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Abstract: Background: Carbamazepine (CBZ) is a Biopharmaceutical Classification System
(BCS) class II drug, that is practically insoluble in water, influencing the oral bioavailability.
Polyols are highly hydrophilic crystalline carriers studied for their success in developing
solid dispersions (SDs) for improved solubility and dissolution rate. Polyols are generally
regarded as safe (GRAS) and maltitol (MAL), xylitol (XYL) and sorbitol (SOR) are among
the approved polyols for market use. While xylitol (XYL) and sorbitol, have shown promise
in improving the solubility and dissolution rates of poorly soluble drugs, their full potential
in the context of improving the solubility of carbamazepine have not been thoroughly
investigated. To the best of our knowledge, maltitol (MAL) was not studied previously
as a carrier for preparing SDs. Hence, the purpose of this study was to investigate their
use in the preparation of CBZ SDs by the fusion method. Methods: CBZ-polyol SDs
were prepared in varying molar ratios (2:1, 1:1 and 1:2) and characterised for solid-state
nature, solubility and in-vitro dissolution rate. Results: Solid-state characterisation of the
CBZ-polyol SDs revealed the existence of the SDs as continuous glass suspensions with
fine CBZ crystallites suspended in the amorphous polyol carriers. Among the polyols
studied, XYL exhibited good miscibility with CBZ and showed significant improvement in
the solubility and dissolution rate. The prepared SDs showed a 2 to 6-folds increase in CBZ
solubility and 1.4 to 1.9-folds increase in dissolution rate in comparison with pure CBZ.
Conclusions: The study explains the possible use of polyols (XYL and SOR) based SDs of
BCS Class II drugs with good glass forming ability for enhanced solubility and dissolution.

Keywords: carbamazepine; polyols; solid dispersions; polymorphic forms; aqueous solu-
bility; dissolution enhancement

1. Introduction

Carbamazepine (CBZ) is an important first-line antiepileptic drug classified as a Bio-
pharmaceutical Classification System (BCS) class II drug due to its poor aqueous solubility
of less than 200 pg/mL [1,2]. The commercially available CBZ polymorph Form III is
commonly used in the formulation of oral drug delivery systems due to its thermodynamic
stability [3]. However, its poor aqueous solubility results in the slow and irregular oral
absorption of CBZ, causing either therapeutic failure or increased toxicity [4].
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Since the introduction of the solid dispersion (SD) preparation technique in the early
1960s [5], a plethora of studies have been conducted and reported for their success in
enhancing the solubility and dissolution of CBZ. Among the various studies conducted, the
majority of them reported the use of hydrophilic carriers such as sugars [6-8], polyethylene
glycols (PEGs) [9-12], and polymers such as polyvinylpyrrolidone [2,13,14], co-polyvidone
(Kollidon VA64) [14,15], Soluplus® [15,16], hydroxy propyl methyl cellulose [14,17], etc.
These carriers come with unique challenges such as the low degradation threshold of
sugars [18], poor glass-forming ability, and great variation in the physicochemical properties
of PEGs as a function of processing parameters during manufacturing, thereby limiting
their scalability [5]. In the case of polymers, hygroscopicity, high melting point, and high
viscosity in the solution are some of the major challenges reported to have negative impacts
on the drug loading and stability of the SDs [19]. Considering this, there is a need for
continuous research to identify new carriers that can address some of these challenges and
most importantly show the potential application in commercial manufacturing.

Polyols, also known as polyhydric alcohols or sugar alcohols, have been long used for
pharmaceutical purposes due to their strong inertness and well-known safety in terms of
human consumption [20,21]. Polyols such as mannitol, maltitol, sorbitol, and xylitol are
extensively used as sweeteners in orally disintegrating tablets [20,22], bulk-forming agents
in freeze-dried products [23], diluents, plasticizers, humectants, and disintegrant in the
formulation of tablets and capsules [24,25]. Several studies reported the use of polyols as
potential carriers in the preparation of SDs for the solubility and dissolution enhancement
of poorly soluble drugs. Amongst the United States Food and Drug Administration (FDA)-
approved polyols [26], mannitol has been extensively studied in comparison with other
polyols such as xylitol, sorbitol, erythritol, and maltitol. Recently, Narala et al. [27] reported
the use of xylitol as a promising carrier for the solubility and dissolution enhancement
of CBZ. The study reported successfully preparing a CBZ solid crystalline suspension
using hot melt extrusion resulting in a 50-fold increase in the aqueous solubility of CBZ
and more than 85% drug release in 15 min. The prepared SDs showed good stability for
a period of 3 months at accelerated storage conditions. Given the promising results, the
increasing application of polyols in the pharmaceutical manufacturing sector, taste-masking
capabilities, and relatively low cost make them interesting candidates to be used as carriers
in the preparation of SDs. Thus, the current study aims at investigating the selected polyols
(maltitol, sorbitol, and xylitol) in the preparation of CBZ-polyol SDs using the well-known
fusion method and their effect on solubility and dissolution enhancement.

2. Materials and Methods
2.1. Materials

Carbamazepine (CBZ; >97%), Figure la was purchased from Glentham Life Sci-
ences Ltd. (Corsham, UK). Maltitol (MAL; >98.0%), D-sorbitol (SOR; >97%), and xylitol
(XYL; >98.5%), Figure 1b—d, was purchased from Glentham Life Sciences Ltd. (Corsham,
UK). Chromatography-grade methanol was obtained from Labchem (Johannesburg, South
Africa) and ultrapure water with a resistivity of 18.2 M().cm was obtained from an Elga
Veolia (High Wycombe, UK) water purification system. For the preparation of aqueous so-
lutions, deionized water was filtered by a Nanopure™ Water Purification System (Thermo
Scientific, Waltham, MA, USA). All the materials were used as provided and no further
purification process was performed.
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Figure 1. Molecular structures of (a) CBZ, (b) MAL, (c¢) SORB, and (d) XYL.

2.2. Methods
2.2.1. Preparation of Physical Mixtures

The binary physical mixtures (PMs) of CBZ-MAL, CBZ-SOR, and CBZ-XYL were
prepared by gently grinding the accurately weighed quantities of CBZ, MAL, SOR, and
XYL at the different drug to sugar molar weight ratios of 2:1, 1:1, and 1:2. In each instance,
CBZ and the corresponding polyol were geometrically mixed using a mortar and pestle for
2 min to prepare a homogenous mixture. The physical mixtures were subsequently stored
in a desiccator until further use.

2.2.2. Preparation of Solid Dispersions

Solid dispersions (SDs) of CBZ-MAL, CBZ-SOR, and CBZ-XYL were prepared by the
well-known fusion method [1]. Physical mixtures of the different drug to polyol ratios
were placed in a porcelain dish and melted on a heating mantle (Heidolph, Germany) at
210 £ 5 °C. The molten product was subsequently cooled to room temperature (RT). RT
cooling was performed by simply leaving the molten product at room temperature (25 °C)
until it was solidified. The solidified material was then stored in desiccators for 24 h, before
pulverisation using a mortar pestle.

2.2.3. Physicochemical Characterisation of Prepared Solid Dispersions
Differential Scanning Calorimetry (DSC)

CBZ, MAL, SORB, XYL, PMs, and the prepared SDs were analysed using a Mettler
Toledo DSC3, (Columbus, OH, USA). Approximately 5-10 mg of each sample was weighed
into aluminium pans which were subsequently sealed with a pin-holed aluminium lid. The
samples were heated from 30 to 300 °C at a constant heating rate of 10 °C/min under a
continuous flow of nitrogen at 50 mL/min. Analysis of the data was performed using the
STARe software, version 17.00, (Mettler Toledo, Columbus, OH, USA).

Hot-Stage Microscopy (HSM)

Analysis of the pure compounds as well as PMs and SDs was performed using a
real-time Olympus UC30 (Tokyo, Japan) camera fitted to an Olympus SZX-ILLB200 (Tokyo,
Japan) polarised light microscope to which a Linkam THMS600 heating stage equipped
with a T95 LinkPad temperature controller (Surrey, UK) was attached. A small quantity of
each sample was placed in between two microscope glass slides and heated at a heating rate
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of 10 °C/min. Photomicrographs were acquired at 40x magnification and the temperature
at which the micrographs were taken were recorded.

Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of pure CBZ, MAL, SORB, XYL, PMs, and SD formulations were
recorded using a Cary 630 FTIR Spectrometer (Agilent Technologies, Santa Clara, CA, USA).
The FTIR spectra were obtained in absorbance mode between 650 and 4000 cm ™! with
16 scans and 4 cm~! resolution.

Powder X-Ray Diffraction (PXRD)

The crystallinity or amorphous habit of the pure compounds, PMs, and SD formula-
tions was investigated by qualitative PXRD analysis. The PXRD patterns were recorded
using a Bruker D2 Phaser X-ray diffractometer (Bruker, Billerica, MA, USA) using Cu rays
(A = 1.54184 A) at 30 kV and 30 mA current. The samples were packed onto a zero-
background sample holder and analysed over a range of 4-40 °26 with a step width of
0.0162 ° /s and a scan speed of 1 °/min.

2.2.4. Determination of Drug Content

An amount equivalent to 100 mg CBZ was weighed from each resultant SD, dispersed
in 50 mL methanol, and sonicated for 10 min to achieve a clear solution [2]. Each solution
was diluted to 100 mL with distilled water to prepare a stock solution. One millilitre
(1 mL) from the stock solution was further diluted to 100 mL with distilled water. A similar
procedure was employed to prepare a CBZ reference standard solution with a concentration
of 100 pg/mL.

Subsequently, the samples were analysed using high-performance liquid chromatog-
raphy (HPLC). A Shimadzu (Kyoto, Japan) HPLC system consisting of a pump (model
515), an auto-sampler (ULTRA WISP 715), a UV detector (model 486), and the Millennium
32 software was utilised. CBZ was analysed at 285 nm using a Phenomenex Luna® C18
reversed-phase column, 150 x 4.6 mm, 5 pm particle size (Torrance, CA, USA) at ambient
temperature. A mobile phase consisting of methanol and ultrapure water in the ratio of
70:30 (v/v), at a flow rate of 1.2 mL/min and an injection volume of 20 pL injection volume
was used [2]. Drug concentration was calculated by using the calibration curve in the range
of 1-25 pg/mlL, with a correlation coefficient (r?) of 0.998. The CBZ concentration was
measured in triplicate and the mean £ SD were reported.

2.2.5. Solubility Studies

Equilibrium solubility studies were carried out on CBZ, PMs, and the prepared SDs
in distilled water maintained at 37 &= 0.5 °C. An excess amount of the CBZ and SDs were
added to 5 mL distilled water in 10 mL glass polytop vials. The vials were sealed with
Parafilm® M (Bemis Inc., Neenah, WI, USA), sonicated for one hour, and subjected to
agitation at 100 rpm using a magnetic stirrer bar for 72 h. Samples were collected at 24 h
intervals, filtered through a 0.45 um PVDF syringe filter into HPLC vials, and subsequently
analysed using the described HPLC method. The solubility experiments were conducted
in triplicate and the mean + SD were reported.

2.2.6. In Vitro Drug Release Studies

In vitro drug release studies were conducted to determine the performance of the PMs
and SDs of CBZ in combination with the polyols (MAL, SOR, and XYL). The prepared PMs
and SDs, equivalent to 100 mg of CBZ, were loaded into size 0 hard gelatine capsules and
subjected to dissolution testing according to the USP dissolution test conditions for CBZ
tablets [3]. The dissolution test was carried out using an Erweka DT 128 Light, United
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States Pharmacopeia (USP) type-I basket apparatus (Erweka GmbH, Langen, Germany),
operated at 75 rpm, with 900 mL of a dissolution medium consisting of water containing 1%
w/v sodium lauryl sulphate at 37 4= 0.5 °C. Aliquots of the dissolution medium (5 mL) were
withdrawn at 5, 10, 15, 20, 30, 45, and 60 min. Fresh dissolution medium (5 mL) maintained
at the same temperature was replaced after each withdrawal. The collected samples were
further diluted (1:10) with the dissolution medium and analysed using the described HPLC
method. The obtained data were analysed by calculating the amount of drugs released and
the cumulative percentage of drugs released at the different time intervals.

2.2.7. Dissolution Parameters

Data obtained from in vitro drug release studies were tested with the different model-
independent techniques: mean dissolution time (MDT), dissolution efficiency (%DE), and
similarity factor (f;) as detailed elsewhere [4-6]. MDT and %DE were used to compare
the effect of different drug to polyol ratios as well as different types of polyols within the
physical mixtures and solid dispersions. Similarity factor (f,) was calculated to compare the
dissolution profiles of plain CBZ with the prepared physical mixtures and solid dispersions.
An f; value between 50 and 100 indicates similarity between the two profiles. The closer
the f, value to 100, the more similar or identical the release profiles and a decrease in the f,
value signifies a greater dissimilarity. All these parameters were calculated using the DD
Solver software (add-in program for Microsoft Excel).

2.2.8. Statistical Analysis

Statistical comparisons of the mean values of data were performed using one-way
analysis of variance (ANOVA) with Microsoft Excel® (Microsoft Corporation, Redmond,
WA, USA) to calculate the p-values. The difference was deemed significant when the
p-value was less than 0.05.

3. Results and Discussion

This study explored the possibility of preparing CBZ SDs using MAL, SOR, and XYL
as co-formers or carriers. The solid-state and crystalline phase transformation of PMs and
SDs of CBZ-polyol combinations were investigated using the acquired DSC, HSM, FTIR,
and PXRD data.

3.1. Characterisation of CBZ-MAL SDs

The thermal behaviour and crystalline phase transformation of CBZ, CBZ control
(heat—cool-heat sample), CBZ-MAL PMs, and SDs prepared with varying molar ratios of
CBZ-MAL (2:1, 1:1, and 1:2) were investigated by DSC and the obtained thermograms are
shown in Figure 2. The thermogram of pure CBZ showed a sharp first endothermic peak
at 175.6 °C, corresponding with the melting of CBZ Form III, immediately followed by an
exothermic peak at 178.5 °C, indicative of crystallisation to Form I and subsequently the
melting of Form I at 192.8 °C [7]. These results are in agreement with the literature [7],
confirming that the CBZ used in this study is the commercially available Form III. Similar
results were observed for the CBZ control (not shown in Figure 2) with no significant
changes in thermal events, corresponding with the published literature [8]. As depicted in
Figure 2a, the melting point of the polyol, MAL, exhibited a single sharp endothermic peak
at 153.6 °C, corresponding well with that reported in the literature [9].
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Figure 2. Overlay of DSC thermograms obtained for (a) MAL, CBZ, and CBZ-MAL PMs and
(b) CBZ-MAL SDs.

The DSC thermograms observed for the PMs (Figure 2a) showed sharp endothermic
peaks for both CBZ and MAL, indicating their crystalline nature. While no or an insignifi-
cant change was observed for MAL, the melting point of CBZ was reduced by ~10 °C for
all three thermal events reported for Form III, with Form I melting at 181.8 °C (onset and
end set at 179.9 °C and 185.8 °C, respectively). Similar results were reported previously for
CBZ-XYL PMs [2], where the phenomenon was attributed to the presence of the polyol in
the molten state, causing melting point depression of the higher melting point CBZ.

The DSC analyses of the prepared CBZ-MAL SDs (Figure 2b) showed a possible glass
transition (Ty) or Ty, with enthalpy relaxation visible at ~50 °C. This thermal event can
be attributed to the Ty of MAL as it was reported to be having a T, around 49 °C [10].
It is observed that the intensity of the relaxation peak increased with an increase in the
MAL concentration and the absence of the melting peak of MAL indicated that the MAL
remained amorphous in the SDs. A broad bell-shaped exothermic peak with an onset
at ~103.2 °C and end set at ~115.2 °C signifies the crystallisation of CBZ fine crystallites,
followed by a sharp melting peak at 180.0 °C, corresponding to the melting point of CBZ
Form I, as observed in the case of the PMs. The presence of CBZ as fine crystallites can be
confirmed by the change in enthalpy (AH), where the enthalpy needed for crystallisation
is lower than the melting temperature (approximately half of the melting point enthalpy).
This can be attributed to the increase in the Helmholtz free energy of the surface due to the
decrease in the dimensions of the crystallites [11].
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The results obtained for the SDs are in good correlation with the published inves-
tigations using the same preparation method [12,13]. This can be further confirmed by
calculating the AH-values of each phase transition. It was reported that the AH-value asso-
ciated with the first two events (melting of Form III, recrystallisation to Form I) accounts for
approximately 12 J/g and the third event (melting of Form I) accounts for 100 J/g [12]. The
experimental values obtained are recorded as 15]/g and 91 J /g, which closely corresponds
with those reported previously. These findings indicate that during the fusion method, CBZ
may have recrystallised Form III into a possible amorphous MAL matrix followed by the
recrystallisation of Form III to Form I during heating. The thermal analysis indicated that
the SDs formed could potentially exist as two-phase glass suspensions with CBZ dispersed
as fine crystalline particles.

In order to determine whether the prepared CBZ-MAL SDs exist as two-phase glass
suspensions and whether any amorphization of MAL and/or CBZ occurred during the
fusion method, further characterisation through HSM, FTIR, and PXRD was pursued.
Figure 3 depicts the HSM micrographs obtained for CBZ-MAL(1:1)PM and CBZ-MAL
SDs upon melting. The observations performed for CBZ-MAL(1:1)PM (Figure 3a) show
the melting of MAL at 154 °C, corresponding to its melting point as stated above. The
micrographs show unmolten material, which exhibited an onset of melting at 175 °C,
immediately followed by small needle-like crystals growing outwards confirming the
melting of CBZ Form III and the exothermic phase transition to Form I. These Form I
crystals showed the onset of melting at 181 °C and complete melting was observed at
194 °C. The observed melting range is slightly higher in comparison with the DSC results.
However, this can be expected as the DSC experiments were conducted under a more
controlled environment in comparison with the HSM experimental conditions.

(b)

Figure 3. HSM micrographs obtained for the prepared (a) CBZ-MAL(1:1)PM, (b) CBZ-MAL(2:1)SD,
(c) CBZ-MAL(1:1)SD, and (d) CBZ-MAL(1:2)SD during heating at 10 °C/min.

From the DSC and HSM results, it can be deduced that poor miscibility between MAL
and CBZ exists, which could have a detrimental effect on the physical stability of potential
solid dispersions (SDs). It is to be noted that the same phenomenon was observed for the
other CBZ-MAL PMs (2:1 and 1:2), indicating the poor miscibility of CBZ in MAL. The
observed poor miscibility was also confirmed by the DSC results, as depicted in Figure 2,
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which shows a clear distinction between the thermal events associated with MAL and CBZ.
Similar results were presented by Djuris et al. [13] when the CBZ concentration was 50%
w/w and above in a mixture of CBZ:Soluplus®.

The micrographs of CBZ-MAL SDs (Figure 3b—d) showed opaque appearances im-
mediately after preparation, which further indicates the formation of solid crystalline
suspensions. It was visually observed that crystallisation occurred throughout the whole
sample, indicating the possible formation of a two-phase continuous SD. The HSM results
were found to be in good correlation with the DSC results as the transition of the MAL from
the glassy to the rubbery state due to enthalpy relaxation resulted in the formation of polyg-
onal structures. The formation of these polygonal structures during heating is associated
with the release of heat of crystallisation, characterised by an exothermic process, leading
to the formation of solidified crystals. This was followed by a definitive recrystallisation
process in which the formation of small nuclei was observed from ~105 °C, followed by the
growth of fine hairlike crystals (marked with pointed arrows in Figure 3b—d, indicating
the crystallisation of CBZ Form I. The morphology of the CBZ Form I observed during the
HSM experiments corresponds with the reported literature [14]. The thermal behaviour
observed for the CBZ-MAL SDs compared well with the DSC data (Figure 2) for all the
thermal events, including the complete melting of CBZ Form I crystals at ~181 °C.

As reported in Figure 4, the PXRD spectra of the pure CBZ (Figure 4a) present with
its characteristic peaks between 10 and 40 °20 (peaks at 26 = 13.22, 15.47, 19.72, 25.06, and
27.50°). These identified diffraction peaks correspond to the reported work for CBZ poly-
morph Il [15,16]. The diffractogram obtained with MAL (Figure 4a) showed a characteristic
high-intensity diffraction peak at 20 = 23.42 °, signifying the crystalline nature.

The PXRD pattern for the prepared SDs (Figure 4b) resembled a typical amorphous
halo. None of the characteristic peaks of CBZ Form III could be clearly identified. The fact
that the prepared SDs showed either completely diffused or significantly diffused PXRD
diffractograms suggests that the recrystallisation of CBZ Form Il resulted in a significant
reduction in the particle size of CBZ.

Rustichelli et al. [17] reported the FTIR bands characteristic of the known CBZ poly-
morphs. Form I is identified with the presence of bands at 3484, 1684, 1592, and 1393 cm~ L
Form II with absorbance bands at 3473, 1673, 1591, and 1395 cm~!; and 3464, 1676, 1593,
1383, and 762 cm ™! for Form III. Form IV shows characteristic peaks at 3474, 1674, and
1394 with a small shoulder at 1418 cm~! [15]. The FTIR spectrum of the CBZ obtained
in this study (Figure 5) showed characteristic peaks at 3464 cm ! (N-H stretching of the
primary amine), 1674 cm~! (C = O stretching), split peak at 1605 and 1593 cm~! (C = C
stretching and N-H deformation), 1378 cm~! (C-H bending), and 760 cm~! as the spe-
cific features of Form III [2,15,17,18]. The characteristic absorption peaks of MAL in the
range of 3380-3257 cm ! signify O-H stretching and C-H stretching functional groups. The
FTIR spectra of the CBZ-MAL PMs (2:1 and 1:1) (Figure 5A) showed all the identified
characteristic peaks of Form III, indicating no interaction between CBZ and MAL during
the mere mixing of the two compounds. However, the CBZ-MAL(1:2)PM broadening in
the wavenumber range of 3380-3257 cm ! and reduced intensity of peaks 3464 cm~! and
760 cm~! indicate possible interaction with an increase in MAL concentration.
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Figure 4. PXRD diffractograms obtained for pure CBZ, MAL (a) and the prepared SDs of CBZ-MAL
in the molar ratios of 2:1, 1:1, and 1:2 (b).
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Figure 5. Overlay of the FTIR spectra obtained for (A) CBZ and MAL in comparison with the
CBZ-MAL PMs and (B) all CBZ-MAL SDs, with (a) indicating the observed peak broadening in
the 3464 cm~! and (b) 1674 cm~! wavenumber regions and (c) denoting the absorbance band at
760 cm !, considered characteristic of CBZ Form IIL.
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The FTIR spectra of all the CBZ-MAL SDs (Figure 5B) showed peak broadening in
the wavenumber range of 3380-3257 cm ! and the lack of characteristic absorbance bands
signifying O-H stretching confirms the findings of DSC, indicating the amorphization of
CBZ-MAL. The FTIR spectra of all the SDs showed significant peak broadening for the
N-H stretching bands at 3464 cm~!, and a slight peak broadening at 1674 cm~! (C = O
stretching), indicating intermolecular interaction between CBZ and MAL. It is observed
that the MAL concentration in the SDs had a direct impact on the peak broadening of the
N-H stretching band, indicating a direct relation between the concentration of MAL and
the intermolecular interactions with CBZ. The split peak at 1605 and 1593 cm~! showed
reduced intensity and appeared slightly merged. This may imply that the primary amine of
CBZ either formed a weaker hydrogen bonding with the MAL [18] or the change could be
due to reduced particle size. Interestingly, all the characteristic absorbance bands associated
with CBZ Form III were identified in the FTIR spectra of all the SDs, and most importantly
the absorbance peak at 760 cm~! specifically attributed to this CBZ polymorphic form. No
sharp well-defined characteristic absorbance bands for MAL were observed in the prepared
SDs. These findings, thus, correlate with the DSC results and therefore, prove that CBZ
exists as Form III dispersed in an amorphous MAL carrier system.

To confirm the preliminary conclusion that CBZ crystallised as Form III into an
amorphous matrix of MAL immediately after preparation via fusion followed by the
recrystallisation of CBZ Form I during the DSC and HSM analysis, a fresh sample of CBZ-
MAL(1:1)SD was prepared with the fusion method on the HSM. The prepared SD was
heated at 10 °C/min until the crystallisation point was observed (105 °C). Subsequently,
the temperature of the heating stage was maintained isothermally for an hour to allow
recrystallisation under isothermal conditions. The resultant crystals were subjected to the
PXRD analysis to determine the formed CBZ polymorph. As depicted in Figure 6, the
characteristic peaks of Form I were observed at °26 = 6.1,7.9,9.3,12.2,13.1, and 19.8 [7,17].
These results confirmed the observed thermal behaviour. Since CBZ Form III was identified
in all the CBZ-MAL SDs via FTIR analyses as well as the confirmation of the recrystallisa-
tion of Form I during the heating of all the CBZ-MAL SDs, it was concluded that during
the fusion method, CBZ Form III gets entrapped into an amorphous matrix of MAL.
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Figure 6. PXRD diffractogram for CBZ form I crystals formed under isothermal conditions of
recrystallisation.
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3.2. Characterisation of CBZ-SOR SDs

The thermogram of D-sorbitol (SOR) (Figure 7a), presented with a small endothermic
peak at 74.8 °C and a sharp endothermic peak at 98.8 °C, with an enthalpy of fusion (AH)
of 162.5 J/g corresponding to the melting point of polymorphic Form B of SOR [16,19].
Jeganathan and Prakya [16], attributed the endothermic peak at 75 °C to the presence of
D-sorbitol in the amorphous form. The DSC scans of CBZ-SOR PMs (Figure 7a) showed
the presence of both prominent peaks of the polyol with no significant change in melting
point. However, a significant reduction in the melting point of CBZ (~20 °C) for all three
CBZ-associated events was reported for Form III, with Form I melting at ~170.0 °C.

(a)
N /S )
y -I,FC-—\V,—
30 B0 90 120 150 180 210 e
Temperature (*C) z
——CBZ CBZ-SOR(2:1)PM ~ ——CBZ-SOR(L1JPM (N
CBZ-S50R(1:Z)PM —5S0R
30 6D 90 120 150 18D 210
Temperature (*C)
———CBZ-SOR(2:1)50 CBZ-SOR{1:1)50 = CBZ-SOR(1:2)5D

Figure 7. Overlay of DSC thermograms obtained for (a) SOR, CBZ, and CBZ-SOR PMs and
(b) CBZ-SOR SDs.

In the case of the SDs (2:1, 1:1, and 1:2) (Figure 7b), a small endothermic event was
observed at 45 °C (as indicated by red box), and the lack of the characteristic melting
peak of SOR indicates the complete amorphization of the polyol. However, the relaxation
of SOR at a lower temperature could be a potential indication of the physical instability
of the SDs. Similarly to the observations made for CBZ-MAL SDs, a broad exothermic
peak at 95 °C (onset at ~89 °C and end set ~99 °C), followed by a sharp melting peak at
~168 °C, corresponding to the melting point of CBZ Form 1. The significant reduction in
the melting point is an indication of the reduction in the crystal lattice energy [20], which
has been studied for its positive impact on the solubility and dissolution of drugs [21]. The



Pharmaceutics 2025, 17, 321

12 0f 23

thermal analysis indicates that the SDs formed with SOR are similar in solid-state nature as
exhibited by the CBZ-MAL SDs, where a two-phase glass suspension is formed with CBZ
dispersed as fine crystalline particles in amorphous SOR.

The HSM micrographs obtained for CBZ-SOR(1:1)PM (Figure 8a) correlate with the
DSC results, where SOR and CBZ melt at their respective melting points, with CBZ melting
and recrystallising (Form I) at 178 °C (pointed arrow for needle-like crystals developed),
followed by complete melting at 194 °C. This indicates poor miscibility between CBZ and
SOR similar to the CBZ-MAL mixtures (SDs).

(b)

(c)

(d)

Figure 8. HSM micrographs obtained for the prepared CBZ-SOR(1:1)PM (a), CBZ-SOR(2:1)SD (b),
CBZ-SOR(1:1)SD (c), and CBZ-SOR(1:2)SD (d) during heating at 10 °C/min.

The micrographs of CBZ-SOR SDs (Figure 8b—d) showed highly opaque appearances,
indicating the formation of continuous solid crystalline suspensions. The HSM results are
in good correlation with the DSC, where the first endothermic event reported on the DSC
thermograms at 45 °C was observed at ~60 °C. This event can be attributed to the melting
of amorphous SOR as observed visually, where the molten material appeared less viscous
and flowing (molten liquid is highlighted in Figure 8c,d at 63 and 60 °C, respectively). This
argument can further be substantiated by the fact that SOR exhibits a T¢ below zero degrees
(—5.15 °C) [22]. The resultant of SOR melting resulted in the increased proximity of the
CBZ crystals, resulting in crystal growth. During the HSM analyses, all three SDs showed
a visual thickening of the sample at ~90 °C, signifying nucleation and crystal growth.
This can be attributed to the fact that the CBZ is dispersed as fine crystalline particles
in amorphous SOR, and the thermal behaviour of polymorphic drugs with a change in
temperature could result in a high crystallisation tendency [23,24]. The thermal behaviour
observed for the CBZ-SOR SDs compared well with the DSC data (Figure 7) for all the
thermal events, including the complete melting of CBZ Form I crystals at ~175 °C.

The PXRD spectra of the SOR (Figure 9) present with its characteristic peak at
20 =19.13 °20) [25] and several high-intensity diffraction peaks, signifying the crystalline
nature. The PXRD pattern for the SD prepared with different molar ratios of SOR resem-
bled a typical amorphous halo with several low-intensity peaks, highlighting a significant
reduction in the particle size of both CBZ and SOR.
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Figure 9. PXRD diffractograms obtained for pure SOR and the prepared SDs of CBZ-SOR in the
molar ratios of 2:1, 1:1, and 1:2.

The FTIR spectra of SOR (Figure 10) show its characteristic absorption peaks in the
3000 and 3500 cm ™! region, signifying the O-H stretching, C-H stretching at 2930 cm~?, O-
H bending at 1298 cm !, and C-O stretching vibrations between 950 and 1150 cm~1[26,27],
while the FTIR spectrum of the CBZ-SOR(1:1)PM (Figure 10A) showed all the identified
characteristic peaks of Form III, indicating no interaction between CBZ and SOR. A similar
trend is seen with the FTIR spectra of all the CBZ-SOR SDs (Figure 10B), where all the
characteristic peaks of CBZ Form III could be identified. However, these peaks were
found to be significantly broadened or reduced in intensity, indicating weak intermolecular
interactions between CBZ and SOR.
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Figure 10. Overlay of the FTIR spectra obtained for CBZ and SOR in comparison with (A) the
CBZ-SOR PMs and (B) CBZ-SOR SDs, with (a) indicating the observed peak broadening in the
3464 cm~ ! and (b) 1674 cm ! wavenumber regions and (c) denoting the absorbance band at 760 em !
considered characteristic of CBZ Form III.

7

3.3. Characterisation of CBZ-XYL SDs

The DSC curves presented in Figure 11a present a sharp endothermic peak for XYL
at 98 °C, which corresponds with the literature reports [2,28]. Interestingly, the PMs of
CBZ-XYL show peak broadening for XYL. The CBZ-XYL PMs also presented with less
intense, significantly broadened peaks that are shifted to lower melting points. From
Figure 11a, it can be seen that the first and second thermal events (melting of CBZ Form
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III and recrystallisation to Form I) disappeared with an increase in XYL concentration and
even for the CBZ-XYL(2:1) PM, these three thermal events were almost indistinguishable.
Similar results were reported for CBZ-XYL PMs and SDs prepared by a hot melt extrusion
process [2]. Such a phenomenon can be attributed to the miscibility of the drug in the
carrier [29]. However, the lack of complete disappearance of the melting peaks among
the CBZ-XYL PMs can be attributed to the partial miscibility of the drug in the carrier.
However, a significant reduction in the melting point of CBZ (~30 °C) for all three events
reported for Form III, with Form I melting at ~163.0 °C was observed.

(a)

NS NS

30 80 150 180

Temperature (*C)

— CBZ XYL — B L[ 21 P

Z
S
C
CBZ-XYL{1:1)PM = CBZ-XYL[1:2)PM l

(b)
I\ \(

i JAu
\—

30 &0 o0 120 150 180 210

Temperature (*C)

— CBZ-XYLi2:1)30 CBZ-XYL(1:1)5D  ————CHBE-XYL{1:2)3D

Figure 11. Overlay of DSC thermograms obtained for (a) XYL, CBZ, CBZ-XYL PMs and (b) CBZ-XYL
SDs.

Similarly to the CBZ SDs of MAL and SOR, the CBZ-XYL SDs also exhibited re-
crystallisation at ~85 °C, represented by an exothermic peak visible on the thermograms
(Figure 12b). The results obtained for the CBZ-XYL SDs followed a similar trend seen
among the PMs, where large endothermic peaks at significantly lower temperatures were
observed. The CBZ-XYL(2:1)SD showed a broad endothermic peak with a dissimilar peak
shape in comparison with the two higher XYL ratio SDs. This could be considered as an
indication of a broad size distribution of the crystallites in the SD. The broadness reduced
with an increase in the XYL concentration, represented by relatively sharp endothermic
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peaks. The significant reduction in the melting point (from 192.8 to ~160.0 °C) is a poten-
tial indication of an increase in the solubility and dissolution rates. The thermal analysis
indicated that the SDs formed with XYL may be characterised as two-phase continuous
glass suspensions.

Figure 12. HSM micrographs obtained for the prepared (a) CBZ-XYL(1:1)PM, (b) CBZ-XYL(2:1)SD,
(c) CBZ-XYL(1:1)SD, and (d) CBZ-XYL(1:2)SD during heating at 10 °C/min.

The HSM micrographs (Figure 12) correlated very well with the DSC results. It can be
seen that the CBZ-XYL(1:1)PM (Figure 12a) showed different melting behaviour to the other
polyols as the melting of CBZ takes place at a significantly lower temperature (160 °C),
indicating good miscibility between CBZ and XYL.

The opaque appearance of the CBZ-XYL SDs, as observed by means of microscopy,
further confirms the solid-state nature of the SDs. Interestingly, a melting event was
observed (pointed arrows in red colour), which was not observed through the DSC analyses
and shows a resemblance to the melting of SOR as seen previously with the CBZ-SOR
SDs. Subsequently, an increase in CBZ crystal growth (pointed arrows in yellow colour
in Figure 12b-d) was observed, which was visually observed through the increase in the
turbidity of the sample. The HSM micrographs presented for ~90 °C show the thickening
of the sample (increase in opaqueness), signifying the crystal growth.

The PXRD spectra of XYL (Figure 13) present with its characteristic high-intensity
diffraction peaks at °20 = 24.294, 31.85, and 38.14 [30], signifying the crystalline nature. Un-
like the PXRD patterns observed for the SDs of MAL and SOR (two halo humps observed),
a single halo hump was observed for all the CBZ-XYL SDs. This observation can further
support the argument of good miscibility between CBZ and XYL.

The FTIR spectrum of XYL (Figure 14) corresponds with the published literature,
showing its characteristic broad peaks at 3100-3400 cm ™! for the ~OH stretch, 1165 cm™!
for -C = O stretch, and 1050-1300 cm~! for the carboxylic acid and alcohol groups
moieties [2,31]. While the FTIR spectra for CBZ-XYL PMs retained all the characteris-
tic peaks without any broadening or reduction intensity (Figure 14A), the FTIR spectra of
all the CBZ-XYL SDs (Figure 14B) showed the characteristic peaks of CBZ Form III and
XYL at a reduced peak intensity, indicating weak intermolecular interaction between CBZ
and XYL.
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Figure 13. PXRD diffractograms obtained for pure XYL and the prepared SDs of CBZ-XYL in the
molar ratios of 2:1, 1:1, and 1:2.
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Figure 14. Overlay of the FTIR spectra obtained for CBZ and XYL in comparison with (A) the
CBZ-XYL PMs and (B) CBZ-XYL SDs, with (a) indicating the observed peak broadening in the
3464 cm~! and (b) 1674 cm~! wavenumber regions and (c) denoting the absorbance band at 760 eml,

considered characteristic of CBZ Form III.

3.4. Equilibrium Solubility Studies

The CBZ content in the PMs and SDs was found to be between 94.3 £ 2.4 to
102.7 £ 1.8%, which meets the prescribed limits of 92 to 108% of the USP monograph
for CBZ tablets [3]. The equilibrium solubility of CBZ, CBZ-polyol PMs, and CBZ—polyol
SDs was investigated and compared with the equilibrium aqueous solubility of pure CBZ
in distilled water at 24, 48, and 72 h. The aqueous solubility of the raw material CBZ was
231.8 & 4.8 ug/mL and 233.7 £ 4.6 pg /mL at 48 and 72 h, respectively (Table 1). The
results obtained for CBZ are in good correlation with the published data [32,33].
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Table 1. Summary of equilibrium solubility of CBZ, PMs, and SDs in combination with polyols in

varying molecular ratios.

Sample ID 24h 48 h 72h Solubility Increase
(ug/mL) (ug/mL) (ug/mL) (%)
Mean += SD,n=3
CBZ 2163 £5.3 231.8 £4.8 233.7 £ 4.6 -
CBZ-MAL(2:1)PM 2289+ 6.1 233.0+ 5.4 2316 +3.1 0.5
CBZ-MAL(1:1)PM 2423 + 4.9 2433 + 4.1 2438 + 3.5 5.0
CBZ-MAL(1:2)PM 2552 +£3.7 2624 +£32 2593 £ 3.6 13.2
CBZ-MAL(2:1)SD 302.8 £33 3127 £4.1 3102 +3.2 34.9
CBZ-MAL(1:1)SD 4759 £4.1 4772 £5.7 4769 £5.6 105.9
CBZ-MAL(1:2)SD 4543 £3.1 460.3 £4.7 458.6 £ 3.4 98.6
CBZ-SOR(2:1)PM 242.6 + 4.8 2475+ 4.0 248.1 4+ 3.9 6.8
CBZ-SOR(1:1)PM 2444+ 5.6 248.1 £3.1 2483 £ 4.6 7.0
CBZ-SOR(1:2)PM 261.7 £5.7 260.8 £5.8 260.6 £5.1 12.5
CBZ-SOR(2:1)SD 4759 £4.1 4772 £5.7 4769 £5.6 105.9
CBZ-SOR(1:1)SD 605.6 + 6.6 6120+ 6.8 6123 +£52 164.0
CBZ-SOR(1:2)SD 670.5 + 4.8 670.7 £ 5.5 671.6 £ 5.5 189.3
CBZ-XYL(2:1)PM 2462 £4.7 2484 £39 2482 £43 7.2
CBZ-XYL(1:1)PM 2604 +£59 263.0£5.6 263.6 £4.2 13.5
CBZ-XYL(1:2)PM 268.1 £6.7 2735£51 2721 £538 18.0
CBZ-XYL(2:1)SD 13412 £ 8.1 1426.1 + 8.6 1428.6 +7.3 515.2
CBZ-XYL(1:1)SD 1414.6 + 9.6 1436.8 + 8.7 14334+ 59 519.5
CBZ-XYL(1:2)SD 1481.8 +7.3 14882 + 7.6 14825+ 5.1 541.9

The solubility of CBZ slightly increased among all the PMs with the highest increase of
18% for CBZ-XYL(1:2)PM and the lowest of 0.5% for CBZ-MAL(2:1)PM. Amongst the PMs,
an increase in solubility was associated with increasing the concentration of the polyol.
The solubility of CBZ among the SDs increased substantially in the order of CBZ-XYL
SDs (6.4-fold) > CBZ—SOR (2.9-fold) > SDS CBZ—MAL SDS (2-fold). Except for CBZ-
MAL(1:2)SD, the solubility of the CBZ among all the SDs increased with an increase in
the concentration of the polyol. The anomalous behaviour of the CBZ-MAL(1:2)SD can
be explained based on the extremely high solubility of MAL in water (175% w/w) [34];
resulting in MAL solubilising quicker, saturating the fixed volume used for solubility
testing, and thus, detrimentally affecting the CBZ solubility [35,36]. Further to this, an
increase in the viscosity of the solutions with an increase in MAL concentration was
observed, which could have also affected the solubility of CBZ [37].

The solubility enhancement among the PMs and SDs can be attributed to the enhanced
wettability of the drug particles facilitated by the hydrophilic sugar carriers and the reduced
particle size [38,39]. The partial miscibility observed between CBZ and XYL from the DSC
studies could explain the significant increase in solubility for the CBZ-XYL SDs (p < 0.01)
over SDs prepared with MAL and SOR. Similar results were reported in the literature,
where predictions made using in silico molecular dynamic simulation correlated with the
experimental results of drug carrier miscibility effect on improving the amorphous nature
of the SDs and improved solubility [40].

The physicochemical properties, such as the number of hydroxyl (-OH) groups along
its carbon chain, play a central role in solubility by forming hydrogen bonds with drug
molecules. However, the structure of these polyols can enhance or reduce solubility
depending on factors like molecular size and molecular weight, where larger molecules
may face steric hindrance and experience less efficient interaction with solvent molecules.
In addition, polyols that are linear or acyclic tend to have greater solubility in water over
the cyclic polyols [41,42]. This can further explain the high solubility of CBZ in the presence
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of xylitol and sorbitol over maltitol. Despite maltitol possessing a large number of hydroxyl
groups (9), the cyclic nature of the compound and its high molecular weight (344.31 g/mol)
seem to have a negative effect on solubility.

Observations made between sampling points indicated that 93 to 99% of the drug is
solubilised within 24 h, followed by 99 to 100% at 48 h. It is also observed that there were
instances of reduced drug content at 72 h with the highest loss of 6.2 ug/mL in the case of
CBZ-XYL(1:2)SD. However, the change was found to be insignificant (p = 0.12), indicating
the lack of solution-mediated phase transition among all the SDs studied.

3.5. In Vitro Drug Release

The CBZ release profiles from SDs prepared with MAL, SOR, and XYL are shown in
Figure 15. From the graphs presented, the CBZ raw material showed incomplete dissolution
with 52% within 60 min. The percentage drug release observed at 60 min for PMs of CBZ-
MAL (Figure 15a), CBZ-SOR (Figure 15b), and CBZ-XYL (Figure 15c) indicated a slight
increase in comparison with pure CBZ. The CBZ-XYL PMs showed slightly higher drug
release than PMs of MAL and SOR. However, the differences seen among the PMs of
various polyol combinations were found to be statistically insignificant (p = 0.68). In
contrast to the PMs, all the SDs reported increased drug release (%), where all the SDs
released more than 75% within 60 min. The drug release for SDs is in the order of CBZ-XYL
(99.8% =+ 0.44) > CBZ-SOR (87.8% + 2.2) > CBZ-MAL (77.5% =+ 1.8). These results correlate
well with the solubility results reported for SDs. From the graph, it can be observed that
the drug release is high for all the SDs across all the sampling points.
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Figure 15. Cont.
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Figure 15. (a—c)In vitro release profiles of pure CBZ, PMs, and SDs in combination with polyols in
varying molecular ratios.
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The results of the calculated %DEgg min (Table 2) exhibited the minimum for pure CBZ
(42%). The %DE for all the PMs was found to be close to the pure drug with higher values
reported in the case of CBZ-XYL combinations (48-52%). However, the ANOVA results
revealed that there was no statistically significant difference (p = 0.06) with a change in
the polyol concentration as well as the type of the polyol. Similarly to the PMs, there was
no statistically significant difference (p = 0.1) with a change in the polyol concentration
among SDs. However, the type of polyol used had a significant effect (p < 0.01) and the %
DE was found to be in the order for XYL > SOR > MAL with the maximum %DE showed
for CBZ-XYL(1:1)SD (91%). The results indicate that SDs are more effective in increasing
the dissolution rate than PMs.

Table 2. Dissolution parameters of carbamazepine from PMs and SDs.

Sample ID MDT (min) %DE f>
CBz 11.3 42 -
CBZ-MAL(2:1)PM 12.2 45 73.1
CBZ-MAL(1:1)PM 111 47 67.4
CBZ-MAL(1:2)PM 11.2 46 723
CBZ-MAL(2:1)SD 9.1 66 324
CBZ-MAL(1:1)SD 8.2 68 30.3
CBZ-MAL(1:2)SD 8.3 65 33.2
CBZ-SOR(2:1)PM 12.9 45 74.0
CBZ-SOR(1:1)PM 12.6 46 71.1
CBZ-SOR(1:2)PM 12.1 49 60.1
CBZ-SOR(2:1)SD 9.7 71 27.7
CBZ-SOR(1:1)SD 10.5 73 27.0
CBZ-SOR(1:2)SD 8.8 76 23.8
CBZ-XYL(2:1)PM 12.2 48 63.4
CBZ-XYL(1:1)PM 10.9 50 56.9
CBZ-XYL(1:2)PM 10.2 52 52.7
CBZ-XYL(2:1)SD 5.5 90 16.6
CBZ-XYL(1:1)SD 52 91 16.1
CBZ-XYL(1:2)SD 59 90 16.7

The MDT for PMs were found to be the longest, similar to pure CBZ (11.3 min), ranging
between 10.2 and 12.9 min with no statistically significant differences (p = 0.22). The SDs
found to have the lowest MDT of 5.2 (CBZ-XYL(1:1)SD), 8.2 (CBZ-MAL(1:1)SD) and 8.8
(CBZ-SOR(1:2)SD), indicating higher drug releasing capacity of the SDs over the pure drug
and PMs, with XYL-based SDs being the superior (p < 0.01). It is also interesting to see
that there is no statistically significant difference (p = 0.97) in drug release with a change in
polyol concentration for all the polyols studied.

The percent drug release was also compared by similarity factor (f,;) using the pure
CBZ as a reference (Table 2). Irrespective of the polyol used, the dissolution rates of all the
PMs were found to be similar to the pure drug, where the f, values were found to be more
than 50 (52.7-73.1). A trend of decreasing f, values (<50) for all the SDs was observed in the
order of XYL < SOR < MAL. The dissolution rates of all the SDs significantly exceeded the
plain drug as indicated by the f, values (16.1-33.2). Similarly to the %DE and MDT values
reported, the polyol concentration has no statistically significant effect on the percent drug
release for PMs (p = 0.5) and SDs (p = 0.1).

The superior performance of XYL observed over other polyols is well reported [2,31].
This is mainly attributed to its high aqueous solubility, leading to the creation of a hy-
drophilic environment for improved solubilization of poorly soluble drugs, and hence,
faster dissolution rates [43]. Among the polyols studied, sorbitol has higher aqueous
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solubility than xylitol and maltitol [44]. The anomaly observed with regard to the lesser
dissolution rate of CBZ-SOR SDs over CBZ-XYL SDs can be explained by the increase in
viscosities and densities of solutions with increased molecular weight due to the presence
of the high number of carbon molecules (maltitol-12, sorbitol-6, and xylitol-5) [45,46]. The
possible mechanisms attributed to the increased dissolution rate of polyol SDs are mainly
the increased wettability of the drug by creating a hydrophilic environment around the
drug and reduced interfacial tension [6,47]. In addition, the fusion process could have
resulted in the dispersion of the drug at a molecular level, availing a high surface area for
contact with the dissolution medium. The dissolution results obtained correlate well with
the observations and confirm the hypothesis made during solid-state characterisation.

4. Conclusions

CBZ SDs were prepared using three crystalline hydrophilic carriers; MAL, SOR, and
XYL by the fusion method. The prepared SDs were comprehensively characterised to
determine the solid-sate nature of the SDs. The DSC and HSM results indicated that
the SDs prepared were glass suspensions with the carriers existing in the amorphous
state and the CBZ suspended as very fine crystallites throughout the amorphized polyol
carrier. The fine crystalline nature of the CBZ is confirmed by the halo appearance of
PXRD diffractograms and through the SEM image analysis. The FTIR studies showed
that the CBZ is present in its thermodynamically stable polymorph, Form III, and formed
weak intermolecular interactions with the polyols. The equilibrium solubility and in vitro
dissolution studies showed enhanced aqueous solubility and increased dissolution rate for
all the SDs with comparatively better performance exhibited by the CBZ-XYL SDs. The
results obtained explain the possible extrapolation of preparing polyol-based SDs of BCS
Class II drugs with good glass-forming ability for enhanced solubility and dissolution.

Author Contributions: Conceptualization, M.S.P., M.A., M.M. and A.W.; methodology, M.S.P., M.A.
and M.M.; formal analysis, M.S.P. and M.A.; investigation, M.S.P. and M. A ; resources, M.S.P.; data
curation, M.S.P. and M. A.; writing—original draft preparation, M.S.P. and M.A.; writing—review and
editing, M.S.P,, M.A,, M.M. and A.W.; supervision, M.A., M.M. and A.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data collected in this study are presented and available in this
article.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Tran, P; Pyo, Y.C.; Kim, D.H.; Lee, S.E.; Kim, J.K,; Park, J.S. Overview of the Manufacturing Methods of Solid Dispersion
Technology for Improving the Solubility of Poorly Water-Soluble Drugs and Application to Anticancer Drugs. Pharmaceutics 2019,

11, 132. [CrossRef]

2. Narala, S.; Komanduri, N.; Nyavanandi, D.; Adel, A.; Youssef, A.; Mandati, P.; Alzahrani, A.; Kolimi, P.; Narala, N. Hard Gelatin
Capsules Containing Hot Melt Extruded Solid Crystal Suspension of Carbamazepine for Improving Dissolution: Preparation and
in Vitro Evaluation. J. Drug Deliv. Sci. Technol. 2023, 82, 104384. [CrossRef] [PubMed]

3. The United States Pharmacopeial Convention Carbamazepine Tablets. Available online: https://www.uspnf.com/sites/default/
files/usp_pdf/EN/USPNEF/revisions/carbamazepine-tabs-rb-notice-20220921.pdf (accessed on 8 July 2023).

4. Asare-Addo, K.; Conway, B.R.; Hajamohaideen, M.].; Kaialy, W.; Nokhodchi, A.; Larhrib, H. Aqueous and Hydro-Alcoholic
Media Effects on Polyols. Colloids Surf. B Biointerfaces 2013, 111, 24-29. [CrossRef] [PubMed]


https://doi.org/10.3390/pharmaceutics11030132
https://doi.org/10.1016/j.jddst.2023.104384
https://www.ncbi.nlm.nih.gov/pubmed/37124158
https://www.uspnf.com/sites/default/files/usp_pdf/EN/USPNF/revisions/carbamazepine-tabs-rb-notice-20220921.pdf
https://www.uspnf.com/sites/default/files/usp_pdf/EN/USPNF/revisions/carbamazepine-tabs-rb-notice-20220921.pdf
https://doi.org/10.1016/j.colsurfb.2013.05.003
https://www.ncbi.nlm.nih.gov/pubmed/23777788

Pharmaceutics 2025, 17, 321 22 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Islam, S.; Dey, L.R.; Shahriar, M.; Dewan, I.; Islam, S.A. Enhancement of Dissolution Rate of Gliclazide Using Solid Dispersions:
Characterization and Dissolution Rate Comparison. Bangladesh Pharm. ]. 2013, 16, 45-52. [CrossRef]

Fouad, S.A.; Malaak, FA.; El-Nabarawi, M.A.; Zeid, K.A.; Ghoneim, A.M. Preparation of Solid Dispersion Systems for Enhanced
Dissolution of Poorly Water Soluble Diacerein: In-Vitro Evaluation, Optimization and Physiologically Based Pharmacokinetic
Modeling. PLoS ONE 2021, 16, 0245482. [CrossRef] [PubMed]

Feng, Z.; Li, M.; Wang, W. Improvement of Dissolution and Tabletability of Carbamazepine Solid Dispersions with High Drug
Loading Prepared by Hot-Melt Extrusion. Pharmazie 2019, 74, 523-528. [CrossRef]

Dotega, A ; Juszyniska-Gatazka, E.; Osiecka-Drewniak, N.; Natkanski, P.; Kustrowski, P; Krupa, A.; Zielifiski, PM. Study on the
Thermal Performance of Carbamazepine at Different Temperatures, Pressures and Atmosphere Conditions. Thermochim. Acta
2021, 703, 178990. [CrossRef]

Bourduche, E; Sanchez-Ballester, N.M.; Bataille, B.; Lefévre, P.; Sharkawi, T. Structure-Property Relationship of Amorphous
Maltitol as Tableting Excipient. AAPS PharmSciTech 2020, 21, 281. [CrossRef]

Langer, M.; Holtje, M.; Urbanetz, N.A.; Brandt, B.; Holtje, H.D.; Lippold, B.C. Investigations on the Predictability of the Formation
of Glassy Solid Solutions of Drugs in Sugar Alcohols. Int. |. Pharm. 2003, 252, 167-179. [CrossRef]

Ronkay, F.; Molnér, B.; Nagy, D.; Szarka, G.; Ivan, B.; Kristdly, F. Melting Temperature versus Crystallinity: New Way for
Identification and Analysis of Multiple Endotherms of Poly (Ethylene Terephthalate). J. Polym. Res. 2020, 27, 372. [CrossRef]
Naima, Z.; Siro, T.; Juan-Manuel, G.D.; Chantal, C.; René, C.; Jerome, D. Interactions between Carbamazepine and Polyethylene
Glycol (PEG) 6000: Characterisations of the Physical, Solid Dispersed and Eutectic Mixtures. Eur. J. Pharm. Sci. 2001, 12, 395-404.
[CrossRef] [PubMed]

Djuris, J.; Nikolakakis, I.; Ibric, S.; Djuric, Z.; Kachrimanis, K. Preparation of Carbamazepine-Soluplus® Solid Dispersions by
Hot-Melt Extrusion, and Prediction of Drug-Polymer Miscibility by Thermodynamic Model Fitting. Eur. |. Pharm. Biopharm. 2013,
84,228-237. [CrossRef] [PubMed]

Hu, C; Testa, C.J.; Shores, B.T.; Wu, W.; Khrystyna Shvedova, S.C.B.; Saptarshi Chattopadhyay, B.T.; Mascia, S. An Experimental
Study on Polymorph Control and Continuous Heterogeneous Crystallization of Carbamazepine. CrystEngComm 2019, 21,
5076-5083. [CrossRef]

Grzesiak, A.L.; Lang, M.; Kim, K.; Matzger, A.J. Comparison of the Four Anhydrous Polymorphs of Carbamazepine and the
Crystal Structure of Form I. J. Pharm. Sci. 2003, 92, 2260-2271. [CrossRef] [PubMed]

Jeganathan, B.; Prakya, V. Design and Optimization of Novel Sugar Alcohol Based Extended Release Tablets Prepared by Melt
Dispersion Technique. Iran. ]. Pharm. Sci. 2012, 8, 83-98.

Rustichelli, C.; Gamberini, G.; Ferioli, V.; Gamberini, M.C; Ficarra, R.; Tommasini, S. Solid-State Study of Polymorphic Drugs:
Carbamazepine. J. Pharm. Biomed. Anal. 2000, 23, 41-54. [CrossRef] [PubMed]

Yu, D.; Li, J.; Wang, H.; Pan, H.; Li, T,; Bu, T.; Zhou, W.; Zhang, X. Role of Polymers in the Physical and Chemical Stability of
Amorphous Solid Dispersion: A Case Study of Carbamazepine. Eur. |. Pharm. Sci. 2022, 169, 106086. [CrossRef]

Sztatisz, ].; Gal, S.; Fodor, L.; Pungor, E. Thermal Investigations on the Crystallization of Sorbitol. J. Therm. Anal. 1977, 12, 351-360.
[CrossRef]

Zhang, J. Research on the Correlation Between the Lattice Enthalpy of Ionic Compounds and Melting Points. Acad. J. Sci. Technol.
2022, 3, 52-59. [CrossRef]

Chaturvedi, K.; Shah, H.S.; Nahar, K.; Dave, R.; Morris, K.R. Contribution of Crystal Lattice Energy on the Dissolution Behavior
of Eutectic Solid Dispersions. ACS Omega 2020, 5, 9690-9701. [CrossRef]

Sibik, J.; Shalaev, E.Y.; Axel Zeitler, J. Glassy Dynamics of Sorbitol Solutions at Terahertz Frequencies. Phys. Chem. Chem. Phys.
2013, 15, 11931-11942. [CrossRef]

Meng, F,; Gala, U.; Chauhan, H. Classification of Solid Dispersions: Correlation to (i) Stability and Solubility (II) Preparation and
Characterization Techniques. Drug Dev. Ind. Pharm. 2015, 41, 1401-1415. [CrossRef]

Jeli¢, D. Thermal Stability of Amorphous Solid Dispersions. Molecules 2021, 26, 238. [CrossRef]

Nezzal, A.; Aerts, L.; Verspaille, M.; Henderickx, G.; Redl, A. Polymorphism of Sorbitol. J. Cryst. Growth 2009, 311, 3863-3870.
[CrossRef]

Hasan, A.; El, A.; Elghany, M.A,; Sabry, S. Design and Characterization of Intra-Oral Fast Dissolving Tablets Containing
Diacerein-Solid Dispersion. J. Appl. Pharm. Sci. 2020, 10, 44-53. [CrossRef]

Pourfarzad, A.; Ahmadian, Z.; Habibi-Najafi, M.B. Interactions between Polyols and Wheat Biopolymers in a Bread Model
System Fortified with Inulin: A Fourier Transform Infrared Study. Heliyon 2018, 4, e01017. [CrossRef] [PubMed]

Kaialy, W.; Maniruzzaman, M.; Shojaee, S.; Nokhodchi, A. Antisolvent Precipitation of Novel Xylitol-Additive Crystals to
Engineer Tablets with Improved Pharmaceutical Performance. Int. J. Pharm. 2014, 477, 282-293. [CrossRef]

Sethia, S.; Squillante, E. Solid Dispersion of Carbamazepine in PVP K30 by Conventional Solvent Evaporation and Supercritical
Methods. Int. J. Pharm. 2004, 272, 1-10. [CrossRef]


https://doi.org/10.3329/bpj.v16i1.14490
https://doi.org/10.1371/journal.pone.0245482
https://www.ncbi.nlm.nih.gov/pubmed/33471832
https://doi.org/10.1691/ph.2019.9008
https://doi.org/10.1016/j.tca.2021.178990
https://doi.org/10.1208/s12249-020-01824-8
https://doi.org/10.1016/S0378-5173(02)00647-6
https://doi.org/10.1007/s10965-020-02327-7
https://doi.org/10.1016/S0928-0987(00)00168-8
https://www.ncbi.nlm.nih.gov/pubmed/11231106
https://doi.org/10.1016/j.ejpb.2012.12.018
https://www.ncbi.nlm.nih.gov/pubmed/23333900
https://doi.org/10.1039/C9CE00908F
https://doi.org/10.1002/jps.10455
https://www.ncbi.nlm.nih.gov/pubmed/14603511
https://doi.org/10.1016/S0731-7085(00)00262-4
https://www.ncbi.nlm.nih.gov/pubmed/10898153
https://doi.org/10.1016/j.ejps.2021.106086
https://doi.org/10.1007/BF01909593
https://doi.org/10.54097/ajst.v3i3.2544
https://doi.org/10.1021/acsomega.9b03886
https://doi.org/10.1039/c3cp51936h
https://doi.org/10.3109/03639045.2015.1018274
https://doi.org/10.3390/molecules26010238
https://doi.org/10.1016/j.jcrysgro.2009.06.003
https://doi.org/10.7324/JAPS.2020.10607
https://doi.org/10.1016/j.heliyon.2018.e01017
https://www.ncbi.nlm.nih.gov/pubmed/30560212
https://doi.org/10.1016/j.ijpharm.2014.10.015
https://doi.org/10.1016/j.ijpharm.2003.11.025

Pharmaceutics 2025, 17, 321 23 of 23

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Qusa, M.H.; Bakar, A.; Nazzal, S.; El, K.A. Novel Olive Oil Phenolic (—) -Oleocanthal (+) -Xylitol-Based Solid Dispersion
Formulations with Potent Oral Anti-Breast Cancer Activities. Int. |. Pharm. 2019, 569, 118596. [CrossRef]

Pawar, ].N.; Fule, R.A.; Maniruzzaman, M.; Amin, P.D. Solid Crystal Suspension of Efavirenz Using Hot Melt Extrusion: Exploring
the Role of Crystalline Polyols in Improving Solubility and Dissolution Rate. Mater. Sci. Eng. C 2017, 78, 1023-1034. [CrossRef]
Rabti, H.; Mohammed Salmani, ].M.; Elamin, E.S.; Lammari, N.; Zhang, J.; Ping, Q. Carbamazepine Solubility Enhancement in
Tandem with Swellable Polymer Osmotic Pump Tablet: A Promising Approach for Extended Delivery of Poorly Water-Soluble
Drugs. Asian J. Pharm. Sci. 2014, 9, 146-154. [CrossRef]

Garcia, M. A.; Cristofoletti, R.; Abrahamsson, B.; Groot, D.W.; Parr, A.; Polli, ].E.; Mehta, M.; Shah, V.P; Tomakazu, T.; Dressman,
J.B.; et al. Biowaiver Monograph for Immediate-Release Solid Oral Dosage Forms: Carbamazepine. J. Pharm. Sci. 2021, 110,
1935-1947. [CrossRef]

Kearsley, M.W.; Deis, R.C. Maltitol Powder. In Sweeteners and Sugar Alternatives in Food Technology; John Wiley & Sons, Ltd.:
Hoboken, NJ, USA, 2012; pp. 295-308. ISBN 9780470659687.

Hassan, D.S.; Hasary, H.J. The Impact of Viscosity on the Dissolution of Naproxen Immediate-Release Tablets. ]. Taibah Univ. Med.
Sci. 2023, 18, 687-695. [CrossRef]

Navas-Bachiller, M.; Persoons, T.D.D. In Vitro and in Silico Methods to Investigate the Effect of Moderately Increasing Medium
Viscosity and Density on Ibuprofen Dissolution Rate. Eur. |. Pharm. Biopharm. 2023, 193, 74-88. [CrossRef]

Gharsallaoui, A.; Rogé, B.; Mathlouthi, M. Solid-Liquid Equilibrium of Maltitol Aqueous Solutions-Implications on the Crystal-
lization Behavior and Process. Food Biophys. 2008, 3, 16-24. [CrossRef]

Telange, D.R.; Bhagat, S.B.; Patil, A.T.; Umekar, M.].; Pethe, AM.; Raut, N.A.; Dave, V.S. Glucosamine HCL-Based Solid
Dispersions to Enhance the Biopharmaceutical Properties of Acyclovir. J. Excip. Food Chem. 2019, 10, 65-81.

Nishimoto, Y.; Hattori, Y.; Otsuka, M. Characterization of Ternary Amorphous Solid Dispersion Containing Hypromellose
Phthalate and Erythritol Prepared by Hot Melt Extrusion Using Melting Point Depression. J. Drug Deliv. Sci. Technol. 2020, 58,
101797. [CrossRef]

Pisay, M.; Bhaskar, K.V.; Mehta, C.H.; Nayak, U.Y.; Koteshwara, K.B.; Mutalik, S. Drug-Carrier Miscibility in Solid Dispersions of
Glibenclamide and a Novel Approach to Enhance Its Solubility Using an Effervescent Agent. AAPS PharmSciTech 2022, 23, 284.
[CrossRef] [PubMed]

Politi, R.; Sapir, L.; Harries, D. The Impact of Polyols on Water Structure in Solution: A Computational Study. J. Phys. Chem. A
2009, 113, 7548-7555. [CrossRef] [PubMed]

Sardon, H.; Mecerreyes, D.; Basterretxea, A.; Avérous, L.; Jehanno, C. From Lab to Market: Current Strategies for the Production
of Biobased Polyols. ACS Sustain. Chem. Eng. 2021, 9, 10664-10677. [CrossRef]

Singh, G.; Chhabra, G.; Pathak, K. Dissolution Behavior and Thermodynamic Stability of Fused-Sugar Dispersions of a Poorly
Water-Soluble Drug. Dissolution Technol. 2011, 18, 62-70. [CrossRef]

Dobreva, V.; Hadjikinova, M.; Slavov, A.; Hadjikinov, D.; Dobrev, G.; Zhekova, B. Functional Properties of Maltitol. Agric. Sci.
Technol. 2013, 5, 168-172.

Zhu, C.; Ma, Y.; Zhou, C. Densities and Viscosities of Sugar Alcohol Aqueous Solutions. J. Chem. Eng. Data 2010, 55, 3882-3885.
[CrossRef]

Knopp, M.M.; Olesen, N.E.; Holm, P; Langguth, P; Holm, R.; Rades, T. Influence of Polymer Molecular Weight on Drug-Polymer
Solubility: A Comparison between Experimentally Determined Solubility in PVP and Prediction Derived from Solubility in
Monomer. J. Pharm. Sci. 2015, 104, 2905-2912. [CrossRef]

Justen, A; Schaldach, G.; Thommes, M. Insights into the Mechanism of Enhanced Dissolution in Solid Crystalline Formulations.
Pharmaceutics 2024, 16, 510. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijpharm.2019.118596
https://doi.org/10.1016/j.msec.2017.04.055
https://doi.org/10.1016/j.ajps.2014.04.001
https://doi.org/10.1016/j.xphs.2021.02.019
https://doi.org/10.1016/j.jtumed.2022.12.009
https://doi.org/10.1016/j.ejpb.2023.10.018
https://doi.org/10.1007/s11483-007-9044-5
https://doi.org/10.1016/j.jddst.2020.101797
https://doi.org/10.1208/s12249-022-02437-z
https://www.ncbi.nlm.nih.gov/pubmed/36253571
https://doi.org/10.1021/jp9010026
https://www.ncbi.nlm.nih.gov/pubmed/19432403
https://doi.org/10.1021/acssuschemeng.1c02361
https://doi.org/10.14227/DT180311P62
https://doi.org/10.1021/je9010486
https://doi.org/10.1002/jps.24410
https://doi.org/10.3390/pharmaceutics16040510

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Physical Mixtures 
	Preparation of Solid Dispersions 
	Physicochemical Characterisation of Prepared Solid Dispersions 
	Determination of Drug Content 
	Solubility Studies 
	In Vitro Drug Release Studies 
	Dissolution Parameters 
	Statistical Analysis 


	Results and Discussion 
	Characterisation of CBZ-MAL SDs 
	Characterisation of CBZ-SOR SDs 
	Characterisation of CBZ-XYL SDs 
	Equilibrium Solubility Studies 
	In Vitro Drug Release 

	Conclusions 
	References

