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Abstract

Context Orally disintegrating tablets (ODTs) are highly sensitive to environmental humidity due to their hydrophilic excipi-
ents, which impact critical quality attributes like hardness, friability, and disintegration time. This study integrates molecular
simulation with experimental analysis to investigate how excipient composition governs the moisture affinity and physico-
chemical stability of two ondansetron ODT formulations (gelatin-based vs. microcrystalline cellulose (MCC)-based) under
varying humidity conditions. Molecular dynamics simulations predicted higher hygroscopicity for the MCC-based formula-
tion, which correlated with experimental observations of increased friability and faster disintegration at elevated humidity.
The gelatin-based formulation exhibited greater stability across humidity levels. These findings validate MD simulation as
a predictive tool for screening excipient interactions with moisture during ODT pre-formulation.

Methods Molecular dynamics simulations were performed using Materials Studio 6.0.0 (BIOVIA, 2012) with the COMPASS
force field. All molecular structures were energy-minimized, and amorphous cells for both formulations were constructed
using the Amorphous Cell module with the COMPASS force field. Henry’s constants and isosteric heats of adsorption were
calculated using the Sorption module via Grand Canonical Monte Carlo simulations at 298 K. Experimental evaluations
included hardness, friability, loss on drying, and disintegration time tests conducted according to USP 43—-NF 38 guidelines
at 29% and 57% relative humidity. Statistical analysis was performed using one-way ANOVA in JMP 13.2.0.

Keywords Henry’s constant - Hygroscopicity - Moisture sorption - Molecular dynamics simulation - Orally disintegrating
tablets

Introduction

Orally disintegrating tablet (ODT) is a solid dosage form
that dissolves rapidly in the mouth without water [1]. This
characteristic makes them ideal for pediatric, geriatric, and
psychiatric patients who may have difficulty swallowing
conventional tablets or capsules [2]. Over the past two
decades, ODT has attracted significant attention due to its
quicker onset of action, enhanced patient compliance, and
convenience [2, 3]. Despite their benefits, ODT presents
critical formulation challenges. Their rapid disintegra-
tion necessitates the use of hydrophilic excipients, which
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actually increases their sensitivity to moisture uptake [4,
5]. Moisture can strongly affect the mechanical, physical,
and stability properties of ODT [6]. Therefore, excipi-
ent selection is essential to balance mechanical strength,
moisture resistance, and rapid disintegration [7]. Humidity
can influence multiple critical quality attributes (CQAs)
of ODTs. At high relative humidity (RH), hygroscopic
excipients absorb moisture, leading to changes in tablet
weight, hardness, friability, and disintegration time [2, 8]
Many excipients are used to achieve rapid disintegration
of ODT. Mannitol is the most widely used diluent in ODT
formulation due to its cooling sensation and rapid solu-
bility [9, 10], while lactose monohydrate is less suitable
for patients with lactose intolerance [11]. Binders such as
microcrystalline cellulose (MCC) offer good compress-
ibility and disintegration properties [12], while gelatin
improves the physical properties of ODT but may increase
moisture sensitivity [13]. Understanding the interaction
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between moisture and ODT excipients is crucial as it
directly affects the physical and mechanical properties [2].

Several studies have explored the effects of excipients
and environmental conditions on the performance of ODT.
Alyami et al. [14] investigated the impact of moisture con-
tent on ODT properties, and the results showed that MCC
with 11% moisture content resulted in the most flowable
powder and favorable ODT characteristics. Furthermore,
Dhewale et al. (2023) studied the effect of relative humid-
ity (RH%), type of excipients, and packaging material on
moisture absorption of hygroscopic drugs. The results
demonstrated that a high level of RH% reduced the drug
bioavailability due to multiple changes in the mechani-
cal properties of ODT [15]. More recently, computational
chemistry has been used as a pre-screening tool in devel-
oping ODT formulations at the molecular level. This in
silico approach could save time and reduce the cost of
experimental methods [16]. Qin et al. [17] used Python
to model Carr’s index and mixing time to determine the
suitable mixing time of Carbidopa/Levodopa ODT. Fatima
et al. [18] employed the SeDeM-ODT system as a pre-
formulation tool to determine the use of Ludipress in the
development of ODT formulation. Ponnammal et al. [19]
used MD simulations to determine the miscibility of the
drug with the carrier polymer depending on the Hansen
parameter. Maus et al. [20] applied MD simulations in
predicting the miscibility and glass transition of theo-
phylline and ibuprofen. Koumbogle et al. [21] used the
COMSOL multiphysics platform to simulate the effect of
moisture behavior of pharmaceutical powders during the
tableting process, and the results demonstrated that mois-
ture evaporating from the powder bed accumulates at the
punch-tablet surface interface.

There is a lack of reports that combined the MD simula-
tions with macro-scale physicochemical properties of ODT
under varying humidity conditions. In this study, two ODT
formulations with various excipients were compared using
both computational and experimental methods. We aimed
to investigate how their composition influences moisture
uptake, which in turn affects their mechanical and disinte-
gration properties. Henry’s constant and the isosteric heat
of adsorption obtained from MD simulations were used as
thermodynamic parameters to investigate the interaction
between moisture and excipients at the molecular level
[22]. The Henry’s constant reflects the affinity of excipi-
ents to absorb moisture [23], while the isosteric heat of
adsorption describes the energetics of sorption as water
uptake increases [22]. The MD simulation results were
validated by comparing them with experimental results
such as hardness, friability, loss on drying (LOD), and dis-
integration time to better understand ODT stability under
different humidity conditions.
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Materials and methods
Materials

Two different ODT ondansetron formulations were
obtained as a gift from Alpha and Ultramedica pharmaceu-
tical companies (Syria). The excipients used in each for-
mulation are listed in Table 1. The exact quantities of the
components are proprietary and therefore not disclosed.
However, the listed excipients represent the full formula-
tion basis for comparative purposes.

Molecular dynamics simulation

MD simulations were carried out using Material Stu-
dio v.6.0.0 (Accelyres Software Inc., San Diego, CA).
Molecular structures for all formulation components were
obtained from the PubChem database and energy-mini-
mized using the Forcite Module. The number of geometry
optimization iterations was set to 5000 to ensure conver-
gence. The Amorphous module was used to construct
three-dimensional periodic structures of the studied for-
mulations using a Monte Carlo fashion [24]. The target
density for the amorphous cell was set to 1.2 g/cm? to
ensure a realistic conformation [25]. Geometry optimi-
zation of the constructed amorphous cell was performed
using the Forcite module. The COMPASS force field was
used in geometry optimization at 298 K. The hygroscopic
affinity of amorphous cells of both formulations was inves-
tigated using the Sorption module. Water was used as the
sorbate. The simulations employed the COMPASS force
field with the Metropolis Monte Carlo method at 298 K for
100,000 production steps. Quality convergence tolerance
was set to “fine” for the simulations. The sorption module
was used to calculate Henry’s constant and isosteric heat
[24].

The Henry’s constant, which relates the equilibrium
concentration of sorbate to its partial pressure at low con-
centrations, was defined in Eq. (1) [22, 26]:

Table 1 Formulation components of ODT

Formulation A Formulation B

Ondanestron Ondanestron

Gelatin MCC

Mannitol Mannitol

Methyl Paraben Sodium Cross Povidone
Propyl Paraben Sodium Lactose Monohydrate
L-Menthol Magnesium stearate
Aspartam Aspartame

Colloidal Silicone Dioxide
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C = Ky.P (M

where C is the equilibrium concentration of water molecules
in the excipient, P is the partial pressure of water vapor, and
Ky, is the Henry’s constant [22].

In the Grand Canonical Monte Carlo (GCMC) frame-
work, K}y was obtained from the ensemble average of Boltz-
mann factors and was demonstrated in Eq. (2) [22, 26]:

= g7 (o (37)) @

where R is the universal gas constant, 7 is the absolute tem-
perature, U is the interaction energy between water and the
excipient, and exp is the exponential function [22, 26].

The isosteric heat of adsorption O was calculated using
the Clausius—Clapeyron relation Eq. (3) [22, 26]:

d(Inp)
o))

where Q is the isosteric heat of adsorption, R is the univer-
sal gas constant, p is the equilibrium vapor pressure of water
at a given sorbed amount, 7 is the absolute temperature, and
q is the amount of sorbate adsorbed [22].

Qst =-R

3

Experimental procedure

Samples from the same batch number of each formulation
were collected from two different regions with mean relative
humidity (29% and 57% RH). The following tests were con-
ducted in accordance with the United States Pharmacopeia
(USP 43-NF 38) [27]. ODT formulations were tested at 29%
and 57% RH, respectively.

Hardness

Tablet hardness was determined using a tablet hardness
tester, Erweka TBH125 (Langen, Germany). Ten tablets
from each formulation were tested randomly, and the results
were recorded in kilopascals (kPa) [27].

Friability

The friability test was performed according to USP <1216>
using a friability tester Erweka TAR II (Langen, Germany).
Initially, ten tablets or a sample equivalent to 6.5 g were
weighed and transferred into the friabilator. The apparatus
was operated at 25 rpm for 4 min (100 revolutions). Tablets
were then dedusted and reweighed. The percentage weight
loss was calculated. A friability of less than 1% is considered

acceptable. The test was performed in triplicate, and the val-
ues are reported as mean + standard deviation. [27].

Loss on drying (LOD)

An infrared moisture analyzer Precisa 530 (Dietikon, Swit-
zerland) was used to determine LOD based on USP <731>
guidelines. A known weight of powdered ODTs was heated,
and the percentage weight loss due to moisture evaporation
was calculated [27]. The test was performed in triplicate at
29% and 57% RH separately.

Disintegration time

The disintegration time was measured using a wetting test,
where ODT samples were immersed in 10 ml of distilled
water at 37 +0.5 °C, and the time to complete disintegration
was recorded [28]. Six ODTs from each formulation were
tested separately at 29% and 57% RH.

Statistical analysis

Data are presented as mean + standard deviation (SD). Sta-
tistical analysis was performed using one-way analysis of
variance (ANOVA) with JMP version 13.2.0 (SAS Institute,
Cary, NC, USA). A p-value < 0.05 was considered statisti-
cally significant.

Results and discussion
Molecular dynamic simulations results

The geometry optimization for all formulation components
was performed by setting the optimization parameters using
the SMART algorithm with medium quality and an energy
convergence tolerance of 10~ kcal/mol. A force conver-
gence tolerance was set to 0.5 kcal mol/A, while the maxi-
mum number of iterations was 5000. The COMPASS force
field was used in all MD simulations. The geometry-opti-
mized molecular structures were used to build three-dimen-
sional periodic structures with (29.05 % 29.05 % 29.05 10%)
for formulation A and (38.4x38.4x38.4 A) for formula-
tion B using the Amorphous Cell module. The amorphous
cells were energy minimized and then used in the Sorption
module to calculate Henry’s constant and isosteric heat of
adsorption. The calculated parameters at 298 K are shown
in Table 2.

The affinity for water absorption is presented in Fig. 1.
The red color indicates H,O molecules.

The sorption profiles visually showed a denser cluster
of water molecules within the MCC-based formulation (B).
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Table 2 Henry’s constant and isosteric heat for tested formulation

Table 3 The hardness of formulation A and B

Formulation Henry’s constant Isosteric heat
(kPa™h (kcal/mol)

A (gelatin-based) 1184.96 8.69

B (MCC-based) 16,285.5 11.95

The MD simulation results indicated that the gelatin-based
formulation (A) had a lower Henry’s constant (1184.96
kPa~!) and isosteric heat (8.69 kcal/mol), reflecting weaker
interactions with water and lower hygroscopicity [24]. This
behavior is related to gelatin’s molecular structure, which
absorbs water into a stable gel matrix, preventing exces-
sive binding of additional water molecules [29]. Gelatin can
act as a moisture buffer, absorbing 5-10 times its weight in
water gradually [29]. In contrast, the MCC-based formu-
lation (B) showed a significantly higher Henry’s constant
(16,285.5 kPa™!) and isosteric heat (11.95 kcal/mol), indicat-
ing stronger water-excipient interactions [24]. This is attrib-
uted to the hygroscopic properties of lactose monohydrate
and MCC. Consequently, formulation B is more sensitive to
moisture absorption than formulation A. The MD simula-
tion results correlated with the experimental mechanical and
functional properties.

Hardness results

The hardness of ten tablets from each formulation was tested
at 29% and 57% RH using an Erweka TBH125 apparatus.
The results are shown in Table 3.

According to the hardness data, the MCC-based formu-
lation (B) demonstrated greater hardness under both RH
conditions, likely due to the crystalline packing of lactose
and the fibrous structure of MCC, which enhance particle
bonding [30]. Mild plasticization in the presence of small

Fig. 1 Simulated amorphous
cells of water sorbate absorption
of formulation (A) and (B)

@ Springer

Relative humidity Formulation A (kPa) Formulation B (kPa)
29% RH 5.24+0.37 6.73+0.71
57% RH 5.64+0.36 7.61+0.77

Table 4 The friability results of formulation A and B

Relative humidity Formulation A (%) Formulation B (%)

29% RH
57% RH

0.45+0.02
0.14+0.01

0.43+0.01
0.87+0.05

amounts of water may lower particle surface energy and pro-
mote closer interparticulate bonding, explaining the slight
increase in hardness at 57% RH for both formulations [30].
The ANOVA test indicated that the formulation type had a
significant effect on ODT hardness (p-value <0.05).

Friability results

A sample of ten tablets, or 6.5 g, from each formulation
was tested at both RH levels using an Erweka TAR II fri-
abilator. The apparatus was operated at 25 rpm for 4 min
(100 revolutions). After testing, the tablets were dedusted
and reweighed to calculate the percentage weight loss. The
results are shown in Table 4.

Both formulations met the USP 43-NF 38 friability
limit (< 1%). However, the MCC-based formulation (B)
showed a significant increase in friability (0.87%) at 57%
RH, likely due to lactose recrystallization and partial dis-
ruption of MCC’s microfibrillar structure [31]. Water can
replace hydrogen bonds between cellulose chains, loosen-
ing the structure until capillary condensation occurs [31].
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Table 5 LOD for formulation A and B

Table 6 The disintegration time of formulation A and B

Relative humidity Formulation A (%) Formulation B (%) Relative humidity Formulation A (s) Formulation B (s)
29% RH 0.24+0.005 0.16+0.01 29% RH 37.67+1.51 33.5+2.59
57% RH 0.24+0.005 0.21+0.01 57% RH 34.0+1.41 23.5+2.81

Conversely, the gelatin-based formulation (A) exhibited
decreased friability at higher RH, probably due to gelatin’s
capacity to absorb and retain moisture, enhancing cohesion
and plasticity [29]. ANOVA indicated that the formulation
type had a significant effect on the friability of the tested
formulations (p-value <0.05).

Loss on drying (LOD) results

A determined amount of powdered ODT was heated using
a Precisa 530 infrared moisture analyzer, and the LOD was
calculated for each formulation at 29% and 57% RH. The
results are shown in Table 5.

Formulation A had a consistent moisture content (0.24%)
under both conditions, suggesting it reached saturation at 29%
RH and could not absorb additional water at 57% RH. Simi-
lar moisture-buffering properties of gelatin-based systems
have been reported in other contexts. This behavior is related
to gelatin’s molecular structure, which absorbs water into a
stable gel matrix, preventing excessive binding of additional
water molecules. Gelatin can act as a moisture buffer in ODT
[29]. The LOD results aligned with MD simulations, which
indicated that the gelatin-based formulation (A) had a lower
Henry’s constant (1184.96 kPa~') and isosteric heat (8.69
kcal/mol), reflecting weaker interactions with water and lower
hygroscopicity. In contrast, formulation B showed a 31%
increase in moisture uptake at 57% RH, indicating greater
hygroscopicity and potential stability issues in variable con-
ditions. The ANOVA test indicated that the formulation type
had a significant effect on LOD (p-value < 0.05). Therefore,
the formulation type has a significant effect on the LOD of
the tested formulation, while RH% did not (p-value > 0.05).

Disintegration time results

Six ODTs from each formulation were tested separately at
29% and 57% RH by immersing them in 10 ml of distilled
water at 37 +0.5 °C and recording the time required for com-
plete disintegration. The results are shown in Table 6.

Both formulations disintegrated more rapidly at 57% RH.
Formulation B disintegrated faster, with times decreasing
significantly at higher RH (from 33.5 s to 23.5 s) due to
the water-wicking properties of MCC and lactose mono-
hydrate, reflecting the hygroscopic nature of its excipients,

while formulation A showed consistent disintegration times
(37.67 s at 29% RH vs. 34.0 s at 57% RH). ANOVA showed
that both formulation components and RH% had a signifi-
cant effect on disintegration time (p-value < 0.05). The disin-
tegration time results confirmed the MD simulation results.

In summary, the MD simulations reveal a strong correla-
tion between sorption parameters and experimental perfor-
mance. The high Henry’s constant of the MCC-based for-
mulation accounts for its pronounced sensitivity to relative
humidity, whereas gelatin’s diminished sorption values are
consistent with its robust stability under humidity conditions.

Conclusion

This study highlights the importance of MD simulations as
arapid screening tool in ODT pre-formulation studies. MD
simulations help to understand the intermolecular interac-
tions between excipients and water under varying humid-
ity conditions. Two ODT formulations were compared: a
gelatin-based formulation (A) and an MCC-based formula-
tion (B). The Sorption module in Materials Studio was used
to calculate Henry’s constants and isosteric heats, which
accurately predicted the moisture affinity of each formula-
tion. The MD simulations demonstrated a strong correlation
between predicted and observed behavior of ondansetron
ODT under different humidity conditions. The MCC-based
formulation (B) exhibited significantly higher water sorp-
tion, with higher Henry’s constant and isosteric heat values,
and displayed RH-sensitive changes in hardness, friability,
and disintegration time. In contrast, the gelatin-based formu-
lation (A) showed weaker sorption and maintained greater
stability across humidity conditions.
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