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ARTICLE INFO ABSTRACT

Keywords: During the formulation development of anticancer drug Olaparib (OLA), we observed that two batches (Batch 1
Ola.Parib and Batch 2) obtained from the same supplier exhibited different solubility and dissolution behavior despite their
Soild'smi. identical chemical purity (99.9 %).

153311)17:;12? e‘:;'ancemem A comprehensive solid-state characterization was conducted. The Differential Scanning Calorimetry analysis
Cyclo de)z]trins showed distinct thermal behavior, with endothermic peaks at 202 and 215 °C, attributed to two polymorphic
Soluplus® forms, as confirmed by Fourier Transform Infrared Spectroscopy and Thermogravimetric Analysis. Powder X-ray

Diffraction analysis revealed that Batch 1 contained a mixture of OLA Form A (major) and Form L (minor, ~15 %
w/w), and exhibited lower crystallinity compared to Batch 2. Batch 2 consisted exclusively of pure OLA Form L,
whose crystal structure was reported here for the first time. Morphology analysis indicated that Batch 1 pre-
sented particles with heterogeneous dimensions (2-60 pm), while Batch 2 showed a homogeneous size distri-
bution (~5 pm), resulting in differences in density and specific surface area. These differences in solid-state
properties further contributed to observed variations in equilibrium solubility and intrinsic dissolution rate
(IDR), with Batch 1 exhibiting a higher solubility and IDR (0.1239 mg/mL; 26.74 mg/cm?min~') than Batch 2
(0.0609 mg/mL; 13.13 mg/cm*min~') at 37 °C.

The addition of Soluplus® and hydroxypropyl-B-cyclodextrin significantly enhanced OLA solubility in
concentration-dependent manner, up to 1.2-fold and 12-fold for Batch 1 and 2.5-fold and 26-fold for Batch 2,
respectively, after 72 h of incubation. These findings demonstrate that, despite initial differences in polymorphic
composition and particle morphology, appropriate solubilizing agents can mitigate batch-to-batch variability and
optimize OLA solubility.

about its solid-state properties. Since these properties are fundamental
to bioavailability, it is essential to investigate them thoroughly before
pharmaceutical application. Over the past five decades, preformulation
studies have become a cornerstone in pharmaceutical development,

1. Introduction

In recent years, to reduce costs, many pharmaceutical companies
have outsourced manufacturing to external suppliers, leading to stricter

regulations and increased scrutiny of Active Pharmaceutical Ingredients
(APIs) production and -characterization [1,2]. Beyond chemical
composition, the solid-state properties of an API play a crucial role in
formulation, influencing solubility, dissolution rate, stability, process-
ability, and overall drug performance. Proper solid-state characteriza-
tion is therefore essential to prevent formulation issues, optimize drug
development, and reduce production costs and time [3]. However,
technical data sheets provided by suppliers often focus primarily on the
chemical characteristics of the substance, offering limited information
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introducing a more scientific and systematic approach to formulation
design [1]. These studies focus on evaluating the physicochemical and
biopharmaceutical properties of APIs and their interactions with ex-
cipients. A key aspect of preformulation is the solid-state characteriza-
tion of the drug, including assessments of crystallinity, polymorphism,
hygroscopicity, and particle size, as well as the evaluation of solubility
and intrinsic dissolution rate (IDR) [3,4]. Understanding these proper-
ties is critical in improving drug solubility, permeability, and stability,
ultimately aiding in the selection of suitable excipients and
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manufacturing conditions for optimized pharmaceutical formulations
[4]. Olaparib (OLA) (see Fig. 1), a PARP (poly ADP ribose polymerase)
inhibitor, exemplifies the challenges associated with low aqueous solu-
bility and limited permeability, classifying it as a BCS Class IV drug [4,
5]. Despite these drawbacks, OLA has demonstrated significant thera-
peutic efficacy against various tumors and has been approved by regu-
latory agencies for treating ovarian, prostate, and breast cancers [6].
The commercial formulations of OLA include Lynparza® capsules and
tablets, featuring the drug in either a micronized crystalline form
(dispersed in lauroyl macrogol-32 glycerides) or an amorphous form
(embedded in a copovidone-based polymer matrix) to enhance solubility
and bioavailability [7]. However, the capsule formulation requires a
high daily dosage (16 units of 50 mg each), increasing the risk of adverse
effects [8], while the amorphous tablet formulation, though more
bioavailable, poses stability and large-scale manufacturing challenges
[7,9,10]. API batches identified as 99.9 % chemically pure by suppliers
can exhibit significant variability in their physical properties, leading to
inconsistencies in formulation performance despite following identical
protocols. Studying the solid-state properties of an API and its behavior
in aqueous environments, especially in terms of solubility and IDR, is
fundamental for designing an effective dosage form [3]. OLA is known to
exist in two anhydrous polymorphic forms (Form A and Form L), which
have been described in two patents [11,12]. Form A, typically obtained
via crystallization from ethanol/water or methanol/water mixtures, is
the one selected for commercialization. This polymorph exhibits a
higher melting point (~210 °C) and is readily formed under
manufacturing conditions. Form L, which can also crystallize from
similar solvent systems, shows a lower melting point (~198.5 °C) and
has been observed to recrystallize to Form An upon heating, suggesting a
thermally induced transition [13,14]. These forms differ significantly in
their physiochemical properties, with Form A being more soluble than
Form L. Due to its higher solubility, Form A is the preferred polymorphic
form in the marketed Lynparza capsules. However, routine quality
control of commercial batches has revealed that levels of Form L above
20 % within Form A may affect drug efficacy, as such concentrations are
sufficient to reduce the solubility of the active substance [15].

Given the importance of polymorphic identity on solubility, stability,
and bioavailability, a thorough understanding of the crystalline forms
and solid-state properties of each batch is essential. Despite the phar-
maceutical relevance of these crystalline polymorphs, previous research
has focused primarily on thermal analysis and on a qualitative inter-
pretation of powder X-ray diffraction (PXRD) patterns, without
providing a full structural elucidation of these crystalline forms. In
contrast, in this study, we provide, for the first time, a full powder
structure determination of Form L. To our knowledge, this is the first
work to offer such a characterization, providing structural insights that
support a broader understanding of its physicochemical properties.

In this study, we investigated the solid-state characteristics of two
batches of OLA (Batch 1 and Batch 2), identifying distinct differences in
their crystalline, thermal, and micromeritic properties by using analyt-
ical techniques, including PXRD, Fourier Transform Infrared
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Spectroscopy (FT-IR), Differential Scanning Calorimetry (DSC), Ther-
mogravimetric Analysis (TGA), and morphological assessments. These
analyses provided valuable insights into the crystal structure, thermal
stability, and molecular interactions that influence the drug’s physico-
chemical properties. Notably, we report for the first time, the identifi-
cation of a polymorphic mixture (Form A and L) in one of the
commercial batches of Olaparib, with associated implications for solu-
bility and dissolution behavior.

Furthermore, solubility and dissolution studies in aqueous environ-
ments of the two batches were conducted to assess the impact of solid-
state differences. Given low solubility of OLA, phase solubility studies
were performed in the presence of two solubilizing agents - Soluplus®
(SOL) and hydroxypropyl-p-cyclodextrin (HP-B-CD) (see Fig. 1) to
evaluate their potential in enhancing drug solubility and bioavailability.
This research aims to highlight the importance of preliminarily evalu-
ating the solid-state properties of the purchased APIs, in the specific case
of the two batches of OLA powders and provide a scientific foundation
for optimizing its pharmaceutical formulation, ultimately improving its
therapeutic effectiveness.

2. Materials and methods
2.1. Materials

Two batches of OLA were purchased from Cabru s.a.s. (Arcore, Italy).
HP-3-CD (DS = 7.5, MW = 1480 Da, molar substitution 0.88) was
donated by Farmalabor Srl (Canosa di Puglia, Italy). SOL (polyvinyl
caprolactam-polyvinyl acetate-polyethylene glycol graft co-polymer)
was donated by BASF (Ludwigshafen am Rhein, Germany). For the
analysis, distilled water (conductivity of 18.2 MQ cm at 23 °C) was
obtained by the purification system Milli-Q (Purelab DI, MK2) (Elga,
High Wycombe, UK). Methanol for HPLC was purchased by Sigma
Aldrich Italy (Milan, Italy).

2.2. Solid-state characterization studies

2.2.1. FT-IR spectroscopy, TGA and DSC analyses

The solid-state study of the two different batches (Batch 1 and Batch
2) of the drug was carried out using FT-IR, TGA, and DSC. The density
and specific surface area of the two batches were also investigated.

KBr pellets with ~2 % of each sample were examined by the FT-IR
1600 PerkinElmer spectrophotometer for FT-IR analysis. The data was
collected between 4000 cm™! and 400 cm L.

The PerkinElmer Thermogravimetric Analyzer Pyris 1 TGA was
employed to conduct TGA analysis on the pure drug. Each sample (~9
mg) was placed into platinum pans and heated at a rate of 10 °C/min to
achieve a temperature of 600 °C. The thermal decomposition (or
degradation) profile was examined using PyrisTM software version 11.
During the trials, the nitrogen (N3) gas flow rate was 20 mL/min.
Thermal DSC analysis of the powders was carried out using PerkinElmer
DSC 4000 equipment. The enthalpy and temperature were calibrated
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Fig. 1. Chemical structure of the active ingredient OLA and the solubilizing agents HP-B-CD and SOL.
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using Indium as a standard and blank control. The samples (5-10 mg)
were placed in an aluminum pan with a 40 mL capacity and 0.1 mm
thickness, after which they were covered with perforated aluminum lids.
Finally, they were heated from 0O to 230 °C at a 10 °C/min rate.
Furthermore, additional scans were performed for each sample using
multiple heating and cooling cycles, which included an initial heating
phase from 30 °C to 230 °C at a rate of 10 °C/min, followed by a sub-
sequent cooling phase from 230 °C to 30 °C at a rate of 20 °C/min and
finally, a further heating phase in the same temperature range and at the
same rate as the first phase.

Subsequently, the two samples were again investigated using mul-
tiple heating and cooling cycles scans to highlight the differences be-
tween the peaks noted. The new scans were carried out through a first
heating phase from 30 °C to 210 °C at a rate of 2 °C/min (90 min),
followed by an isothermal scan at 210 °C for 10 min, a subsequent
cooling phase from 210 °C to 30 °C at a rate of 2 °C/min (90 min) and
finally a new heating phase from 30 °C to 240 °C at a rate of 2 °C/min
(110 min). During each analysis No was used as purge gas at a 20 mL/
min rate.

2.2.2. Powder density and specific surface area

The density of the two batches was measured using the Anton Paar
Ultrapyc 5000 gas pycnometer (Anton Paar, Graz, Austria). To perform
the measurement, the powder was poured into a microcell of known
volume (10 cm?) and the system was subsequently weighed and inserted
into the instrument. The experiment was conducted at a controlled
temperature of 25 °C and under N5 flow with a controlled pressure in the
measuring chamber of 4.205 psi.

The identified densities were used to assess the specific surface area
of the powders using a Manual Blaine Air-Permeability Apparatus
(Testing Bluhm & Feuerherdt GmbH, Berlin, Germany) [16]. Briefly, a
filter paper disc was placed over the perforated metal disc of the
permeability cell. The powder was weighed and transferred to the
permeability cell for examination. The cell was leveled to even out the
surface of the powder bed and covered with a second filter paper disc
employing a 10 g plastic pencil without applying pressure. The perme-
ability cell was attached to the manometer tube and the tightness of the
system created was verified. The air from the pressure gauge was
evacuated using a rubber bulb until the liquid level was at its highest
point. With the help of a timer, the time required for the liquid to drop
from the second to the third mark on the pressure gauge was measured.
The operation was repeated three times to measure the time taken for
the air to flow through each powder bed and all samples were under the
same temperature and humidity conditions.

The specific surface area per unit of mass (S,) of the investigated
Batch 1 and Batch 2 powders expressed in [cm?/g] was obtained
through the following Equation (1):

fo ve xi%
Tp T l-e Y10 x5

where K is the apparatus constant determined experimentally by iden-
tifying the volume of the powder load cell (equal to 19.49 g/cm? x s2), e
is the porosity (equal to 0.5), p represents the density of the powder, 7 is
the air viscosity at 20 °C (equal to 0.00001819 Pa x s) and t represents
the recorded flow time in seconds.

Sw (€Y

2.2.3. Scanning electron microscopy and PXRD

Morphological analyses of the powders were conducted by Scanning
electron microscopy (SEM) by using a SEM HITACHI TM3000 with
DEBEN "Tilt & Rotate Sub-Stage," setting the accelerating voltage at 15
Kv, the vacuum values at 5x10~> Pa and the working distance at 6.60
mm.

The crystal structure characterization was performed using PXRD
data. The diffraction patterns of Batch 1 and 2 were collected at room
temperature using a Rigaku Rint2500 laboratory diffractometer
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equipped with a rotating Cu anode. The instrument, operated at 50 kV
and 200 mA in Debye-Scherrer geometry, used an asymmetric Johans-
son Ge (111) crystal to select monochromatic CuKa; radiation (A =
1.54056 A), along with the silicon strip Rigaku D/teX Ultra detector. The
data were collected in the 7 to 65° (298) range, with a step size of 0.02°
(29) and a counting time of 6 s/step. For the measurements, the powder
sample was placed in a 0.5 mm diameter glass capillary, which was
mounted on the goniometer’s axis. The capillary was rotated during the
measurement to enhance the randomization of the individual crystal-
lites’ orientations and minimize the potential effect of preferred
orientation.

The crystal structure was determined using the EXPO software [17]
in a fully automated process, following the standard steps of poly-
crystalline structure determination. This includes calculating the unit
cell parameters, identifying the space group, solving the structure, and
refining the model using the Rietveld method [18]. Specifically, the
N-TREORO9 software [19], as integrated into EXPO, was used to index
the powder pattern by selecting and fitting the first 25 well-defined
low-angle peaks. The unit cell parameters that gave the highest figure
of merit (Myy = 36), successfully indexed all peaks with a monoclinic
cell. Systematic absences suggested the space group P2;/c as the most
probable one. The crystal structure determination was performed in
direct space [20] using the Simulated Annealing (SA) algorithm imple-
mented in EXPO. The initial starting model was constructed with the
sketching facilities of ACD/ChemSketch (ACD/ChemSketch, 2003), and
geometrically optimized with the MOPAC2016 program (MOPAC2016,
2016). The SA relies on minimizing the difference between observed and
calculated intensities by adjusting the position, orientation, and
conformation of an expected molecular model within the unit cell. The
angular range of 7° < 260 < 45.3° (2.0 A resolution) was used. During the
minimization process, EXPO optimized a total of 12 parameters (DOFs),
including 3 coordinates for the position of centers of mass, 3 angles for
orientation, and 6 torsion angles for conformation. The algorithm was
run 100 times under a Linux workstation in default mode and parallel
calculation over 40 CPUs. The most favorable solution, yielding the
lowest cost function (Ry, = 6.26), was selected. The acceptance crite-
rion also considered the integrity of crystal packing. The hydrogen atom
positions were improved by using the density-functional theory (DFT)
geometry optimization performed with Quantum ESPRESSO software
[21]. The resulting crystal structure solution served as the initial model
for the Rietveld refinement. Non-hydrogen atoms were refined aniso-
tropically. All the hydrogen atoms bonded to carbon atoms were placed
at calculated positions and refined isotropically using a riding model
approximation under the constraint on atomic displacement parameters
Uiso(H) = 1.2Uiso(C). Pearson VII function was employed to model the
peak shape, and the atomic displacement parameters were isotropically
refined, and constrained to have consistent values for atoms of the same
chemical element.

To validate the refined crystal structure, periodic, solid-state calcu-
lations performed by Quantum ESPRESSO, an ab initio quantum-
mechanical program employing plane waves and density-functional
theory to simulate the properties of solids, were executed. The
following execution parameters were used: PBE potentials from the SSSP
Efficiency PBE (version 1.1) library [22], a cut-off parameter set to 60 Ry
to control calculation accuracy, k-point spacing was 0.15 10\_1, van der
Waals interactions were corrected employing a Grimme’s D3 dispersion
correction [23]. Only the atomic coordinates of the structure were
optimized using the experimental cell parameters and atomic positions
obtained from the Rietveld refinement. The root-mean-square (RMS)
displacements of non-H atoms between the DFT-optimized and experi-
mental crystal structure was 0.050 A, providing strong evidence for the
correctness of the experimental structure [24]. X-ray Crystallographic
Information file OLA-L _file0O1.cif contains the supplementary crystal-
lographic data for this paper, and is supplied as an independent Sup-
porting Information file for this article. This file can also be obtained free
of charge from the Cambridge Crystallographic Data Centre via www.cc
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dc.cam.ac.uk/data_request/cif
quest/cif> (CCDC 2337326).

The previously described structural characterization refers to Batch
2, which was confirmed to be a pure phase, whereas the crystal structure
characterization of Batch 1 was not feasible due to its composition as a
mixture of two crystalline phases.

<http://www.ccdc.cam.ac.uk/data_re

2.3. OLA behavior in aqueous environment

2.3.1. High-pressure liquid chromatography method for OLA concentration
determination

High-pressure liquid chromatography (HPLC) determination of OLA
was performed using Shimadzu HPLC Nexera series, equipped with SPD-
M40 photodiode array detector, SIL-40C autosampler, and CTO-40C
column oven. For evaluation, a Zorbax C18 column (150 mm x 4 mm;
5 pm particles) was eluted in isocratic mode with a mixture of methanol
and deionized water (64:36 v/v), constantly monitoring the eluent at
276 nm. A flow rate of 1 mL/min and a column temperature of 30 °C
were utilized, resulting in the elution of the drug at a time of 3.21 min
(min). The assay was performed by injecting a 20 puL volume of each
sample. The data analysis was processed using LabSolutions version
5.111 Shimadzu Corporation.

For the determination of the concentration of OLA in water, a cali-
bration curve was performed in the 0.5 pg/mL - 100 pg/mL range, and a
linear plot (R2 = 0.999) was produced.

2.3.2. Equilibrium aqueous solubility determination of OLA

The study evaluating the equilibrium aqueous solubility of the drug
from Batch 1 and Batch 2 was conducted by placing an excess of the API
inside vials containing 2 mL of distilled water (pH 6.0). Samples were
placed inside a thermostatically controlled bath at 37 + 0.5 °C and a
climatic chamber at 25 + 0.5 °C. Samples were analyzed at 24, 48, 72,
96 and 168 h (h), after being centrifuged at 13000 rpm for 10 min at
37 °C or 25 °C respectively and the supernatant was diluted 1:100 in a
mixture of methanol/water (64:36 v/v). HPLC analysis of all samples
was conducted in triplicate.

2.3.3. Dissolution profile of the powders in water

The dissolution studies of the powders from the two batches were
conducted in distilled water (pH 6.0) for 8h and in an acidic environ-
ment simulating gastric pH conditions (0.1 M HCI, pH 1.2) for 2h, to
investigate potential differences shown by the samples. Both analyses
were conducted in triplicate using a Vankel paddle dissolution tester
USP II model VK 7000 (Varian, Inc., U.S.), setting the paddle speed at
100 rpm and the vessel temperature at 37 + 2 °C. Briefly, 5 mg of OLA
from Batch 1 and Batch 2 were weighed, and subsequently placed in a
vessel with a volumetric capacity of 900 mL of distilled water or 0.1 M
HCl medium. 5 mL samples were then taken at determined intervals of
time until the end of the analysis and each sample was replaced with an
equal volume of appropriate medium. Finally, samples from both
dissolution studies were analyzed by HPLC for drug concentration
determination.

2.3.4. Intrinsic dissolution rate profile of the powders in water

The IDR method assessed the different drug dissolution profile from
Batch 1 and Batch 2. For the test, a slightly modified version of a method
previously used in the literature was employed [25]. Briefly, 100 mg of
pure powder sample were pressed within the test apparatus using a 15
Ton Hydraulic KBr Press (PerkinElmer, Waltham, Massachusetts, US)
resulting in a cylindrical tablet of 14 mm diameter. The resulting tablets
were inserted into a cylindrical steel tube of the same diameter (14 mm)
with open ends. Thus, the system was suspended inside a vane dissolver
so that only one side of the tablet remained exposed to the solvent. The
dissolution medium was 900 mL of water solution, and the temperature
was maintained at 37 + 0.5 °C [25]. At scheduled intervals, samples
were taken from the dissolution vessel, which were subsequently
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analyzed by HPLC to assess the amount of OLA in solution using the
above-described method. When the amount of dissolved drug (mg/mL)
is expressed as a function of time (min), the slope of this curve gives the
IDR. Three parallel experiments were recorded. The IDR of the OLA was
determined through Equation (2) below:

IDR=V x

2
Adixc

Where V is the volume of the medium (mL), k is the initial slope of the

dC/dt curve (concentration in mg/mL per time unit), and Ag;s. is the total

surface area of the produced disc (cm?).

2.4. Phase solubility in the presence of HP--CD and SOL

The phase solubility study of OLA from Batch 1 and Batch 2 in the
presence of two different solubilizing agents HP-B-CD and SOL was
performed according to the Higuchi-Connors method [26,27]. Briefly, 2
mL samples containing solutions at various concentrations of HP-3-CD
were prepared, covering a concentration range from 14 to 112 mM. An
excess amount of drug was placed inside each solution, and the resulting
suspensions were mixed for 2 min. Similarly, an excess of the drug was
placed inside vials containing aqueous solutions of equal volume (2 mL)
and at different SOL concentrations. These concentrations were in the
range of 3.39-67.8 mM. Subsequently, all the samples were allowed to
rest in a thermostatic bath at 37 + 0.5 °C at a constant oscillation for 24,
48, and 72h. Hence, the samples were centrifuged at 13000 rpm for 10
min at 37 °C and the supernatant was analyzed. The solubility diagram
was obtained by plotting the molar concentration of the drug against the
HP-B-CD or SOL molar concentration.

2.5. Statistical analysis

The results are expressed as the mean + SD from three independent
experiments. For equilibrium aqueous solubility data, statistical signif-
icance was calculated using a two-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc tests (GraphPad Prism version 5.0
for Windows, GraphPad Software, San Diego, CA). Differences were
considered statistically significant at p < 0.05*.

3. Results and discussion
3.1. Solid-state characterization studies

The solid-state characterization studies of two purchased OLA
batches, performed by a detailed investigation of granulometry and
particles morphology, powder density, and specific surface area,
revealed differences in their physical properties. Further analysis, per-
formed via FT-IR, TGA and DSC, supported the hypothesis of the pres-
ence of two polymorphic forms of the API. PXRD analysis confirmed
these polymorphs, previously identified in the literature as Form A and
Form L [11,12].

3.1.1. FT-IR spectroscopy, TGA and DSC analyses

In the present study, FT-IR spectroscopy was employed to assess
possible variations in the solid physical state of OLA in the two batches.
These variations may depend on the different degrees of crystallinity
and the alteration of hydrogen bonds, which describe specific vibra-
tional frequencies resulting in frequency shifts and/or subdivision of
absorption peaks [28]. Although for both OLA batches, it is possible to
note the symmetrical elongation vibration at 3170 cm™! related to the
N-H bond of the amide group and the elongation vibration at 1660 and
1630 cm ™! corresponding to the C=0 group [29], there are some dif-
ferences between the two spectra (Fig. 2). The first powder spectrum
(Batch 1) shows the stretching bands of the N-H group more diffuse and
broadened, as well as a slight shift towards lower frequencies of the C=0
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Fig. 2. FT-IR spectra of Batch 1 (green) and Batch 2 (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

group. This behavior may be related to the lower degree of crystallinity
of Batch 1 compared to Batch 2, as later indicated by the X-ray
diffraction patterns, which will be described and discussed in detail in
the following sections.

Moreover, the thermal behavior of the samples was studied utilizing
TGA and DSC analysis. As can be seen from Fig. 3, the TGA curves for the
powders overlap and shows an absence of weight loss before decom-
position, indicating that no water or residual solvent is present [30].
This finding excludes the presence of pseudopolymorphic forms (e.g.,
hydrates or solvates) and confirms that both samples were constituted
by anhydrous polymorphs. The degradation temperature of both batches
is around 300 °C, as confirmed by other works in the literature [29].
However, it is possible to identify a small difference in the temperature
of onset of degradation, which turns out to be lower in the Batch 2
sample (~270 °C) than in Batch 1 (~310 °C). This result suggests the
presence of two different solid states of the drug in the batches inves-
tigated, with a higher stability of one than the other.

DSC analyses were performed to investigate the thermal behavior of
the two OLA batches and to assess the presence of different polymorphic
forms as well as their ability to generate a stable amorphous phase. DSC
analysis was performed in multiple stages: initially to observe the
melting behavior, followed by cycling to assess recrystallization, and
finally to investigate the potential transformation of Form L into Form A.
This sequence of analyses allowed for a detailed characterization of the
thermal behavior and the polymorphic transitions between the two
forms. Multiple heating and cooling cycles were employed to assess the

100

— BATCH 1
50 — BATCH2

Weight (%)

T T
0 200 400 600
Temperature (°C)

Fig. 3. The TGA curves for Batch 1 and Batch 2.

thermal behavior and stability of the polymorphs.

The DSC thermogram of Batch 1 displayed a small endothermic peak
around 202 °C followed by a second one at around 215 °C, while Batch 2
showed two distinct and more intense endothermic peaks at the same
temperatures (Fig. 4A). According to the literature data, the endo-
thermic peak at 215 °C corresponds to the melting of Form A of OLA
[12], whereas the peak at 202 °C is associated with Form L [11]. This
assignment is in agreement with previous reports, that described the
thermal behavior of multiple OLA polymorphs.

To further investigate the thermal behavior of the two forms, DSC
analyses were conducted using multiple heating and cooling cycles at
5 °C/min for the heating steps and 10 °C/min for the cooling step. After
reaching the melting point, neither form exhibited recrystallization
during the cooling phase, nor during the subsequent heating cycle, as
shown in Fig. 4B. Notably, a clear glass transition was observed, without
the appearance of exothermic recrystallization peaks typically associ-
ated with the crystalline drug forms.

The absence of recrystallization during both cooling and subsequent
heating cycles substantiates the classification of both forms as Glass
Forming Ability (GFA) Class III materials, as described by Baird et al.
[31], which refers to amorphous materials that do not show recrystal-
lization upon thermal cycling and exhibit amorphous stability. The
generation of a stable amorphous phase under thermal stress is a
favorable feature for formulation development [31,32].

Finally, an additional DSC experiment was conducted using a
reduced heating and cooling rate of 2 °C/min to enhance resolution of
thermal transitions (Fig. 5A-D). The new scans were carried out through
a first heating phase from 30 to 210 °C at a rate of 2 °C/min (90 min),
followed by an isothermal scan at 210 °C for 10 min, a subsequent
cooling phase from 210 °C to 30 °C at a rate of 2 °C/min (90 min) and
finally a new heating phase from 30 °C to 240 °C at a rate of 2 °C/min
(110 min). The aim of this experiment was to assess whether exposure to
high temperatures could induce the transformation of Form L into the
crystalline Form A.

As shown in Fig. 5A, upon heating both samples from 30 °C to
210°C, an endothermic peak at 200 °C and an exothermic peak at 202 °C
were observed only in Batch 2, corresponding to the melting of Form L
and to a possible recrystallization of the polymorph in Form A, respec-
tively. An onset point of the melting peak of Form A at around 206 °C
was also observed in the thermogram. In contrast, the thermogram of
Batch 1 showed only the onset point of the melting peak of Form A at
around 206 °C. Both samples were then held at 210 °C for 10 min and
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Fig. 4. DSC thermograms of powders from Batch 1 and 2 (a) and their DSC scans using multiple heating and cooling cycles (b).
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Fig. 5. DSC scans of OLA in Batch 1 and 2 using multiple heating and cooling cycles of 30 °C-210 °C thermogram (A), isothermal at 210 °C for 10 min (B), of

210 °C-30 °C (C), and 30 °C-240 °C (D) thermograms.

subsequently cooled to 30 °C at a rate of 2 °C/min (Fig. 5B and C).
During this isothermal hold, one can still discern, in the first minutes of
exposure to the set temperature, the onset of melting of Form A, with no

further baseline shifts for the remaining time (Fig. 5B).
During cooling of the sample to 30 °C at a rate of 2 °C/min, two
minor exothermic events can be observed (at ~200 °C for Batch 2 and
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Fig. 6. Powder X-ray diffraction patterns of Batch 1 (blue), Batch 2 (green), and Batch 2 after prolonged exposition at 210 °C (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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~205 °C for Batch 1) (Fig. 5C), attributable to a structural rearrange-
ment and the partial presence of amorphous material in the batches
following the partial melting phase, which began at 206 °C and was held
isothermally at 210 °C. This is further confirmed by the diffractogram
shown in Fig. 6 for Batch 2 after exposure to 210 °C for 10 min. The
presence of an elevated baseline and the less defined diffraction peaks
indicate that the content of the powder in Batch 2 held to 210 °C for 10
min was partially crystalline and amorphous.

In the second heating cycle up to 240 °C (Fig. 5D), both batches
exhibited a single endothermic peak at approximately 215 °C, which is
characteristic of Form A. These observations suggest that Form L con-
verts into Form An upon thermal exposure. This behavior is indicative of
a monotropic polymorphic system, in which one form is thermally more
stable at all temperatures. In such systems, the less thermal stable Form
L tends to irreversibly transform into the thermal stable Form An upon
heating, typically without exothermic events related to crystallization
[331.

3.1.2. Crystallographic study: PXRD characterization of batch 1 and batch
2

The X-ray powder diffraction data collected from both samples were
analyzed to carry out their structural characterization. In Fig. 6, the
diffraction patterns of Batch 1 and 2 are shown in blue and green,
respectively. According to patents on OLA polymorphs [11,12], Form A
[12] is characterized by distinct peaks at 20 values of 12.0, 17.8, 21.1,
22.3, and 29.2, while Form L [11] exhibits characteristic peaks at 14.4,
17.2,17.5, 18.8, and 23.0. The absence of an elevated baseline and the
presence of well-defined diffraction peaks indicate that both Batch 1 and
Batch 2 are crystalline, with no evidence of significant amorphous
content detectable by PXRD. Fig. 7 compares the experimental powder
diffraction pattern of Batch 1 with the reference peak positions listed
above for both Form A (vertical purple markers) and Form L (vertical
green markers), while Fig. 8 shows the diffraction pattern of Batch 2
with only the characteristic peaks corresponding to Form L (vertical
purple markers).

This comparison clearly indicates that Batch 2 corresponds to pure
Form L, whereas Batch 1 exhibits peaks associated with both Form A and
Form L, indicating the presence of a polymorphic mixture.

The phase fraction of the L-phase within the mixture was estimated
based on the assumption that no matrix effects apply to the polymorphic
mixture of the same compound. In this case the diffracted intensity of a
given phase is directly proportional to its concentration [34]. From the
scaling factor applied to the pure L-phase powder pattern to match the
L-phase peaks in the L- and A-mixture pattern recorded under the same
conditions, the L-phase fraction was determined to be approximately 15
% w/w. This procedure is also known as the external standard method

Journal of Drug Delivery Science and Technology 110 (2025) 107123

[34].

These findings further validate the existence of two distinct OLA
polymorphs and support the conclusions drawn from previous solid-
state analyses.

To test the hypothesis from the DSC study, that prolonged high-
temperature exposure could convert Form L into the more stable Form
A, a PXRD data collection was also performed on the Batch 2 sample
heated at 210 °C for 10 min. In Fig. 6, the diffraction pattern of this
heated sample (in red) shows characteristic peaks of Form A, including
the most intense at 20 = 22.3°, while the peaks specific to Form L
disappear.

The heated compound exhibits a predominantly amorphous struc-
ture, with only residual crystallinity corresponding to peaks matching
those of Form A. The broad background and reduced peak intensity
suggest that the 10-min heat treatment at 210 °C is sufficient to induce
amorphization, although not completely. For clarity, a magnified view
of the relevant diffraction range is included. This confirms that extended
heating leads to transformation into Form A and significant amorph-
ization. In terms of crystal structure characterization, this study repre-
sents the first structural determination of Form L, as there are no
previous reports in the literature providing a full structural analysis of
this polymorph, though the existence of Form L has been noted in pat-
ents and other studies [12,14]. A full structure solution was successfully
achieved for Batch 2, with the unit cell and crystallographic parameters
reported in Table 1. The main X-ray data and acquisition parameters are
reported in Table S1.

The refined crystal structure is illustrated in Fig. 9a and b. The crystal
packing is mainly stabilized by van der Waals forces. A contribution to
the stability of the crystal packing arises from n-n stacking interactions
between the aromatic rings of symmetry-related molecules, with a
centroid-to-centroid distance of 5.58 A for the strongest interaction
between the phenyl rings that are part of the phthalazinyl groups.

3.1.3. Powder density and specific surface area

Density and specific surface area studies of the powder highlighted a
difference between the two batches. The data collected in Table 2 shows
that the powder in Batch 2 was characterized by a higher density and
specific surface area compared to the other. The higher density suggests
that the particles of this batch are more tightly packed or possess a
different crystalline structure compared to the other. This could impact
the bulk and tap densities of the powders, influencing properties such as
flowability and compaction behavior during the formulation processes
of solid dosage forms (blending, tableting, or encapsulation) and ho-
mogeneity of the API in the final formulation. Powder in Batch 2 also
shows a higher specific surface area. A greater specific surface area
generally means more surface available for interaction with solvents,
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Fig. 7. Powder X-ray diffraction pattern of Batch 1, with the positions of specific and characteristic peaks, as reported in the patents [11,12], highlighted by vertical
purple markers for Form A and by vertical green markers for Form L. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Table 1

Unit cell and crystallographic parameters for Batch 2.
Crystal data
Chemical formula C24H23FN,4O3
Crystal system Monoclinic
Space group P2,/c

a=11.8601 (14)
b =8.0933 (10)

Cell parameters (A,)

¢ =21.637 (3)
B =99.080 (2)

Volume (A% 2050.9 (9)

Z 4

which is often correlated with faster dissolution rates. Faster dissolution
in gastrointestinal fluids can lead to improved bioavailability, assuming
other formulation factors (like solubility) are favorable. This is partic-
ularly important for a BCS class IV drug like OLA characterized by low
aqueous solubility and low permeability, where surface area plays a
critical role in achieving desired plasma concentrations. On the other
hand, a formulator must keep in mind that powders with a higher sur-
face area might also be more sensitive to moisture and other environ-
mental factors, potentially affecting stability over time, and therefore
careful handling and storage conditions might be required.

3.1.4. SEM analysis of powders from batch 1 and batch 2

The morphology of the two powder samples of OLA was investigated
by SEM microscopy analysis. The key role of morphological studies is
determined by the fact that they can provide essential information for
pharmaceutical processing, especially for the development of solid
dosage forms [28]. Indeed, numerous factors depend on the crystalline

habit, such as particle orientation, powder fluidity, degree of packing,
and even the dissolution profile of the powdered drug [35].

Fig. 10 shows that Batch 2 was composed of a single crystal family,
with an irregular, parallelepiped-like shape that is repeated unchanged
for all the crystallites analyzed. The size of the crystallites was also
constant and comparable to each other (~5 pm) (Fig. 10A-B). On the
other hand, Batch 1 presented a more heterogeneous composition in
terms of crystallite shape and size. Although some of them were smaller
in size (~2 pm) than those of the other sample, it has very large (~60
pm) and irregularly shaped aggregates (Fig. 10C-D). These differences
in the morphology of the two samples of OLA can considerably affect the
characteristics of the powders, such as the specific surface area and the
dissolution rates, the different densities and compressibility. In fact, the
presence of such large aggregates within the Batch 1 results in a smaller
specific surface area (Table 2), going to slow down the rate of interaction
with the solvent and decreasing the dissolution rate of the sample as
discussed in the following. This aspect is important when a drug is a BCS
class IV characterized by low solubility and low permeability. Further-
more, the presence of large aggregates lowers the level of compress-
ibility of the powder and increases its total density, making it less
workable and effective in the formulation phase.

Table 2
Density and specific surface area parameters of commercial powders in Batch 1
and 2.

SAMPLE DENSITY (g/cm®) SPECIFIC SURFACE AREA (cm®/g)
Batch 1 1.3819 + 0.037 3823 + 41
Batch 2 1.4163 =+ 0.045 4320 + 72

Fig. 9. The asymmetric unit of the Batch 2 compound (a); view of the packing of Batch 2 molecules along the b-axis. All hydrogen atoms have been removed for
clarity (b). Color legend: carbon (light grey), hydrogen (white), oxygen (red), nitrogen (blue), sulfur (yellow), fluorine (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. SEM images of Batch 2 (A-B) and 1 (C-D) at different magnifications.

3.2. OLA behavior in aqueous environment

Based on the results obtained, which showed the presence of a
mixture of Form A and Form L in Batch 1 and the pure polymorphic
Form L in Batch 2, evaluated and clarified how different solid states of
the samples could affect their micromeritic properties, we decided to
also assess their behavior in an aqueous environment.

Preformulation studies of powders in an aqueous environment
characterized by varying particle size and polymorphic compositions are
of paramount importance in pharmaceutical development. The knowl-
edge of fundamental properties of a drug in water, such as aqueous
solubility and dissolution, is crucial for predicting drug bioavailability,
optimizing formulation design, and ensuring consistent product per-
formance. Differences in particle size and crystal structure can signifi-
cantly impact on dissolution behavior of a drug, thereby affecting its rate
and extent of absorption.

3.2.1. Equilibrium aqueous solubility of OLA

The equilibrium solubility of the powders from each sample was
studied in water for 7 days at two different temperatures, 25 and 37 °C.
As shown by the results reported in Fig. 11, after 24 h the equilibrium
solubility was reached. The powder from Batch 1 exhibited a water
solubility of 0.1239 + 0.012 mg/mL (37 °C) and 0.0918 + 0.008 mg/mL

Fkkk

(25 °C), about twice that of the powder from Batch 2 (0.0609 + 0.004
mg/mL at 37 °C and 0.0505 + 0.003 mg/mL at 25 °C). These values
remained approximately constant throughout the analysis period at
each evaluated temperature. The results obtained are in agreement with
the PXRD data, as the lower crystallinity of Batch 1 compared to Batch 2,
results in higher drug solubility.

Consequently, the raw materials used could be crucial for the
development of formulation, especially for oral dosage forms. The
higher solubility of OLA in Batch 1 suggests that formulations utilizing
this powder may result in better bioavailability, potentially enhancing
drug absorption in the gastrointestinal tract. This is particularly bene-
ficial for OLA, given its low bioavailability.

3.2.2. Dissolution profile of the powders in water

The influence of the different granulometry of Batch 1 and Batch 2 on
the drug release profile was assessed through various dissolution studies
conducted on the powders. Dissolution studies of the two powders were
performed both at 37 °C in an aqueous environment for 8 h and in an
acidic environment simulating the pH conditions of the gastric tract for
2 h. The results show that the powder from Batch 2 dissolved faster than
that from Batch 1 (Fig. 12A). Specifically, in an aqueous environment,
90 % of drug dissolution was achieved by the powder from Batch 2,
while 75 % of drug dissolution was showed for the other sample after 8

=3 BATCH 125°C
B BATCH 2 25°C
E3 BATCH 137°C
B8 BATCH237°C

0.15+
*kk

- -
§ 0.10
=2
E
o 0.05+

0.00-

24 48 72 96 168
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Fig. 11. Equilibrium aqueous solubility of powders of Batch 1 and 2 at 25 and 37 °C measured from 24 to 168 h (7 days). Results are shown as mean + SD (n = 3).
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Fig. 12. Study of the dissolution rates of powders from Batch 1 and 2: (A) in water for 8h and (B) in 0.1 M HCI (pH 1.2) for 2h. Results are shown as mean + SD (n

=3).

h. This trend was also confirmed in an acidic environment, where
powder in Batch 1 achieved around 70 % of drug dissolution at 2 h,
against the 100 % observed for Batch 2. This behavior contrasts with the
solubility results and the higher crystallinity of Batch 2. These findings
can be explained by the differences in particle size distribution between
the two powders, as observed in the SEM analysis. The sample con-
taining pure Form L showed a more uniform and finer particle size
distribution, resulting in a larger surface area exposed to the aqueous
solvent (Fig. 10). Consequently, the dissolution rate of Batch 2 was
significantly higher compared to Batch 1.

3.2.3. Intrinsic dissolution rate profile of the powders in water

The evaluation of the IDR of the drug was carried out following
compaction of the powders in Batch 1 and 2 to form a compressed
surface area exposed to the solvent water. This allowed us to exclude the
physical characteristics of the powder (such as granulometry and spe-
cific surface area) from the dissolution evaluation, ensuring that dif-
ferences in dissolution rates are attributable only to the intrinsic
properties of the drug (i.e. the presence of polymorphs). In fact,
compaction renders porosity and powder density irrelevant, factors that
may influence drug release rates depending on the resistance of the
powder to solvent penetration [36]. The results in Fig. 13 showed that
powder in Batch 1 exhibited almost double IDR in the aqueous medium
(26.74 mg/cmz-min’l) compared to powder in Batch 2 (13.13
mg/cm?min1). This behaviour exhibited by sample could be due to the
lower crystallinity of powder in Batch 1, which makes also the drug
more soluble, confirming the results already observed in the aqueous
solubility evaluation described previously. Indeed, it is well known that
the dissolution process is explained by the second law of thermody-
namics, whereby dissolution can be interpreted in thermodynamic terms
as a transition driven by entropy increase, where the breaking of sol-
ute-solute interactions and the formation of solute-solvent interactions
promote solubilization [37]. In our case, the higher solubility and IDR
observed for the powder in Batch 1 (a mixture of Form L and the less
crystalline Form A) is consistent with the likely metastable nature of
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Fig. 13. Intrinsic dissolution profiles of powders from Batch 1 and Batch 2 at
37 °C. Results are shown as mean + SD (n = 3).
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polymorph A, while the more crystalline and less soluble Form L (in
Batch 2) is likely the thermodynamically stable form under ambient
conditions, despite transforming into Form An upon heating. This
behaviour reflects greater thermal stability of Form A in the solid state,
but not necessarily lower free energy in aqueous solution. IDR is a
critical parameter in the development of solid dosage forms. The results
showed in this study highlight that the properties of a powder (particle
size, surface area, polymorphism) can differ from one batch to another
and impact on its dissolution. The determination of IDR of both the
batches can help a formulator during the early development phase of a
dosage form. IDR is directly related to the bioavailability of a drug, as a
higher dissolution rate indicates that the drug could dissolve more
rapidly in the gastrointestinal tract after oral administration of a dosage
form [38]. From an industrial point of view, the IDR is important to
measure compounds that suffer from limited solubility and absorption to
better understand formulation aspects that may allow its complete
dissolution during the transit time of the gastrointestinal tract. The re-
sults observed in this study show that for both the powders the IDR
values do not present criticality, since they are greater than 1
mg/cm?min~!, a value considered limiting for bioavailability purposes.
On the contrary, the criticality is observed on solubility, as in both
batches a very low value was found such as to classify OLA as a BCS class
IV. For this reason, a solubility study in the presence of solubilizing
agents has been undertaken.

3.3. Phase solubility in the presence of HP-f-CD and SOL

The potential to enhance the aqueous solubility of OLA by solubi-
lizing agents was evaluated for both batches in water at 37 °C over a 72-
h period. The equilibrium solubility values obtained in the presence of
increasing concentrations of HP--CD and SOL are presented in
Fig. 14a-d. As shown in the graphs, OLA solubility was strongly influ-
enced by both the type and concentration of solubilizing agent. In the
case of HP-B-CD, a moderate but progressive increase in solubility was
observed for both samples over time, reaching a plateau. This
enhancement is attributed to the well-known ability of CDs to form in-
clusion complexes with hydrophobic drug molecules in aqueous media
[39,40].

Specifically, at the highest HP-3-CD concentration used, OLA solu-
bility increased by 12-fold for Batch 1 and 26-fold for Batch 2 compared
to their initial equilibrium solubility (Sg) (Fig. 14a-b). Interestingly,
despite the differences in crystalline form and solid-state characteristics
between the two batches, both ultimately reached approximately the
same final concentration of 1.5 mg/mL. This suggests that HP-3-CD
effectively can eliminate solubility differences due to the initial solid
state of the drug, likely through the formation of stable host-guest
complexes that shield the hydrophobic regions of OLA and promote its
dissolution.

The solubilizing effect of SOL was also investigated. SOL is an
amphiphilic polymer known for its micelle-forming properties,
hydrogen bonding capacity, and precipitation inhibition effects. Above
its critical micellar concentration (CMC, 7.6 mg/L) [41], SOL can form
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Fig. 14. Phase solubility diagrams of the powders from Batch 1 (a,c) and 2 (b,d) in the presence of increasing concentrations of HP-p-CD and SOL at 37 °C at 24, 48,

and 72 h. All analyses were performed in triplicate.

micelles, facilitating drug solubilization [42,43]. Additionally, SOL can
inhibit nucleation and crystal growth, thereby stabilizing the drug in a
supersaturated state via steric hindrance [44]. Its viscoelastic properties
also make it suitable for hot melt extrusion, expanding its utility in both
liquid and solid dosage forms [45]. As shown in Fig. 14c-d, in the
presence of SOL, OLA solubility increased by 1.2-fold for Batch 1 and
2.5-fold for Batch 2 after 72 h. Although this enhancement was less
pronounced than that observed with HP--CD, SOL effectively brought
both batches to the same final drug concentration of approximately
0.150 mg/ml, again minimizing differences attributable to their
solid-state form.

These findings demonstrate that both HP-B-CD and SOL improve the
solubility of OLA, albeit via different mechanisms: inclusion complexa-
tion in the case of HP-$-CD, and micellar solubilization plus stabilization
effects in the case of SOL. The fact that both excipients eliminated initial
solubility differences between the batches further supports their po-
tential role in standardizing drug performance, regardless of poly-
morphic form. Since OLA belongs to BCS Class IV, characterized by low
solubility and low permeability, improving aqueous solubility is a key
strategy for increasing bioavailability. Enhanced solubility can reduce
required doses, minimize side effects, and shorten exposure to P-glyco-
protein efflux in the gastrointestinal tract, improving absorption [46].
Therefore, the use of such solubilizing agents could overcome the
bioavailability problems exhibited by the polymorph Form L, which
notoriously restricts the use of drug batches at industrial production
level [15]. Finally, the distinct and complementary mechanisms of
HP-B-CD and SOL suggest that their combined use could be a promising
approach for formulation development. Future in vitro and in vivo studies
are warranted to further explore this strategy.

4. Conclusions

This study underscores the relevance of thorough solid-state char-
acterisation in evaluating APIs obtained from commercial suppliers.
Despite identical chemical purity, the two OLA batches analyzed
exhibited distinct polymorphic compositions - Batch 1 containing a
mixture of Forms A and L, and Batch 2 consisting exclusively of Form L.
These differences were associated with variations in equilibrium solu-
bility and IDR, highlighting the impact of polymorphism on the
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biopharmaceutical performance of the drug. Micromeritics differences
in particle size, specific surface area, and powder density were also
identified, explaining the different powder dissolution observed in
water.

Although no solid excipients or manufacturing processes were
investigated, the use of HP-B-CD and SOL as solubilizing agents in
aqueous media significantly enhanced OLA solubility, effectively mini-
mizing batch-to-batch variability. These findings support the need for
early assessment of solid-state properties and rational excipient selec-
tion during formulation development, particularly for poorly soluble
drugs. Such approaches can help ensure consistent product performance
and inform strategic formulation design.
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