amorphous state. In traditional formulations,
HPMC serves as a matrix and is generally used to achieve extended-
release performance. Upon hydration, it swells rapidly and continuous
exposure to water leads to the gradual hydration of the matrix towards
the core, resulting in three distinct zones: an outer gel layer, a swollen
glassy layer, and an inner dry core (Barba et al., 2009; Bin, Joshi, & Lam,
2009). The gel-layer formation process is commonly attributed to Case II
swelling (Caccavo et al., 2017), where the rate-limiting factor is the rate
of polymer chain relaxation.

HPMC HME 100LYV is selected as the ASD carrier due to being spe-
cifically designed for processing via HME. During formation and in the
dry state, it effectively stabilizes the amorphous state of the drug when
stored in ambient conditions up to at least six months of storage, as
indicated by the WAXS results (Fig. 2). Although HPMC has proof of
being capable of stabilizing the amorphous state upon moisture expo-
sure (J. Li, Wang, & Yu, 2023; Riekes et al., 2014; J. Zhang, Shi, & Tao,
2023), the balance between the HPMC hydrophilicity and the specific
HPMC-drug interaction is critical for its capability of inhibiting
recrystallization.

In this study, ASDs of HPMC HME 100LV and naproxen were pre-
pared at different drug loadings (0-30 wt%). Upon preparation, all the
samples remained in an amorphous state as seen from absence of
melting peak of crystalline drug from DSC results (Fig. 1) as well as
crystalline drug peaks in the WAXS profiles (Fig. 2). In addition, the
samples also exhibited a single Ty, ruling out the possibility of AAPS in
the ASD systems. Furthermore, the aim of the study was to investigate
how the recrystallization of the drug was influenced by different factors
such as storage humidity (and thus, water uptake), storage time and
drug loading in ASD systems where HPMC is used as an excipient.
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3.3.1. Behavior of ASD upon moisture exposure

In ASD's the formation of drug crystals usually occurs through
nucleation and crystal growth (Moseson & Taylor, 2023; J. Zhang et al.,
2024). The drug molecules in the ASDs need to interact with each other
first to form a nucleus. Factors that facilitate enhanced interactions of
drug molecules include a higher probability that individual drug mole-
cules encounter one another in the ASD system. The higher probability is

10

Carbohydrate Polymers 388 (2026) 125580

HPMC
. )
NAP20 Naproxen

Surface - Day 14,
o
|l 75% RH A \
Surface - Before storage
4 L WA ]

Core - Before storage /‘AM/\\V\
———/\M

|~ ~__HPMCHME 100LV AJ.\/\\’___

T 1 T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Normalized Absorbance

Wavenumber (cm™)

HPMC
v b)
NAP20 Naproxen

Surface - Day 14,
. T . .__98% R____._H i w M

Surface - Before storage|

Core - Before storage W
|~ N
,\ ~~__HPMC HME 100LV N\/\\_,__~

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Normalized Absorbance

Wavenumber (cm™)

HPMC
. c)
NAP30 Naproxen

Surface - Day 14,
Ly 75% RH MJ A
Surface - Before storage|
— i S — AN W]

\

Normalized Absorbance

Core - Before storage M/\‘M
1 R |

,,-LHPMC HME 100LV

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

HPMC d)

NAP30 Naproxen
Surface - Day 14,

|l 98% RH MAJ I\ M

Surface - Before storage
PN W

Core - Before storage »'v\—lw//\’\'v\_,_—-\
|~ [ Zore- Selore storoe I\
HPMC HME 100LV M\/\k,—‘

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Normalized Absorbance

Wavenumber (cm™")

Fig. 9. FT-IR spectra from the core and surface of ASDs stored at 75% RH (a)
HPMC + NAP20, c) HPMC + NAP30, and 98% RH (b) HPMC + NAP20, d)
HPMC + NAP30.

caused by (i) molecular mobility of the drug, which is influenced by
polymer chain mobility and strength of polymer-drug interactions, (ii)
drug loading (as confirmed with higher crystallization rates observed for
higher drug loadings, Fig. 6b).

When ASD extrudates are exposed to moisture, the authors hypoth-
esize that they follow a moisture sorption mechanism similar to the
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hydration mechanism of HPMC. Thus, the water penetrates from the
surface into the interior. The high-humidity environment, i.e., 98% RH
in the current study (where drug recrystallization was observed, see
Fig. 5 and Fig. 6), led to the ASDs absorbing large amounts of water
(refer Fig. 4). The water sorption of the ASD system is governed by the
ways in which HPMC HME 100LV interacts and takes up water, as it is
the hydrophilic component and its concentration is dominant in the
ASD. Furthermore, the impact of water on the mobility of HPMC chains
becomes important and dictates the behavior of the ASD system. In the
current study, water sorption resulted in the significant lowering of the
T, (see Fig. 10), which indicates an appreciable increase in the polymer
chain mobility and free volume, thereby enabling higher drug mobility
(i.e., mobility of free naproxen molecules). In addition, another phe-
nomenon was observed where the T, of samples stored at 75% RH
depend on the drug loading, whereas the T for those stored at 98% RH
was independent. In samples stored at 75% RH, the drug predominantly
remained in the amorphous state, as seen from WAXS results (Fig. 5).
Hence, the drug contributes to a plasticization effect leading to lower T,
with increasing drug loading. On the contrary, most samples stored at
98% RH exhibited significant drug recrystallization, resulting in lower
amounts of amorphous drug in the ASDs. The crystalline drug is not
molecularly dispersed and does not contribute to the plasticization of
the ASDs. Therefore, the reduction in Ty is primarily controlled by water
and HPMC-water interactions.

As aforementioned, the enhancement of mobility in ASD upon
moisture exposure is determined by interactions between water and
HPMC HME 100LV. In the present work, the formation of chemical in-
teractions in the form of intermolecular hydrogen bonding between
water and HPMC HME 100LV was observed from the IR results. This
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manifested as the appearance of a new band at 1650 cm ! and the
shifting of the band at 3420 cm ™! from 3458 cm™! (Fig. 8). In the dry
state or at low amounts of moisture, HPMC HME 100LV and naproxen
exhibited interactions (even if they may be weakly interacting) and this
is one of the reasons for naproxen to remain amorphous. However, on
exposure to high moisture levels, the strength of HPMC-water in-
teractions are higher than HPMC-naproxen interactions. Furthermore,
analysis using the Gordon-Taylor equation (Fig. 1c) suggested a negative
deviation of the observed single experimental T, (before storage), which
indicates stronger interactions between the individual components
(polymer-polymer and drug-drug) compared to the weaker polymer-
—drug interactions. The reduced polymer-drug interactions at high
moisture levels, in combination with the hydrophobicity of naproxen,
cause the moisture-induced drug recrystallization to occur.

The mechanism of moisture-induced drug recrystallization process,
as explained by nucleation and growth phenomena (see Fig. 11) requires
sufficient mobility of free naproxen molecules. It is imperative for the
naproxen molecules to be able to diffuse within the ASD system to form
nuclei and grow into crystals. This is facilitated by the enhancement in
polymer chain mobility governed by the water uptake and polymer
relaxation, thus being the rate-limiting step for moisture-induced drug
recrystallization in ASDs.

An implication of the current study is to gain a better understanding
of the storage conditions for the HPMC-naproxen ASDs that will ensure
long-term physical stability. A rule-of-thumb is the T, - 50 rule, which
indicates that the storage temperature must be 50 °C below the sample's
T, to ensure stability (Hancock, Shamblin, & Zografi, 1995; Moseson &
Taylor, 2023). In the current study, the storage temperature for samples
stored at 75% RH was close to their T; or within the range of 50 °C.
Despite this, they exhibited good stability under the investigated time
period. However, these results alone cannot be used to suggest storage
conditions that will ensure long-term stability of the ASDs. It is imper-
ative to carry long-term stability studies spanning 1-2 years at different
storage humidities or computational prediction studies to determine the
storage conditions. Nevertheless, the T, — 50 rule can be used as a good
starting point given the knowledge of T, of the ASDs after exposure to
moisture.

3.3.2. Surface crystallization in ASDs

Another interesting observation is that the ASDs, upon storage in
humid conditions, showed a higher fraction of drug crystals on the
extrudate surface, as proven by the presence of strong characteristic
bands of crystalline naproxen in the IR spectra (particularly at 1681
em ! and 1724 cm™}, see Fig. 9 and Fig. SI6). Prior to storage, IR
measurements indicated, within the detection limit, a homogeneous
distribution of drug molecules in most samples, although HPMC +
NAP30 exhibited a slight surface enrichment of the drug. This is illus-
trated in Fig. 9, which shows that the HPMC + NAP30 surface exhibits
more drug-associated bands than the core. This could have arisen from
the flow profile during extrusion, and has been previously observed for
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o

Amorphous solid
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Formation of drug
nuclei

Formation of drug

/~~— -Polymer chains

crystals

Fig. 11. Schematic of the mechanism of drug recrystallization upon exposure to moisture/humidity in ASD systems.
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Fig. 12. Schematic on the mechanism of migration and crystallization of the drug on extrudate surface upon exposure to moisture/humidity.

ASDs prepared using HME (Deshmukh et al., 2020; Windbergs,
Strachan, & Kleinebudde, 2009; Yang et al., 2014).

The phenomenon of enrichment of crystals at the extrudate surface
upon moisture exposure can be explained by the water sorption char-
acteristics of HPMC HME 100LV. When the ASDs are exposed to mois-
ture during storage (75% and 98% RH), the water sorption begins at the
extrudate surfaces initially and further penetrates to the interior. This
leads to the extrudate surface experiencing significantly greater mois-
ture exposure than the bulk, thus forming a hydrated outer layer and a
glassy (and dry) core. The HPMC-naproxen interactions remained un-
affected and a proportion of drug remained amorphous in the extrudate
core under the investigated time period. This can be observed from the
absence of any characteristic peak shifts in the IR spectrum when
measured on the cross-section/core of the extrudates (Fig. 8 and Fig. 9).
As aforementioned, two correlated phenomena are suggested to occur
primarily in the hydrated outer layer:

(i) disruption of HPMC-naproxen interactions due to stronger
HPMC-water interactions.

(i) enhanced mobility of HPMC HME 100LV chains due to water
sorption, enabling higher mobility of free naproxen molecules.

The free drug molecules in the hydrated layer (and close to the
surface) will begin to undergo nucleation and grow into crystals. As
water penetrates further into the extrudate, the hydrated layer increases
enabling higher proportion of drug crystals to be formed. The formation
of drug crystals depletes drug molecules near the crystal surface,
creating a concentration gradient with lower concentrations near the
crystal and higher concentrations farther away (in the inner regions).
This acts as a driving force to the migration of drug molecules towards
the surface and the migration is primarily enabled by the moisture-
enhanced polymer mobility. This process continues throughout the
storage period leading to an increasing proportion of drug crystals on the
extrudate surface with time. A schematic illustrating the mechanism of
the drug's surface crystallization on exposure to moisture/humidity is
shown in Fig. 12.

4. Conclusion

This work provides a comprehensive understanding of moisture-
induced drug recrystallization in HPMC based ASDs prepared via hot
melt extrusion. The study highlights the critical role of environmental
humidity, storage duration, and drug loading in determining the phys-
ical stability of ASDs. While formulations retained their amorphous
character (>99.5%) under ambient and moderate humidity conditions,
exposure to high humidity (98% RH) resulted in significant drug
recrystallization during the investigated time period (14 days), under-
scoring the vulnerability of ASDs to moisture.
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Water sorption in these systems followed a mechanism analogous to
HPMC hydration, characterized by the formation of a hydrated outer
layer and a progressively shrinking dry core. This structural evolution
was accompanied by a marked reduction in T, to values below room
temperature, indicating enhanced molecular mobility. Increased
mobility facilitates drug diffusion and nucleation, which are pre-
requisites for crystallization. Infrared spectroscopy further revealed that
moisture promotes strong HPMC-water interactions at the expense of
HPMC-naproxen interactions, weakening the stabilizing polymer-drug
interaction and enabling naproxen molecules to reorganize into crys-
talline domains.

Crystallization was observed to initiate at the extrudate surface
rather than the core, driven by higher moisture exposure at the surface
and subsequent drug migration. The formation of crystals creates local
depletion zones, establishing concentration gradients that act as driving
forces for continued drug migration and crystal growth. Furthermore,
drug loading played an important role with drug recrystallization rates
scaling with drug loading, indicating higher proportion of drug have a
higher probability of interacting with other drug molecules and under-
going the recrystallization process. The observations from this study
emphasize the importance of the excipient's behavior under moisture
exposure in dictating the drug recrystallization. These insights have
practical implications for the development of physically stable ASDs,
highlighting the need for robust moisture protection strategies, such as
optimized packaging, humidity-controlled storage, and potential
incorporation of moisture scavengers. Understanding these mechanisms
in detail can guide formulators in designing ASDs with improved resis-
tance to environmental stress, thereby ensuring long-term stability and
therapeutic performance.
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