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1. Introduction

Excipients are essential

components

Particle-based investigation of excipients stability:
the effect of storage conditions on moisture
content and swelling+t

Isra Ibrahim, € 22 Mark Carroll,>® Anas Almudahka, 2229 James Mann, (2 ¢
Alexander Abbott,® Fredrik Winge,” Adrian Davis,? Bart Hens," Ibrahim Khadra® and
Daniel Markl (2 *2P

Moisture sensitivity poses a challenge in formulating oral dosage forms, particularly when considering dis-
integrants’ swelling due to prior moisture exposure, impacting performance and physical stability. This
study utilises dynamic vapour sorption to simulate real-world storage scenarios, investigating the equili-
brium moisture content and dynamics of eight commonly used excipients in oral solid dosage forms. A
model was developed to determine the kinetic rate constant of moisture sorption and desorption for
different storage conditions. Dynamic vapour sorption tests revealed that excipients with higher moisture-
binding capacities showed slower equilibration to the target relative humidity (RH). Elevated temperatures
accelerated the moisture sorption/desorption process for all excipients, reducing the equilibrated moist-
ure content for most, except mannitol and lactose. Particle imaging over a 14-day accelerated storage
period quantified swelling, indicating approximately 6% increase in particle diameter for croscarmellose
sodium (CCS) and sodium starch glycolate (SSG), and a lesser 2.7% for microcrystalline cellulose (MCC),
predominantly caused by the humidity. All excipients reached their swelling peak within the first day of
storage, with permanent particle size enlargement for CCS and SSG, whereas MCC displayed a partial
reversibility post-storage. Enhancing our understanding of excipients’ stability and interaction with moist-
ure and the resulting particle swelling contributes to the rational design of oral solid dosage formulations
and promotes a better understanding of their long-term physical stability.

improving patient acceptability and compliance." Although
excipients are considered pharmacologically inactive, they are
far from inert within a formulation. Instead, they play an

incorporated into

pharmaceutical formulations for various purposes, ranging
from facilitating manufacturing processes and sustaining
product stability to enhancing bioavailability, as well as
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active role in the physical aspects of the dosage form as they
make up a significant majority of the final formulation. It has
become widely recognised that the performance of a dosage
form is closely linked to the physical and chemical properties
of all its ingredients.>® Consequently, excipient properties
affect various quality attributes of the drug product, including
drug release, friability, tensile strength, appearance, and stabi-
lity. Among these attributes, stability stands out as a particu-
larly crucial aspect for a drug product to be released to the
market.”

Advances in particle-based investigation methods have
improved our understanding of excipient properties.
Techniques like high resolution imaging and single crystal
X-ray diffraction enable accurate particle characterisation such
as size, surface area, morphology, crystal structure, and pres-
ence of polymorphs which are vital to the overall physical,
chemical and biological behaviour of pharmaceutical pro-
ducts.” These particle-based techniques combined with bulk-
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based methods like dynamic vapour sorption (DVS) allow
detailed analysis of individual particles and their interactions
with each other and with environmental factors to enhance
formulation stability and reduce development costs. As the
pharmaceutical industry prioritises efficiency, particle charac-
terisation data are attracting a great attention across develop-
ment, manufacturing, and quality control processes. Both the
API and excipient particle characteristics can influence the
stability and efficacy of the drug product, making thorough
particle assessment essential. This shift has been influenced
by Quality by Design (QbD) principles, which encourage using
a data- and risk-based approach to optimize product develop-
ment leading to more robust pharmaceutical formulations.

Throughout the drug development process, stability testing
of pharmacological compounds and drug products is a stan-
dard procedure used to investigate the causes or mechanisms
of product instability.° The majority of studies on drug stabi-
lity have focused on the chemical stability of the drug sub-
stance, which can cause a loss in potency. However, it is also
crucial to evaluate the physical stability of drugs and excipients
within the dosage form to ensure their effectiveness. This
includes assessing changes in organoleptic properties, water
content, solid-state, tensile strength, disintegration, and dis-
solution rate, all of which are influenced by the intrinsic
physicochemical properties of the individual components
such as their particle size, morphology, moisture content, and
polymorphic form.””® The monographs of each excipient in the
pharmacopeia provide “particular tests” that must be followed
to indicate their quality and functionality. Additionally, excipi-
ent manufacturers and researchers have explored various
material properties that can impact tablet performance and
stability.” Numerous factors may influence these properties;
however, temperature and water, whether liquid or gaseous as
moisture, are considered the primary reactants affecting tablet
performance.'®

Water plays a crucial role in various stages of pharma-
ceutical product manufacturing, directly contributing as a
component in processes like wet granulation or coating.
Environmental moisture during packaging, transportation,
storage, and usage also indirectly affects drug product attri-
butes.® Moisture is adsorbed in the form of monolayers or
multilayers, or it may exist as condensed water on the surface.
The presence of moisture will not only change the pharma-
ceutical and mechanical properties of the final product but
may also pose a risk of physicochemical instability ultimately
affecting the effectiveness of the drug as well."" The interaction
of moisture with different materials is connected to the chemi-
cal affinity of their particles, their physical properties such as
particle size, specific surface area, and porosity, and on the
ambient relative humidity (RH) and temperature of the
environment.”*** Consequently, every element in a formu-
lation possesses a distinct affinity for moisture, so it is crucial
to understand their specific interactions with moisture con-
cerning their behaviour at various RH levels and the resulting
influence on the performance of the product. In a study con-
ducted by Dalton and Hancock (1997), notable variations in
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formulations’ water sorption tendencies were observed, pri-
marily due to the considerable differences in how the excipi-
ents absorbed water."® Starch and cellulose excipients, com-
monly used in oral solid dosage forms, are particularly
affected by the hydrogen bonding between water and solid
molecules.'®

To characterise water associated with these excipients,
moisture sorption isotherms are established, which illustrate
the relationship between RH and water activity under a con-
stant temperature by establishing a correlation between equili-
brium moisture content (EMC) and RH at a fixed temperature.
This offers valuable insights into materials’ equilibrium moist-
ure levels and their moisture retention capacities under
certain temperature and humidity conditions. Hysteresis,
observed with starch and cellulose-based excipients, occurs
during desorption where some water molecules remain within
the powder and cannot be dissociated at the same equilibrium
RH level, attributed to the particles swelling and changes in
the conformational structure. This alters the accessibility of
binding sites for water molecules and leads to incomplete
removal of water molecules during desorption.'®*® As a result,
the moisture affinity of a material can be influenced by its
prior exposure to moisture or its history of moisture exposure.*
Analysing sorption isotherms can uncover information about
water interactions with particles and understand water adsorp-
tion and desorption extents under different RH levels. This is
of practical importance as it can directly affect drug product
performance and stability.

Among the excipients significantly affected by water sorp-
tion are disintegrants. The swelling of their particles when
they come in contact with a physiological fluid is essential to
disrupt interparticulate bonds within the tablet, thereby
enhancing tablet disintegration, promoting dissolution, and
facilitating drug release.'®?® Common disintegrants include
sodium starch glycolate (SSG), croscarmellose sodium (CCS),
low-substituted hydroxypropyl cellulose (L-HPC), and crospovi-
done (XPVP). In addition to disintegrants, other excipients
such as microcrystalline cellulose (MCC), typically used as a
diluent, filler, or binder, can also experience swelling, thereby
also playing a role in the tablet swelling process.>* The swell-
ing of these particles primarily relies on two key factors: the
water diffusion coefficient (D) and the maximum absorption
ratio (Qmax), which is the ratio of the mass of hydrated particles
to dry particles. While Q,ax can be experimentally measured
through straightforward weighing methods, determining the
value of D directly is often more challenging.>” These excipi-
ents are considered inert in the dry tablets, but they should
cause the tablet matrix to swell and disintegrate rapidly in the
patient, accelerating the dissolution of the drug particles. Any
prior exposure of these agents to moisture or liquid will
impact their moisture affinity and physical properties, poten-
tially leading to a loss of disintegrant power due to the possi-
bility of “pre-activation” of the disintegrant swelling and influ-
encing the performance and stability of the dosage form.>***

Considerable research efforts have been directed toward
quantifying the swelling behaviour of particles in response to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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liquid water. Soundaranathan et al. (2020) used an optical
microscope paired with a custom flow cell and utilising single
particle swelling model to quantify the swelling characteristics
of different disintegrants (SSG, CCS, and L-HPC) along with
five grades of MCC.>® They showed that the swelling behaviour
varied among the different excipients, with CCS having the
highest diffusion coefficient and SSG having the highest
maximum absorption ratio. Zhao and Augsburger (2005) uti-
lised laser diffraction to quantify the intrinsic swelling of dis-
integrants in a suspension, finding that SSG exhibited a
superior swelling capacity compared to CCS.>® Rojas et al.
(2012) assessed the swelling value and water uptake ability of
SSG, CCS, and MCC powder in simulated gastric and intestinal
fluid, revealing that SSG had the highest water uptake ability
and swelling value, followed by CCS and MCC.*’

Investigations into the behaviour of excipients in response
to humidity have predominantly concentrated on the impact
of water at or near its saturation point. To the best of the
authors’ knowledge, none of these studies have explored the
swelling of particles induced by moisture in the gaseous phase
during storage. It is noteworthy that the variations in water
absorption observed below 96% RH may not align with find-
ings at 99.98% RH.?® This limits the relevance of research out-
comes derived from fully saturated conditions for stability
studies at lower RH levels. Furthermore, there is also a gap in
the literature regarding how moisture affects the particle size
of these swelling excipients where the bulk of research efforts
have been given to exploring the effects of storage conditions
on the tablets containing these excipients.>*>97

The primary objective of this study is to thoroughly investi-
gate the impact of storage conditions, both moisture and
temperature variations, on the intrinsic properties of eight
commonly used excipients in oral solid dosage forms.
Specifically, this study focuses on the moisture content and
moisture sorption kinetics in a manner that reflects the
dynamic simulation of moisture sorption in practice, using
dynamic vapour sorption (DVS) paired with a mathematical
model. The temporal effect of sorbed moisture on the particle
size distribution of potential swelling excipients MCC, CCS,
and SSG, is also discussed.

2. Materials and methods

2.1. Materials

A full list of excipients studied is detailed in Table 1, including
CCS, XPVP, L-HPC, and SSG as disintegrants, as well as MCC,
mannitol, lactose, and DCPA as fillers.

For the stability study, sodium chloride and magnesium
chloride (Merck Life Science, UK) were used to prepare satu-
rated solutions to maintain humidity levels during storage at
75% and 30%, respectively. Poly vinyl-chloride (PVC) (Sigma-
Aldrich, USA) was used as a negative control material due to its
non-hygroscopic nature, ensuring that it would not absorb
moisture and consequently would not change in size upon
exposure to storage conditions.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Materials used, their suppliers and abbreviations used in this

study

Material Grade Supplier Abbreviation

Croscarmellose AcDiSol FMC CCS

sodium International

Crospovidone Kollidon® CL BASF Pharma  XPVP

Low-substituted LH-21 Shin-Etsu L-HPC

hydroxypropyl Chemical Co.

cellulose

Sodium starch Primojel® DFE Pharma SSG

glycolate

Microcrystalline Avicel® PH-102 FMC MCC

cellulose International

Mannitol Pearlitol® 200 Roquette Man
SD

Lactose FastFlo® 316 Foremost Lac

monohydrate Farms USA

Dibasic calcium Anhydrous JRS Pharma DCPA

phosphate Emcompress®

anhydrous

The excipients used in this study were the most commonly
used in the pharmaceutical industry for manufacturing
directly compressed tablets.*> Choosing different materials
with a wide range of physicochemical properties was necessary
to understand how this would affect their moisture sorption
characteristics. MCC is a hygroscopic and insoluble filler, that
undergoes swelling upon contact with liquid. DCPA, on the
other hand, is a non-hygroscopic and insoluble filler. Both
lactose and mannitol serve as soluble fillers.”* Among the dis-
integrants, CCS, L-HPC, and SSG are classified as swelling dis-
integrants, while XPVP functions through a shape recovery
mechanism.?®

2.2. Moisture sorption and desorption analysis

Dynamic vapour sorption apparatus (DVS, Surface
Measurement Systems Ltd, London, UK) was used to under-
stand the dynamics of moisture sorption for the studied raw
materials during storage, i.e., to measure how quickly and how
much moisture is sorbed (adsorbed and absorbed). The device
is featured with an SMS UltraBalance with a mass resolution of
+0.1 pg to monitor the intake and loss of vapour gravimetri-
cally and a temperature-controlled incubator to maintain the
temperature constant at a 0.1 °C level.’’ 10 mg of each
powder was placed into the sample pan of the DVS. Then,
samples were preconditioned to a constant mass under a
stream of dry nitrogen at 0% RH, which was recorded as the
sample reference mass. Data was saved every second to help
calculate the moisture sorption and desorption rate.

Although moisture isotherms are typically constructed by
implementing a series of steps across the entire RH range, this
approach will impact the EMC and the rate at which EMC is
reached due to pre-moisture exposure from the RH steps used.
To address this concern, the rate and extent of water uptake in
a one-step simulation was assessed, covering the range of
30%-75% RH. This approach simulates more closely real-
world storage conditions when a sample intended for specific
RH storage is exposed to a single-step adjustment from the

RSC Pharm., 2025, 2, 369-386 | 371
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baseline humidity, starting at 30% RH as measured in the lab-
oratory to the desired RH level. For instance, to obtain the
sorption/desorption isotherm at 75%, the instrument initiated
conditioning the sample at 0% RH, then going from 30% to
75% directly as a one, big jump and subsequently returned to
30% RH baseline. Moisture sorption/desorption data were ana-
lysed at temperatures of 25 °C and 50 °C. The different con-
ditions studied are summarized in Table 2. A new powder
sample was used for each RH point to minimise any moisture
or temperature history effects.

Two equilibrium criteria (stop criteria) were used to con-
sider reaching equilibrium. The first criterion is the rate of
change in sample mass with time, dm/d¢, which is expressed
in the percentage of the reference sample dried mass. The
second is the minimum time during which the sample mass
remains stable. In this study, equilibrium was assumed to be
attained when the weight change was less than or equal to
0.002% of the reference mass over a 10 minute window, which,
if not achieved, will keep analysis for a maximum of 6 hours.
After that, the equilibrium will be assumed to be completed,

Table 2 The various % RH levels investigated in the DVS study

Initial % RH Target sorption % RH Target desorption % RH

30 40 30
30 50 30
30 60 30
30 75 30

View Article Online
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and the experiment will proceed to the next programmed
humidity stage. The water uptake was expressed as a percen-
tage weight change from the dry weight. However, to simulate
the case of storing excipients at humidities over 30% RH
(which was considered the baseline), the percentage change in
mass was recorded relative to the mass at 30% RH. Fig. 1
shows a DVS profile from (30-75% RH) demonstrating the
steps involved in the analysis.

2.3. Sorption and desorption rate constant model

DVS sorption and desorption time data were used to calculate
the moisture sorption/desorption rate constant (rsoydes) tO
understand the dynamics of moisture sorption/desorption and
the effect of RH level and temperature on that rate of sorption/
desorption. A model was developed to calculate the kinetics
rate constants by fitting the temporal sample mass at a speci-
fied temperature and humidity:

M(t) — Moe*rsor/desl + Mmax/min(l _ e*rsnp/dest)

(1)

where M(¢) is mass at a time (¢), M, is mass as ¢ = 0, T'sor/des 1S
the kinetic rate constant for sorption (rsp) and desorption
(Tdes), and Myaymin is either the maximum mass during sorp-
tion EMC or the minimum mass during desorption.

Statistical analysis was conducted through Python 3.9.7
(Python Software Foundation, Virginia, USA) using the SciPy
“curve_fit” function. For fitting the model, the statistics
reported were the coefficient of determination (R*) and Root
mean square of error (RMSE).
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* Moisture isotherms were analysed under 25C and 50C.
** Target RH% used were 40%, 50%, 60%, 75%RH

Fig. 1 Example of DVS profile demonstrating the change in mass for
various RH conditions used.
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2.4. Storage-induced particle size changes

The experimental method was carefully designed to accurately
quantify the micro-scale changes to particles stored for a
specific time under accelerated humidity and temperature con-
ditions. The main consideration was to ensure that individual
particles are exposed to storage conditions rather than the
bulk of a powder where the particles close to the surface
experience a different exposure to the environment compared
to those in the core of the bulk. This study focused on swelling
particles only: CCS, SSG, and MCC.

2.4.1. Excipients dispersion and sample storage. Powders
of raw materials were thoroughly mixed in the primary con-
tainer by hand rolling and inversion before taking samples
from them to ensure a representative sample is taken.
Samples of 5 mm?® were scooped using special spoons
designed for the instrument and were then dispersed as a
thin layer on glass Petri dishes using the Morphologi 4®
(Malvern PANalytical, UK), which has a sample dispersion
unit that uses a laboratory’s compressed air supply. The
general objective was to achieve a dispersion with as many
particles as possible in each frame without physically touch-
ing each other so that all particles experience the same
environment. A low-pressure value of 1 bar was used for the
dispersion of MCC and CCS to guarantee that air dispersion
would not impact particles in any way. In contrast, a pressure
of 2 bar was used for the dispersion of SSG due to the poss-
ible appearance of aggregates. Powders dispersed over plates
were subsequently analysed for their particle size and shape
parameters. This will serve as a reference for comparison
after removal from storage as discussed in the 2.4.3 Particle
size analysis section.

2.4.2. Sample storage. Powder of swelling excipients were
stored at three different temperature and humidity conditions

Table 3 Accelerated stability storage conditions

Temperature (°C) Humidity (% RH) Time points (days)

25 75 1,14
50 30 1,14
50 75 1,3,14

—

1

« Saturated .

)
i
-

Pre-storage particle size
analysis

Dispersion of
powder over Petri-
dish

RH-controlled
storage jar
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(Table 3) to assess the effect of accelerated storage conditions
on their particle size parameters. Sensors for moisture and
temperature were used to accurately measure the temperature
and humidity during storage. Temperature and humidity were
tracked in each jar while the powders were stored using iButton
data recorders (DS1923 Hygrochron iButton, Measurement
Systems Ltd, UK). Throughout the storage period, the datalog-
gers continuously recorded temperature and humidity every
10 minutes. The actual storage conditions, as recorded by data-
loggers, are provided in Table S1 in the ESL}

A single plate of each powder, along with a vial filled with a
saturated salt solution to establish the required humidity level,
was placed inside an airtight glass jar which was securely
sealed with parafilm after screwing the top lid. Jars were then
stored in temperature-controlled ovens at 25 °C or 50 °C for
the designated storage duration. Fig. 2 illustrates the experi-
mental set-up employed for storing powder samples through-
out the stability study.

Time points for sample collection were of concern because
it was expected that storage conditions would affect particles
faster than tablets. As observed by Maclean et al (2022),
changes in the physical properties of tablets occurred within
the first two weeks of storage before reaching a steady state.>*
So, additional time points within the first two weeks of the
study would provide more information on the shape of the
stability profiles of particle swelling. Particle size distribution
analysis was carried out in triplicate for each time point under
50 °C/75% RH condition, indicating that three separate
samples were analysed at each time point. In contrast, a single
sample was utilised for each time point under 25 °C/75% RH
and 50 °C/30% RH.

2.4.3. Particle size analysis. Particle size analysis of swell-
ing excipients was determined using the Morphologi 4® par-
ticle characterisation system (Malvern PANalytical, UK). It is a
wholly automated static-image analysis-based particle charac-
terisation device that provides particle size and shape infor-
mation. The technique can measure the size and shape of par-
ticles down to less than 0.5 um in size by using a variety of
lenses. As a result of the system’s ability to capture every par-
ticle. It can give information on particle size and shape in
terms of both volume (geometric) and number (arithmetic).*®

—

E L A . .} "I
. @
Storage at Post-storage particle
controlled size analysis
temperature

Fig. 2 Powder dispersion and storage set-up for the particle size analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To study the effect of storage conditions (if any) on the par-
ticle size, size distribution, or shape parameters, plates were
removed from storage jars at a specific time point to be ana-
lysed. For each time point, a new dish was used. Particle size
distributions were initially obtained for each excipient before
storage, then analysed again after storage while they were on
the same plate without touching the particles to ensure no
agglomerates formed due to moisture (Fig. 2). This approach
facilitated the comparison of the measured particle distri-
bution post-storage with the initial distribution obtained
before storage for each dish. Comparing the same sample
before and after storage facilitated the tracking of any altera-
tions in particle size distribution attributed to storage, because
even with good sampling techniques, differences in size distri-
bution may exist so this method accounts for such variations
during the comparison.

Particle imaging was conducted using a 10x magnification
lens with z-stacking enabled to take four planes above the
initial point of focus to account the changes of the sample in
z-direction due to swelling. Z-Stacking also reduced blurring
observed around the particles after removal from storage due
to moisture diffusion. The threshold of particle detection was
adjusted before and after storage to ensure the detection of the
whole parts of the particle as well as dark and bright particles.
Morphological filtering was applied manually to the raw image
data to eliminate partially imaged or overlapping particles. All
samples were analysed according to a standard operating pro-
cedure (SOP) summarised in Table 4.

To assess the reliability of this methodology, a careful
approach has been followed, incorporating key measures
aimed at validating the integrity of the results. Firstly, the
experiment was systematically performed on multiple repli-
cates to assess the consistency and reproducibility of findings.
Secondly, a controlled material, PVC, characterised by its resis-
tance to moisture-induced swelling, was selected to ensure
that variations in particle size are not influenced by external
factors other than moisture absorption. Furthermore, a precise
adjustment was made to the threshold parameters, creating a
controlled variance of +5%. This precautionary measure
helped to ensure the accuracy of the size analysis by confirm-
ing that any detected changes in size distribution are exclu-
sively caused by the moisture, and not a consequence of

Table 4 SOP details used for image analysis using the Morphologi 4®

Parameter Set value

5 mm®
Injection pressure: 1 bar (for CCS and MCC)

Sample volume
Solid dispersion unit

settings and 2 bar for SSG
Injection time: 20 ms
Settling time: 60 s
Ilumination Diascopic (bottom light) bright field
Optics selection 10x
Light intensity 80%
Focus Manual focus
Trash size 10 pixels
Z-Stacking 4 planes, equivalent to 48.9 pm
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threshold selection and modification. To carefully investigate
the reversibility of particle size change following removal from
storage, particles were allowed to equilibrate with the con-
trolled laboratory humidity and temperature. The equilibration
period lasted between one week and one month, and samples
were then analysed again.

This study focused on the circle equivalent diameter (CED),
which is the diameter of a circle with the same area as the 2D
image of the particle. The CED is calculated by:

V4A

CED = T (2)

with A as the area of the particle. Due to moisture diffusion
through the particles during storage at humidity conditions,
a fraction of smaller particles became transparent causing
an artefactual increase in the frequency of larger particles.
Therefore, the number of particles was also used to visualise
the results of the CED. On the other hand, different para-
meters describing the particle shape were measured, which
can provide valuable information if changed due to storage
conditions. Particle shape parameters studied include con-
vexity, high sensitivity-circularity (Cys), and aspect ratio
(AR):

3)

Cys =

AR =

(4)

AT

with A is the area of the particle, P is the perimeter, W is the
width and L is the length. A value between 0 and 1 was
assigned to each particle; typically, the aspect ratio and circu-
larity values approach 1 for spherical particles and 0 for
elongated particles. Convexity, on the other hand, is a
measure of the surface roughness of a particle where a per-
fectly smooth shape is characterised by a convexity of 1,
whereas a more ‘spiky’ or irregular object tends to have a con-
vexity closer to 0.

3. Results and discussion

3.1. Effect of relative humidity level on EMC and kinetic rate
constant

Each excipient’s moisture sorption/desorption properties were
measured using DVS to simulate the conditions used in prac-
tice. Fig. 3 illustrates the EMC at various RH levels for the
different excipients under investigation. The data is presented
as a percentage change in mass relative to the mass recorded
at 30% RH. Additionally, the EMC relative to the dry mass of
powder at the end of 0% RH is provided in Fig. S1 in the ESLf
with PVC data included as a control.

According to the moisture sorption results, lactose, manni-
tol, and DCPA are non-hygroscopic and do not absorb moist-
ure substantially; even under high RH conditions, the mass
change was less than 1%. On the contrary, disintegrants
showed very high hygroscopicity (Fig. 3A). CCS and SSG absorb

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Moisture uptake of excipients at 25 °C (A) and 50 °C (B), presented as the percentage change in mass relative to the mass at 30% RH.

approximately 16% moisture in the 30-75% RH range, while
XPVP absorbs nearly 20% at the same %RH at 25 °C. Moisture
sorption results relative to the dry mass of powder are consist-
ent with prior findings."”>?*?° The difference in moisture
capacities among excipients is attributed to their different
interactions with moisture depending on their chemical pro-
perties and polarity, as well as on the RH, temperature, par-
ticle-size distribution, specific surface area, and porosity of the
material."®

Crystalline non-hygroscopic excipients such as lactose and
mannitol exhibit limited moisture gain with no monolayer for-
mation; however, delayed multilayering occurs. At low RH,
water is adsorbed onto the crystalline material’s surface. As
RH increases, weak interaction forces, such as van der Waals
forces, cause water molecules to attach at the sugar-vapour
interface. This limited water uptake behaviour is attributed to
their low surface area and stable crystalline lattice supported
by stable hydrogen bonding networks, which minimises avail-
able binding sites for moisture adsorption of these crystalline
sugars.’>*" A tendency for multilayer sorption is expected as
RH increases, and at high humidity (generally over 65% RH),
solid water-soluble sugar molecules dissolve, forming a satu-
rated sugar solution.’” Our findings show that lactose and
mannitol water content remains relatively small at the studied
RH ranges. On the other hand, starches and cellulose-based
excipients exhibit higher moisture gain which involves the
sequential sorption of a single tightly bound water molecule
followed by less tightly bound water molecules and additional
sorption of free water. They generally demonstrate substantial

© 2025 The Author(s). Published by the Royal Society of Chemistry

bulk absorption of water, characterised by a slow diffusion-
controlled mechanism.""*?

Increasing humidity levels also resulted in higher moisture
uptake, where powders exposed to 75% RH levels exhibited the
greatest uptake of moisture compared to other %RH levels.
This observed correlation between moisture uptake and rela-
tive humidity is consistent with prior findings.****

DVS isotherms do not indicate a true affinity for water
vapour since the data simply presents the total sorption
capacity of each excipient in terms of mass change from the
dry mass as a function of humidity with no reference to time-
scale. As observed from moisture uptake results, there can be
similarities in sorption capacity between excipients which
suggests that the behaviour of these materials at these humid-
ities towards water vapour is similar while in reality, differ-
ences in their performance indicate different interactions. To
further classify the excipients in terms of behaviour to water
vapour, the DVS sorption time data were used to calculate the
rate at which it adsorbs or desorbs moisture. Fig. S2 in the
ESIt compares the change in mass as a function of time for
CCS and MCC, where the time needed to achieve equilibrium
is much higher for CCS compared to MCC despite using the
same sample size and the same conditions.

Knowing how quickly a material absorbs moisture is essen-
tial for predicting its stability during storage. The moisture
sorption kinetic rate constant model was applied to all DVS
sorption/desorption time data and compared to the measured
data as shown in Fig. S3 in the ESI.} The accurate prediction
performance of the moisture kinetics rate constant model is
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provided in Table S2 in the ESIf which is shown by its high R
and low RMSE except for mannitol and lactose at low %RH.
However, non-hygroscopic excipient data should be interpreted
carefully as the readings are more prone to noise in measure-
ment due to very small changes in mass. A summary of the cal-
culated kinetic rate constants extracted from DVS time data for
all excipients tested in this work during sorption and desorp-
tion is shown in Fig. 4.

Generally, CCS, SSG and XPVP consistently tend to take a
longer time to reach equilibrium (Fig. 4A), but they exhibit
greater mass sorption under the studied conditions. In con-

A

View Article Online

RSC Pharmaceutics

trast, non-hygroscopic excipients such as mannitol, lactose,
and DCPA achieve equilibrium more rapidly with a higher rate
constant of moisture sorption compared to the hygroscopic
excipients. This trend extends to the desorption (Fig. 4B),
where CCS, SSG and XPVP exhibit the smallest desorption rate
constant indicating a longer time to return to the equilibrium
30% level, while DCPA and mannitol reached the equilibrium
humidity level the fastest. It is noteworthy to mention that
similar observations have been documented by Heidemann
and Jarosz (1991) with different formulations, showing that
excipients exhibiting a higher capacity for moisture sorption
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Fig. 4 Kinetic rate constants of the tested excipients for moisture sorption and desorption at both 25 °C (A and B) and 50 °C (C and D) as a function
of %RH steps. (A) and (C) represent moisture sorption, while (B) and (D) represent moisture desorption.
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tend to achieve equilibrium more slowly compared to those
with lower moisture affinity.*?

At a specific humidity level, desorption rate constants were
higher than sorption, suggesting faster moisture loss for the
studied excipients compared to moisture gain. Few exceptions
were observed with SSG, mannitol, and lactose. Sorption rate
constants depend on the target RH, where they are generally
higher at lower humidity levels (30% and 40% RH) and
smaller humidity increments compared to larger ones (75%
RH). This implies that moisture sorption occurred more
rapidly at smaller humidity steps and when targeting lower
humidity levels, as opposed to larger humidity steps and
higher target RH percentages for the tested excipients which
require longer time to reach equilibrium. This is attributed to
the saturation of available binding sites for moisture sorption,
which initiates with the rapid formation of a firmly bound
monolayer of water molecules on the surface of dry particles
with the entry of the initial water molecules into the system.
This process depends on surface binding and diffusional
forces. As more water molecules are attached to the surface,
moisture-binding sites will be saturated and the diffusional
forces start to outweigh the binding forces. The moisture starts
diffusing into the bulk, the rate of moisture absorption
depends on the difference between the saturation moisture
content and the moisture content at a given time. As sorption
progresses, the increasing moisture content diminishes the
driving force, leading to a gradual reduction in the sorption
rate. Multiple layers of moisture that are less tightly bound to
the surface or even condensed into the pores, which is associ-
ated with swelling in the case of nonrigid porous structures,
may happen as well. At higher humidity levels, the amount of
unbound water increases, which behaves like pure water that
is lightly adsorbed and loosely bound to the surface of the
particles.*® The process of moisture sorption ceases when
the particles reach saturation in moisture content. On the con-
trary, the desorption rate constants exhibited less sensitivity to
both the humidity level and the humidity step size.
Nevertheless, it is noticeable that, at higher RH levels, the rate
of moisture desorption was high. This can be attributed to the
presence of more unbound free water molecules, that could be
easily removed from the system. In contrast, at lower %RH
levels, the available water molecules tend to be tightly bound
in monolayers or condensed within pores, requiring a longer
time to be removed. In summary, it’s crucial to recognise the
pivotal roles that both sorption isotherms and sorption kine-
tics play in fully understanding and characterising materials
and predicting their behaviour to moisture under different
storage conditions.

3.2. Effect of temperature on EMC and kinetics rate constant

The effect of temperature is a critical factor that needs to be
addressed, especially in the context of storage conditions.
Water molecule mobility and the dynamic equilibrium
between the vapour and adsorbed phases could both be influ-
enced by temperature. The effect of increasing temperature to
50 °C on moisture uptake is shown in Fig. 3B.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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At low humidity levels, temperature appears to have
minimal impact on excipient moisture content. However,
notable differences in EMC emerged at 50 °C under high RH
levels. Fig. 5 shows the relative change in moisture content as
temperature increased from 25 °C to 50 °C at 30-75% RH. In
general, for the studied excipients, maintaining constant
humidity levels while elevating the temperature from 25 °C to
50 °C resulted in a notable 24-27% reduction in the fraction of
sorbed water for DCPA, XPVP, CCS and L-HPC. SSG exhibited
the least sensitivity to increased temperature, showing a 10%
decrease in the sorbed moisture. However, mannitol and
lactose showed exceptions to this trend, experiencing a 23%
and 28% increase in moisture content, respectively. The
increase in EMC for lactose and mannitol is small compared
to disintegrants. However, it is crucial to note this observation
considering that the soluble fillers lactose and mannitol are
non-hygroscopic materials; similar effects have been reported
in food research for some sugars.”” These differences in EMC
are higher when compared to the dry mass of the powder, as
shown in Fig. S1 in the ESI,} than from the mass at 30% RH.

The decrease in EMC with an increase in temperature from
25 °C to 50 °C is attributed to the activation of some water
molecules at higher temperatures to energies that enable them
to separate from their sorption sites, thus reducing the EMC.
This observation is consistent with the findings of Al-
Muhtaseb et al. (2004) who noted a similar trend in starches
under varying temperatures. They attributed the decrease in
EMC with rising temperature to a reduction in the number of
active sites for water binding due to physical and/or chemical
changes induced by heat.*® Palipane and Driscoll (1993) also
explained that higher temperatures cause water molecules to
reach higher energy levels, making them less stable and more
likely to detach from water-binding sites.*” The thermo-
dynamic equation AG = AH — TAS explains this necessity,
where AG is a measure of the spontaneity of a reaction, AH is
the enthalpy change, T is the temperature in Kelvin, and AS is
the entropy change. Since AG < 0 (indicating that sorption is a
spontaneous process) and AS < 0 (suggesting reduced freedom
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Fig. 5 Relative change in EMC (%) from 25 °C to 50 °C at 75% RH.
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for the sorbed water molecule)) AH must be negative.
Consequently, higher temperatures make conditions less
favourable for water sorption.>°

However, lactose and mannitol deviate from this pattern,
becoming more hygroscopic at higher temperatures. This is
attributed to their ability to dissolve in adsorbed water vapour,
forming a solution that causes a rise in moisture content
(Fig. 6). A similar trend is observed with certain sugars (such
as glucose), sugar alcohols, and other low molecular weight
food constituents (like salt) becoming more hygroscopic at
higher temperatures because they can dissolve in water.?’
Conversely, Bronlund and Paterson (2004) showed that crystal-
line lactose exhibits almost no dependence on temperature
within the range of 12 °C to 37 °C except for amorphous
lactose at 12 °C, which absorbed less moisture than observed
at higher temperatures.*'

Although the temperature increase impacted moisture
content, its effect on the kinetics rate constant was more sig-
nificant (Fig. 4C and D). The sorption and desorption rate con-
stants dramatically increased when temperature increased
from 25 °C to 50 °C, particularly for hygroscopic excipients.
For example, increasing temperature from 25 °C to 50 °C has
resulted in an increased CCS sorption and desorption kinetic
rate constants from 0.04 s™* to 0.15 s* and from 0.08 s™* to
0.23 57", respectively. The effect of temperature on the sorp-
tion/desorption rate constant is attributed to the fact that at a
higher temperature, the kinetic energy of the water molecules
increases, causing them to move more quickly and accelerate
diffusion, which in turn raises the rate of sorption or desorp-
tion. In line with Fick’s laws of diffusion, the rate of diffusion
is directly proportional to the temperature. It is noteworthy
that the effect of temperature on EMC and kinetic rate con-
stant is material and RH-dependent. Fig. 7 illustrates the rela-

Sorption vapour

Desorption vapour

Breakaway of some water
molecules from surface

Fig. 6
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tive change in sorption and desorption rate constants at
30-75% RH from 25 °C to 50 °C, highlighting that the temp-
erature affected the sorption rate constant more than the de-
sorption, with the exception of XPVP. A substantial increase in
the sorption rate constant of approximately 300% for CCS and
SSG was observed compared to a 30% increase for mannitol.
On the other hand, the desorption rate constant experiences
an increase of around 190% for CCS and SSG compared to
42% for mannitol. While this relative change underscores the
impact of temperature on the sorption/desorption process, it
is essential to incorporate the absolute change for a compre-
hensive understanding (Fig. S4 in the ESI}). In instances
where the relative change may seem very high, such as 300%
increase for CCS, the absolute change was 0.11 s~". Presenting
the absolute change becomes crucial for understanding the
magnitude of the alterations. This is particularly significant
when considering the temporal dynamics of the sorption/de-
sorption processes, as under all conditions, the equilibrium
was reached on DVS within a day.

3.3. Particle size analysis

3.3.1. Characterisation of particles before storage. Table 5
summarises the mean values of some particle size and shape

Table 5 Size and shape characteristics of excipient particles before
storage
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parameters. According to the CED measurements, DCPA and
mannitol have the largest particle size, while SSG and CCS
have the smallest. As concluded from circularity results, SSG
and mannitol particles are the most spherical, whereas CCS
and MCC have a cylindrical-like shape. These results are in
good agreement with the published literature.>">> Fig. S5 in
the ESIT shows the magnified field images belonging to CCS,
MCC and SSG.

3.3.2. Effect of storage conditions on particle size/shape
characteristics of swelling excipients. Fig. 8 presents the
changes in the median CED of CCS, SSG and MCC across
various time points (The 3 days time point changes are shown
in Fig. S6 in the ESI}). Storing these particles at 50 °C/75% RH
for 14 days resulted in a volume-based median diameter
change of approximately 6%, 5.5%, and 2.7% of their initial
CED for CCS, SSG and MCC, respectively, indicating an expan-
sion in particle size. Conversely, at 50 °C/30% RH, the change
in median CED was approximately 0.8% for CCS, 0.5% for
SSG, and 0.4% for MCC after 14 days. This indicates that the
expansion in particle size is attributed to elevated humidity
levels and increased moisture content. The swelling of excipi-
ent particles involves the absorption of moisture resulting in
an increase in weight (as evidenced by DVS) and volume (as
observed from particle size analysis). Temperature exhibited
minimal influence on particle swelling, with an absolute
difference of less than 1% between 25 °C and 50 °C after 14
days of storage at 75% RH.

By comparing PSD before and after storage, storing CCS,

CED Aspect . ° o . o s
(geometric HS circularity  Convexity ratio mean  SSG and MCC partlcle.s at 50 °C/75% RH 1nduc§d a sl.nft in the
Material Ds,) (um) mean (—) mean (—) =) PSD consistently moving toward a higher particle size across
all examined time points (Fig. 9). The PSD before and after
CcCs 45 0.72 0.96 0.61 . .
MCC 94 0.76 0.98 0.61 storage for the other storage conditions are presented in the
DCPA 138 0.76 0.99 0.64 ESI (Fig. S7 and S8%). Because of the large number of smaller
)h(/[F;YlP 121 g'gf g'g; g'gg particles (<10 pm) and to reduce the sensitivity to them,
SSG 44 0.92 0.99 0.80 volume-based size distribution has been used to assess the
Lac 111 0.79 0.98 0.71 changes in PSD. Changes in the PSD using the number of par-
)
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Fig. 8 Relative change in volume-based diameter Dsq of the studied excipients after storage at (A) 50 °C/30% RH, (B) 25 °C/75% RH, and (C) 50 °C/
75% RH over time. Values represent the average relative change in Dsq for three samples on each time point at 50 °C/75% RH, and one sample at

25 °C/75% RH and 50 °C/30% RH.
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Fig. 9 The change in volume-based size distributions of (A) CCS, (B) SSG, and (C) MCC particles after storage at 50 °C/75% RH for 1, 3 and 14 days.
The examples shown on each time point represent one of the samples analysed at this time point. The CED was smoothed over 50 points.

ticles was also used to visualise the change (Fig. S9 in the
ESIt). Fig. 10 illustrates the relative changes in various
volume-based size parameters for particles after 14 days of
storage at 50 °C/75%. The fact that the D;4, Dso, and Dy, all
experienced a positive relative change suggests an overall
increase in the particle size distribution of the three excipi-
ents studied.

380 | RSC Pharm., 2025, 2, 369-386

It is noteworthy, as shown in Fig. 8, that while the change
in particle diameter followed the order of CCS > SSG > MCC,
the minimal difference between CCS and SSG implies compar-
able effects, considering the potential error introduced due to
variations in the threshold and errors resulting from it, as
observed in Fig. S10 in the ESL.} This agrees with the results
from DVS, which showed that CCS and SSG absorb moisture

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Average relative change in volume-based size parameters after
14 days of storage at 50 °C/75% RH.

substantially into the porous structure with moisture uptake of
16.8% and 15.8%, respectively, compared to 5.1% for MCC at
50 °C/75% RH. CCS is a crosslinked carboxymethyl cellulose
sodium which is a modified form of cellulose with a consider-
ably larger swelling capacity than MCC. The results indicate
that SSG and CCS exhibited the highest swelling capability, fol-
lowed closely by MCC. However, prior findings showed a more
pronounced change in volume mean diameter during SSG
swelling compared to CCS.>>?°*' SSG, identified as the
sodium salt of cross-linked carboxymethylated starch, under-
goes modification through two chemical processes; substi-
tution to enhance hydrophilicity and cross-linking to reduce
solubility.*">?
attributed to the generous spacing between cross-linked phos-

The exceptional swelling capacity of SSG is

phate groups, enabling effective water penetration, swelling,
and gel formation.”” In contrast, CCS, with crosslinking
through esterification, lacks significant spacing between
polymer chains, resulting in a smaller swelling capacity.’?
Soundaranathan et al. (2020) distinguished between the swell-
ing patterns of SSG and CCS due to contact with water and
showed that SSG had a more significant overall swelling than
CCS, demonstrating a superior capacity to absorb water. At the
same time CCS had a greater diffusion coefficient and, thus, a
larger diffusion capacity due to its quicker liquid absorption at
the surface and quicker initial swelling. The difference
observed in our study compared to previous literature can be
attributed to various factors. A crucial distinction lies in our
specific focus on moisture-induced swelling rather than liquid
water, potentially introducing unique considerations that may
not precisely align with findings from studies concentrating
solely on liquid water-induced swelling. Additionally, the
measurement technique used, such as the reliance on circle
equivalent diameter, assumes that all particles are spherical,
providing the diameter of a circle with the same area as the
measured particle. This assumption may not fully capture the
complexity of morphological changes and could contribute to
differences. Furthermore, the imaging method provides
insights into the change in the diameter of the entire particle
size distribution, offering a comprehensive overview of the par-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ticles’ behaviour. However, because of the polydispersed
nature of the particle size distribution, high variability in the
measured particle size parameters resulted, as smaller par-
ticles may behave differently from larger ones. This approach
contrasts with some studies in the literature that focused on
examining a few individual particles or compacts potentially
overlooking the broader variability within the particle size
distribution.

All particles achieved their maximum swelling indicating
the attainment of their EMC within the initial day of storage as
shown in Fig. 8. This means that the changes resulted due to
storage conditions being too fast, and this can be explained by
the large surface area of particles exposed to storage con-
ditions which lead the changes to happen faster. Despite the
accelerated changes within the first day, the long time required
for the required RH level to be achieved inside the jars limited
the ability to investigate alterations over shorter durations
within this critical period (Fig. S11 in the ESI}). The findings
from DVS further supported the prompt moisture equilibrium
attainment within a day after exposure to all studied
conditions.

The dynamics of particle swelling involve two key mecha-
nisms: moisture uptake at the particle surface and the intrinsic
swelling ability of the particle. Soundaranathan et al. (2020)
showed that SSG has a relatively gradual initial swelling, indi-
cating lower surface water uptake with hydration primarily
originates from the interaction between the anionic carboxyl
group and water.”® In contrast, CCS undergoes fast swelling
driven by the hydration of the carboxymethyl group.>?
However, our results indicated that all studied excipients
reached maximum swelling within a day of storage with no
differences between them. Taking a closer look at the swelling
of these excipients during the first day could reveal more
details and differences that might not be evident in the
broader day-long observations.

A comprehensive analysis of all possible particle shape
descriptors may be just as critical as particle size. Particle
shape, however, is often ignored or disregarded. Fig. 11 pro-
vides insights into the morphological changes resulting from

10

-10-

LT

shape parameters (%)
o

Average relative change in

| I |
Circularity = Convexity Aspect ratio

Fig. 11 Relative change in particle shape parameters after 14 days of
storage at 50 °C/75% RH.

RSC Pharm., 2025, 2, 369-386 | 381


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00259h

View Article Online

Paper RSC Pharmaceutics

storage at elevated humidity and temperature. CCS and SSG
experience more pronounced alterations in shape parameters

Specifically, the circularity of CCS particles undergoes the
most significant decrease, approximately 9%, in contrast to
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Fig. 12 The Irreversibility in particle size change of (A) CCS, (B) SSG and (C) MCC particles after 14 days of storage at 50 °C/75% RH and 28 days out
of storage. Particle images with their corresponding CED as taken from particle size analysis right after removal from storage and 28 days later out of

storage. The data shown represent one sample from each excipient.
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decreases up to 5% for CCS particles, while MCC experiences a
more modest 1.3% decrease. This consistent reduction in cir-
cularity and convexity across all excipients indicates a trend
toward less rounded and rougher surface particle mor-
phologies, aligning with the expected behaviour during par-
ticle swelling. Simultaneously, there is an increase in aspect
ratio, underscoring changes in particle shapes induced by
storage conditions. The observed changes were more pro-
nounced for CCS than SSG and MCC suggesting that SSG and
MCC swelled in all directions while CCS expanded mainly
along the shorter(width) axis implying less elongated particles.
This aligns with previous studies suggesting that swelling
tends to be omnidirectional, with CCS particles primarily
expanding from the shorter axis.”"**>?° It’s essential to inter-
pret the AR results cautiously, as these measurements rely on
2D imaging, while the particles’ swelling occurs along all
directions. Consequently, capturing the precise direction of
swelling poses challenges, and the AR results should be con-
sidered as an approximation rather than a definitive represen-
tation of the swelling direction.

The reversibility of particle size swelling was also investi-
gated (Fig. 12). A comparison of particle size distribution pro-
files before and after storage revealed nearly identical PSD pro-
files for CCS and SSG particles post-storage and after a sub-
sequent month outside of storage at the laboratory (25 °C/30%
RH). This implies that there was no obvious shift in the PSD of
swollen particles back to their initial state before storage, indi-
cating a persistent alteration in particle size caused by prior
exposure to moisture when the particles returned to laboratory
baseline conditions. Particle images further supported these
findings, indicating a minimal change in particle size, with a
shift of approximately 0.5% for both CCS and SSG median dia-
meter. In contrast, partial reversibility in PSD was observed for
MCC particles, as evidenced by changes in median diameter
decreasing by 1.26% compared to the maximum swelling
observed directly after removal from storage (2.68%). This
resulted in an overall swelling of 1.38% from the dry particle.
However, due to the limited swelling of MCC, these changes
should be interpreted cautiously.

Understanding how moisture irreversibly affects the par-
ticle’s size is crucial to understand how excipients respond to
changes during storage conditions, especially when evaluating
materials’ stability. The swelling of disintegrants before use,
occurring during storage, plays a pivotal role in inducing
physical instability, thereby diminishing their effectiveness.
This phenomenon directly influences how drugs are released
from the dosage forms.?*** Furthermore, the swelling of these
excipients inside the dosage forms due to storage extends
beyond affecting the size of the tablets; it also influences poro-
sity and other mechanical properties due to irreversible altera-
tion in their microstructure, thereby impacting their overall
physical stability. In a study by Maclean et al (2022) the
impact of storage conditions on different formulations with
diverse disintegrants and fillers was compared. Most formu-
lations exhibited an increase in porosity and a decrease in
tensile strength after being stored in high humidity, further
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influencing disintegration time, and attributed to the prema-
ture swelling of disintegrants.>* Hersen-Delesalle et al. (2007)
similarly observed that an increase in RH resulted in a
reduction in tensile strength.’® This was associated with the
formation of cracks on the surface and internal structure of
tablets containing CCS, SSG, and XPVP disintegrants, likely
caused by the premature activation of disintegrants absorbing
moisture from the surrounding air.

The properties of the raw materials play a key role in deter-
mining how tablets change when they are compressed and
exposed to storage conditions. Understanding the swelling
behaviour at the particle level provides valuable insights into
how these materials respond to environmental factors. This
knowledge is essential for anticipating potential changes in
tablet properties and performance, such as size, porosity,
tensile strength and disintegration, right from the early stages
of formulation, contributing to the overall stability and per-
formance of the final tablets.

4. Conclusion

This study focused on investigating the impact of varying
humidity and temperature conditions on the moisture uptake
rates and extent of commonly used excipients in immediate-
release formulations and the resulting changes in their par-
ticle size and shape parameters. This is important for further
assessing the effect of material attributes on tablets’ perform-
ance and physical stability. DVS results indicated that particles
exposed to higher humidity levels exhibited increased moist-
ure adsorption, diffusing into the bulk, yet requiring a longer
time to reach the EMC. Temperature played a significant role
in moisture dynamics, where Increasing temperature increased
the sorption/desorption rate constants of all excipients
studied, accompanied by a decrease in the EMC, except for
mannitol and lactose. Understanding and quantifying the
moisture sorption/desorption of particles is pivotal for formu-
lating oral solid dosage forms.

The study also highlighted varying swelling behaviour
under accelerated conditions, with excipients following the
order CCS > SSG > MCC, with minimal difference between CCS
and SSG. This swelling was a result of humidity, not tempera-
ture effect. However, all of the excipients reached the
maximum swelling within the first day of storage. This change
in particle size was permanent, exhibiting partial reversibility
for MCC and no restoration of initial size for CCS and SSG.

This knowledge aids in predicting and modelling the moist-
ure sorption behaviour of the dosage form, along with other
properties influenced by storage moisture, such as swelling
and disintegration crucial for drug release. Furthermore,
future modelling efforts could focus on linking moisture
uptake and particle swelling with drug dissolution perform-
ance, exploring how varying levels of moisture affect drug
product performance. Moreover, quantifying the swelling attri-
butes of individual particles will enhance the development of
formulations, especially for modelling the tablet disintegration
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process, where particle swelling plays an important role as a
key mechanism controlling the performance. These findings
could initiate discussions on how regulatory authorities might
consider the pre-swelling of particles in future guidelines.

However, predicting moisture behaviour and swelling pat-
terns of powder compact based on particle data requires a
deep understanding of the interconnected factors, including
excipient interactions, tablet microstructure, liquid absorption
kinetics, inter-particle bonding, and potential changes in raw
material properties. This approach is of importance for the
development of pharmaceutical formulations that exhibit sus-
tained efficacy and stability over time.
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