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Abstract: Background/Objectives: Approximately 90% of newly developed active pharmaceutical
ingredients (APIs) exhibit low solubility in aqueous environments. The formation of cyclodextrin
(CD)-guest inclusion complexes (ICs) is one method of increasing the solubility of poorly soluble
drugs. In contrast to its crystalline state, a compound is more soluble in its amorphous solid state.
Methods: The purpose of this work was to investigate how the solid-state characteristics of ticagrelor
(TICA) are affected by complexation with specific cyclodextrins. TICA inclusion complexes
containing three different types of CDs were prepared by freeze-drying, co-precipitation, and
kneading methods. Solid-state characterization of pure ingredients, physical mixtures (PMs) and
TICA-CD ICs was performed using: scanning electron microscopy (SEM), powder X-ray diffraction
analysis (PXRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and
temperature-modulated differential scanning calorimetry (TMDSC). Results: The freeze-drying
method was the most effective in terms of obtaining TICA in the amorphous state. Using the
kneading technique, the complexes with lower crystallinity were obtained compared to pure
ticagrelor. Since almost pure crystalline ticagrelor was found in the mixes produced by co-
precipitation, it may be said that the procedure was unsuccessful. Conclusions: Therefore, our
findings suggest that kneading and, particularly, freeze-drying techniques are useful approaches for
preparing TICA-CD amorphous ICs.

Keywords: ticagrelor; cyclodextrin; freeze-drying; kneading; DSC

1. Introduction

Solubility, and consequently the dissolution rate of an active pharmaceutical ingredient (API)
play critical roles in determining the bioavailability of oral solid dosage forms [1]. Given that almost
90% of recently developed APIs show poor solubility in aqueous conditions, this is especially
important [2]. To improve the dissolution rate and bioavailability of novel drugs, strategies often
focus on enhancing their solubility or surface area. The process of converting a drug's crystalline form
to an amorphous state is referred to as amorphization. The amorphous solid state of a compound is
particularly advantageous, as it is more soluble than the crystalline state, which requires significant

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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energy to disrupt the crystal lattice structure. This allows drug molecules to more easily form
intermolecular interactions with solvent molecules, and become soluble [3-6].

Like most new synthetized APIs, ticagrelor (TICA) exhibits low solubility and low intrinsic
permeability, being classified as a class IV compound according to the Biopharmaceutics
Classification System (BCS) [7,8]. TICA is a platelet aggregation inhibitor, the first oral, direct-acting
and reversible inhibitor of the ADP P2Y12 receptor [9]. Various studies have been performed in order
to increase the solubility, dissolution rate and subsequently bioavailability of TICA [8,10-15]. For
instance, Ren et al. [10] studied the impact of crystal habit modification on solubility of TICA. As a
result, changes in crystal surface morphology led to increased solubility. Jung et al. [13] formulated
a high-loaded nanostructured lipid carrier (HL-NLC), which can be developed as sustained-release
tablets. The method of increasing TICA solubility by forming inclusion complexes (ICs) with
cyclodextrins (CDs) was described by Ahmed Alsaad [16]. They concluded that the solvent
evaporation method was more effective than physical trituration and kneading. The solvent
evaporation technique was also studied by Kim et al. [8], their study being the first to report the
improvement of TICA bioavailability by the solid dispersion technique.

Cyclodextrins are homologous cyclic and non-reducing oligosaccharides formed by a-1,4-
linked D-glucopyranoside units with a hydrophilic external surface and a lipophilic central cavity.
They are considered "host molecules”, capable of forming ICs with drugs, which are considered
"guest molecules”. Due to their ability to create "host-guest" systems, they can change the
physiochemical properties of the included drug. Thereby, cyclodextrins, such as beta-cyclodextrin
(B-CD) and its derivatives, can be used to increase properties such as dissolution rate and apparent
solubility of poorly soluble drugs [17-20].

Although numerous studies have focused on the inclusion complexes of drugs with CDs [11,21-
31], little attention has been dedicated to the inclusion complexes with TICA.

The objectives of this current study were:

e  ICs preparation with 1:1 molar ratio of TICA and B-CD, hydroxypropyl-beta-cyclodextrin
(HP-B-CD) and methyl-beta-cyclodextrin (ME-B-CD), respectively. Different preparation
methods were considered for preparing inclusion complexes, such as kneading (KN), co-
precipitation (COP), and freeze-drying (FD, also known as lyophilization);

e solid state characterization of pure ingredients, physical mixtures (PMs) and products of
technological processes, using several analytical techniques such as: scanning electron
microscopy (SEM), powder X-ray diffraction analysis (PXRD), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and temperature-modulated differential
scanning calorimetry (TMDSC);

2. Materials and Methods
2.1. Materials
Ticagrelor (Figure 1) was kindly donated by Zentiva, Bucharest, Romania.
\\\‘.%:[F
HN
Ho\/\o W N/)\S/\/CHs
OH OH

Figure 1. Chemical structure of: a) ticagrelor (TICA) - (1S,25,3R,55)-3-[7-{[(1R,25)-2-(3,4-
Difluorophenyl)cyclopropyl]lamino}-5-(propylsulfanyl)-3H-[1,2,3]triazolo[4,5-d ]pyrimidin-3-y1]-5-(2-
hydroxyethoxy)-1,2-cyclopentanediol.
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B-CD (Figure 2) and its derivates (HP-B-CD and ME-B-CD) were provided by the Hong Kong
Guokang Bio-Technology Co., Limited, Baoji City, Shaan’xi province, China.

Figure 2. Chemical structure of beta—cyclodextrin (B-CD).
All other chemicals and solvents used in the study were of analytical grade.
2.2. Methods

2.2.1. Preparation of the Powders to Be Analyzed

Based on previous studies demonstrating that cyclodextrins increase bioavailability of APIs, the
majority of dosages were less than 100 mg [32]. Consequently, in order to have 45 mg of TICA and
100 mg of CD, inclusion complexes of TICA with CDs were prepared in a 1:1 molar ratio, most
commonly, one drug molecule forming a complex with one CD molecule [11]. The inclusion
complexes (TICA+B-CD, TICA+HP-B-CD and TICA+ME-B-CD) were prepared using co-
precipitation, kneading, and freeze-drying techniques. A Mettler Toledo AT261 (Columbus, OH,
USA) balance (with 0.01 mg sensitivity) was used for weighing all materials. The raw materials, their
PMs, and obtained ICs were characterized by TGA, DSC, PXRD and SEM in order to characterize the
solid state of all compounds.

2.2.1.1. Preparation of the PMs of TICA with CDs

In order to prepare the three different PMs, accurately weighed amounts of TICA and each CDs,
in 1:1 molar ratio, were mixed in a mortar for 5 min at room temperature.

2.2.1.2. Preparation of the Inclusion Complexes

2.2.1.2.1. Co-Precipitation Technique

The TICA and each CD were weighed based on a calculated 1:1 molar ratio. CDs and TICA
solutions were obtained at room temperature by dissolving in water or ethanol, respectively. TICA
solution was added slowly into each CD solution, and the mixtures were continuously stirred for 4 h
at 1000 rpm at room temperature using a Heidolph MR 3001K (Schwabach, Germany) magnetic
stirrer. The obtained suspensions were filtered, and the solids were dried at 25 °C in an exicator for
24 h.

2.2.1.2.2. Kneading Technique

The required quantities of TICA and each CD were transferred to a ceramic mortar and manually
kneaded for 1 h at room temperature. During this process, the samples were wetted with 10 mL of
ethyl alcohol:water (50:50 v/v) mixture. The resulting paste was dried at room temperature for 24 h.
The dried product was then powdered and passed through an 800 micrometers sieve.
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2.2.1.2.3. Freeze-Drying Technique

TICA and each CD solution were prepared analogously to the co-precipitation method.
Calculated amounts of TICA and each CD were weighed, according to 1:1 molar ratio. CDs solutions
and TICA solutions were obtained at room temperature by dissolving in water or ethanol,
respectively. TICA solution was added slowly into each CD solution and the mixtures were
continuously stirred for 4 hours at 1000 rpm at room temperature using a Heidolph MR 3001K
(Schwabach, Germany) magnetic stirrer. After 1 hour, the stirred suspensions were frozen and then
lyophilized at -60 °C for 12 h using the Christ ALPHA 1-2, B (Braun Biotech International,
Melsungen, Germany) lyophilizer.

2.2.2. Binary Powder Systems Characterization

2.2.2.1. Scanning Electron Microscopy

Morphological studies were carried out using a Hitachi TM4000 (Tokyo, Japan) tabletop
scanning electron microscope. Secondary electron images were recorded in high vacuum mode at an
accelerating voltage between 5 and 20 kV. Double-sided conductive adhesive tape was placed on a1
cm diameter aluminum stub, and particles of each dry powder sample were scattered on the tape
and dispersed homogeneously with the use of a spatula by tapping lightly. The samples were
randomly scanned without coating.

2.2.2.2. Powder X-Ray Diffraction

All measurements were conducted on a Bruker D2 Phaser (Karlsruhe, Germany) X-ray
diffractometer using CuKa radiation (wavelength 1.5406 A) in parallel beam geometry. The PXRD
patterns were recorded in the 20 =10 — 70° range, with a scan speed of 2° / min and a 0.02° step size.

2.2.2.3. Differential Scanning Calorimetry and Temperature-Modulated Differential Scanning
Calorimetry

All DSC and TMDSC measurements of the samples were performed using the NETZSCH DSC
214 Polyma (Selb, Germany). Aluminum crucibles (type Concavus) with pierced lids were used.
Nitrogen at a flow rate of 40 mL min! was used as the purge gas. Approximately 10 mg of each
sample were heated at a rate of 10 °C min in a 0 — 200 °C temperature range. The temperature and
heat flow rate calibration were performed using high-purity indium as a standard (Tws = 156.65 °C
and AHrs = 28.45 ] g1). Thermograms were normalized to the sample weight. Data were analyzed
using NETZSCH Proteus® software (Selb, Germany).

2.2.2.4. Thermogravimetric Analysis

TGA measurements were carried out with an TG 209 Tarsus Netzsch (Selb, Germany)
thermogravimetric analyzer using open ceramic crucibles. Nitrogen was used as a purge gas at a flow
rate of 40 mL min-'. The samples (about 10 mg) were heated at 10 °C min from 20 to 400 °C.

3. Results and Discussions

3.1. Characterization of Pure Components, PMs and Products of Technological Processes

3.1.1. TGA Analysis

Thermogravimetric analysis was performed in order to evaluate the thermal stability of all
samples and to establish the host-guest interactions between the compounds in the solid state [33].

Various IC production methods of the ICs fabrication processes produced varied solid-state
structures, as shown in Figures 3-5. Regarding the diagrams of the co-precipitation products, they
were comparable to those of the pure materials, with no traces of CDs to be observed. Thus, it was


https://doi.org/10.20944/preprints202502.2057.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2025 d0i:10.20944/preprints202502.2057.v1

5 of 17

believed that there was no interaction between TICA and CDs, the last mentioned being lost during
the filtration process. The kneading and freeze-drying synthesis procedures resulted in TGA
thermograms with thermal decomposition patterns that differed from those of the individual
compounds.

TGA curve of B-CD (Figure 3) could be separated into two sections. The first stage, at around
100 °C, results in a 9.33% mass loss due to solvent evaporation. The second stage, which ranges from
260 to 350 °C, is related to the thermal decomposition of the CD. The initial decomposition
temperature of pure B-CD was approximately 290 °C, which is consistent with the literature [28].
TGA results of B-CD+TICA IC are somewhat unusual. The major weight loss for the IC starts around
280 °C. Therefore, the possible formation of the IC decreased the CD thermal stability by few degrees.
This may have resulted from the molecular structure of B-CD. When the active ingredient is included
into the CD cavity, the distance between the compounds caused by the intermolecular attractive
forces, such as van der Waals interaction and hydro-phobic interaction, may be longer compared to
the other CDs. Thus, steric congestion can make the inclusion complex unstable [34-36].

Due to thermal breakdown events, HP-B-CD (Figure 4) and ME-B-CD (Figure 5) achieved
thermal weightlessness in a single phase. HP-B-CD+TICA and ME-B-CD+TICA inclusion
complexes presented increased thermal stability compared to TICA, which indicates the better
stability provided by the complexation process. This suggests the insertion of TICA in the CD cavity
and the formation of inclusion complexes [34].

100

80+

60
—TICA

404 —B-CD
——TICA_B-CD_COP
——TICA_B-CD_FD

204 ——TICA B-CD_KN

T T
50 100 150 200 250 300 350 400
Temperature (°C)

Weight (%)

Figure 3. TGA curves of TICA, B-CD and TICA+B-CD IC.
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80
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—TICA
404 ——HP-B-CD
—— TICA_HP-B-CD_COP
——TICA_HP-B-CD_FD
204 ——TICA_HP-B-CD_KN

T T T
50 100 150 2

Temperature ( C)

Weight (%)

Figure 4. TGA curves of TICA, HP-B-CD and TICA+HP-B-CD IC.
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Figure 5. TGA curves of TICA, ME-B-CD and TICA+ME-B-CD IC.

3.1.1. DSC Analysis

Heat flow versus temperature curve of TICA was determined using standard DSC. Figure 6 and
Figure 7 show the heat-flow rate of TICA at a temperature range from 20 °C to 175 °C, with a 10 °C
min' and 2.5 min-! heating rate, respectively, showing both cooling and second heating runs.

During the first heating, the DSC curve displayed one sharp endothermic peak (Figure 6, curve
A) with an onset at 137.4 °C and a heat of fusion Ahm=81.4 ] g-! due to the melting process. The fusion
parameters values are similar to those reported by Yayé et al. [37] (onset at 136.2 °C and an enthalpy
of fusion Ah =81 ] g due to melting) and Inam et al. [38] (exhibiting a sharp endothermal effect at
137.5 °C). The onset temperature is few degrees lower than that reported by Lobo et al. [39] (onset at
138.92 °C). The PXRD data confirm the crystalline nature of the sample.

During the cooling run (Figure 6, curve B) from the molten state, a glass transition event is
observed with Tgoncooling at 45.1 °C and a change of heat capacity (Acp) at T of 0.28 J g °C-1. A glass
transition is observed on the second heating run (Figure 3a, curve C) at 50.7 °C with a Acp=0.40 ] g
°C1 overlapped with a low-intensity enthalpy recovery peak. Due to the physical aging process of
TICA during cooling and heating below the glass transition, the value of T and estimated Acp during
the heating run is different than during cooling run [40].

0.0 Tor T
A
_ 05 goncosm
‘TU')
s B
2
o
= 1,0 -on heating
= s
Q
T c
1,5
T T T
50 100 150

Temperature (°C)

Figure 6. Heat-flow curves of TICA showing (A) 1st heating (melting of crystalline material), (B) cooling (glass
transition of amorphized material) and (C) 2nd heating run (glass transition with enthalpy relaxation of

amorphous material). The runs were obtained at 10 °C min™! heating rate.

By changing the heating rate from 10 °C min? to 2.5 °C min" different thermal behavior is
observed. On the first heating (Figure 7, curve A), besides the first sharp endothermic peak with an
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onset at Tm1 =137.2 °C and a heat of fusion Ahm1 =82.28 ] g! caused by the melting process, there is a
second lower intensity endothermic peak with an onset at Tm2 =150.8 °C and a heat of fusion Almz =
4.35] g it may suggest some other polymorphic form creation.

A
" 7gn cooling

T on heating
9

Heat flow (W g™)

T T
50 100 150
Temperature (°C)

Figure 7. Heat-flow curves of TICA showing (A) 1st heating (melting of crystalline material), (B) cooling (glass
transition of amorphized material) and (C) 2nd heating run (glass transition with enthalpy relaxation of

amorphous material). The runs were obtained at 2.5 °C min™ heating rate.

Figures 8-10 show the heat-flow rates of starting materials (as reference) and their ICs at a
temperature range from 20 °C to 180 °C, with a 10 °C min-'heating rate. DSC curves of CDs displayed
broad endotherms around 100 °C due to water loss, as also reported by Novac et al. [41].

B-CD results show a broad endothermic peak, associated with water loss, with an onset at T =
85.4 °C and a heat of fusion Ah = 422.6 ] g-'. The results are similar to the general observations by
Pralhad and Rajendrakumar [42].

!
N
1

Heat flow (W

|
w
1

-4

T T
50 100 150
Temperature (°C)

Figure 8. DSC curves of TICA (curve A), B-CDs (curve E) and their prepared IC by: (B) co-precipitation, (C)
kneading and (D) freeze-drying.

A broad endothermic peak, corresponding to the release of water, with an onset at T = 66.2 °C
and a change of enthalpy Ah =170.9 ] g-! was obtained for HP-B—CD. The DSC thermogram of HP-
B-CD was similar to previously published studies [43—45].
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Heat flow (W g™")

T
50 100 150
Temperature (°C)

Figure 9. DSC curves of TICA (curve A), HP-B-CDs (curve E) and their prepared IC by: (B) co-precipitation, (C)
kneading and (D) freeze-drying.

Also, on the thermogram of the third CD, ME-B-CD, a broad endothermic effect with an onset
at T=>52.5°C and a heat of fusion Ah =42.91 ] g-! was observed, similar to the data obtained by Ribeiro
et al. and Zoppi et al. [46,47].

Heat flow (W g™")

W

T T T
50 100 150

Temperature (°C)

Figure 10. DSC curves of TICA (curve A), ME-B-CDs (curve E) and their prepared IC by: (B) co-precipitation,
(C) kneading and (D) freeze-drying.

Based on the DSC results, no TICA endothermal peak at 137.4 °C can be noticed for the powder
obtained by the freeze-drying method, proving the amorphous character of the sample. This could
be explained by an entrapment in the inner cavity of the CD which leads to a reduction in drug
crystallinity, or a possibly dispersion on a molecular level in the solid product, as suggested by Novac
et al. [48].

The findings suggest that kneading and, in particular, freeze-drying methods are effective
strategies for the formulation of TICA ICs with HP-B-CD and ME-B-CD, in 1:1 molar ratio.
Concerning the DSC results in Figures 8-10, the melting peak of TICA and the dehydration peaks of
the CDs were displayed in the co-precipitation method endotherms, which indicated an absence of
interactions between TICA and CDs in such systems. Therefore, the co-precipitation method
produced no complexation between Ticagrelor and CDs in the 1:1 molar ratio in these systems. These
observations are supported by those obtained from PXRD, TGA and SEM analyses.
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3.1.3. TMDSC Analysis

For more accurate measurements TMDSC analysis was performed, in order to analyze the
polymorphic forms of TICA. Figure 11 and Figure 12 show the total, reversing and non-reversing
heat flows, as a function of temperature for pure TICA.

Figure 11 shows the melting process in all three curves. The total heat-flow curve of TICA
revealed a melting endotherm with two sharp melting peaks that corresponded to the melting points
of the two distinct polyforms. The analogous melting behavior was also noticed in the corresponding
reversing and non-reversing curves, respectively. The TMDSC non-reversing curve also indicated
that TICA exhibited a clear cold-crystallization exotherm at 138.14 °C.

0,04

Heat flow (W g™")

044

NOH'VO\./CVSHWQ curve
Total heat-flow

0,5 T T T 1
40 80 120 160

Temperature (°C)

Figure 11. TMDSC analysis of TICA (first run).

On the second run, represented by Figure 12, the total heat flow curve shows the glass transition
followed by the cold crystallization peak. This is followed by the continuous melting and
recrystallization process of these newly formed crystals. The endothermic signals contribute to both
reversible and non-reversible scans, while the crystallization exotherms can only be detected in the
non-reversible signal.

0,04

g
o

o
N
L

Heat flow (W
- A
©

s
2

Non-reversing curve
Total heat-flow

-0,5

T T T T 1
0 40 80 120 160
Temperature (°C)

Figure 12. TMDSC analysis of TICA (second run).

In conclusion, the occurrence of double melting peaks in the DSC thermograms was confirmed
by the TMDSC analysis. As a result, all of the findings presented above corroborated TICA's double-
melting behavior.

3.1.4. SEM Analysis

The morphologies of pure materials and prepared ICs were examined using scanning electron
microscopy SEM. By comparing the microscopic aspects of the powders, SEM can be used as a
supporting analysis method to determine whether the ICs were created. Different forming
procedures have resulted in powders with different morphologies.
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SEM photographs of pure compounds (TICA and CDs), PMs, freeze-drying, kneading and co-
precipitate products are displayed in Figures 13-19, at various magnifications. TICA crystals were
discovered to be irregular in shape, with dimensions ranging from 1 to 20 micrometers, as seen in
both images from Figure 13.

(@ (b)

Figure 13. a) and b): SEM micrographs of pure TICA.

The surface morphology of B-CD, shown in Figure 14, appears as crystalline particles with a
parallelogram form and a rough surface, as previously described by Ficarra et al. [49]. HP-B-CD and
ME-B-CD were found to be porous spherical structures, as demonstrated in research conducted by
Novac et al. [41] and Figueiras et al. [50].

TM4000 20KV x800 BSE M T Sooum'  TMA00O 20kV x800 BSE M ‘ PRV x800 BSE M

(@) (b) (0)
Figure 14. SEM micrographs of pure CDs: a) B-CD; b) HP-B-CD; c¢) ME-B-CD.

The three PMs (Figure 15) are distinguished by the evident presence of particles from both
components (CDs embedded with TICA) which have a morphology similar to that of the individual
pure compounds, with no significant changes in shape or size. As a result, in the solid form, there are
no obvious interactions between the two species.

300pm  TM4000 20kV x800 BSE M

(a) (b) (c)

Figure 15. SEM micrographs of TICA and CDs PMs: a) TICA+B-CD PM; b) TICA+HP-B-CD PM; ¢) TI-CA+ME-
B-CD PM.
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In contrast, drastic changes in particles morphology and shape were observed in products
prepared by freeze-drying method (Figure 16). SEM images of the proposed ICs revealed compact
and uniform structures, indicating a strong interaction between TICA and all CDs in the solid state.

2 )
TM4000 20kV xB0 BSE 500um  TM4000 20kV x100 BSE M 500pm | TM4000 20kV x50 BSE'M

(@ (b) (c)
Figure 16. SEM micrographs of TICA, CDs and ICs prepared by freeze-drying method, 0.5-1 mm; a) TICA+B-
CD IC; b) TICA+HP-B-CD IC; ¢) TICA+ME-B-CD IC.

Increased magnification (Figure 10) revealed that freeze-dried products had a less crystalline
structure with a soft and fluffy appearance, with no distinctions between crystals of single
components.

" " aooym T Tvdo08 nk\f!'s.suwsr:d

(a) (b) (c)

Figure 17. SEM micrographs of TICA and CDs mixtures prepared by freeze-drying method, 0.03-0.1 mm; a)
TICA+B-CD IC; b) TICA+HP-B-CD IC; c) TICA+ME-B-CD IC.

In the case of kneading products (Figure 18) it was seen that CD shells are filled with TICA
particles. Apart from this encapsulation, it was possible to identify TICA particles and CD fragments
that were still present in the systems.

40.0pm | TM4000 2 EM 50.0pm  TM4000 2 x600 BSE M

(a) (b) (©

Figure 18. SEM micrographs of TICA and CDs mixtures prepared by kneading method; a) TICA+B-CD IC; b)
TICA+HP-B-CD IC; c) TICA+ME-B-CD IC.
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The morphology of the mixtures formed by co-precipitation approach (Figure 19) was
discovered to be like homogeneous blocks compared to the microphotographs of the compounds
obtained by the freeze-drying process.

300pm  TM4000 20kV x400 BSE M 100pm  TM4000 20kV x300 BSEM

(a) (b) (0

Figure 19. SEM micrographs of TICA and CDs mixtures prepared by co-precipitation method; a) TICA+B-CD
IC; b) TICA+HP-B-CD IC; c) TICA+ME-B-CD IC.

Among the techniques of production, kneading appears to have resulted in the development of
new aggregates between TICA and CDs, whereas freeze-drying may have provided a true
complexation process. SEM analysis is insufficient to confirm the development of an inclusion
complex, but it is a useful tool for demonstrating the affinity between two components and the
possibility of forming homogeneous samples. These modifications are supported by TGA, DSC, and
PXRD studies.

3.1.5. PXRD Analysis

PXRD patterns of TICA, CDs, as well as TICA-CDs complexes produced by freeze-drying and
kneading methods are presented in Figures 20-22, X-ray diffraction technique being an essential
approach for confirming TICA amorphization [51]. Considering the unsatisfactory TGA, DSC and
SEM results obtained for the compounds produced via the co-precipitation procedure, their PXRD
analysis was no longer performed.

The diffractogram of the pure drug revealed a series of sharp peaks, indicating its crystalline
form, described also by Ren et al. [10]. The B-CD diffractogram exhibited several intense diffraction
peaks, also indicating its crystalline nature, proved also by Novac et al. [48].

Intensity (a.u.)

@

>

10 20 30 40
2Theta (°)

Figure 20. PXRD patterns of the (A) TICA, (B) B-CDs and their prepared ICs by: (C) kneading and (D) freeze-drying.

The PXRD diffractograms of HP-B-CD and ME-B-CD showed that the CDs are amorphous, as
evidenced by the "halo" pattern.
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All freeze-drying and kneading formulations resulted in broader peaks, indicating reciprocal
solid-state interaction and the possibility of IC formation between TICA and CDs. The kneading
procedure lowered TICA and CDs peaks while superimposing portions of their characteristic peaks
on the complex's amorphous pattern, which can be explained by partial inclusion.

PXRD patterns of TICA+HP-B-CD and TICA+ME-B-CD complexes obtained using the freeze-
drying approach may explain incorporation in the amorphous lattice of the CDs, which acts as a
"host," because the drug's distinctive peaks can no longer be distinguished. In the TICA+B-CD IC
obtained by this procedure, some characteristic peaks of the individual compounds were still
detectable, showing that no true IC was formed [48]. The inclusion complexes' diffractograms also
reveal new peaks. This finding can be explained by the formation of new molecules.
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Figure 21. PXRD patterns of the (A) TICA, (B) HP-B—CDs and their prepared ICs by: (C) kneading and (D) freeze-
drying.
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Figure 22. PXRD patterns of the (A) TICA, (B) CDs and their prepared ICs by: (C) kneading and (D) freeze-
drying with: a) B-CD; b) HP-B-CD; c) ME-B-CD.

4. Conclusion

Formulations of TICA and three types of CDs (B—-CD, HP-B—-CD and ME-B-CD) in a molar ratio
of 1:1 were accomplished by three methods: freeze-drying, co-precipitation and kneading. The
individual chemicals, physical mixtures, and inclusion complexes all underwent the same physical-
chemical investigations.

TGA, DSC, SEM, and PXRD investigations were conducted to validate the possibility of
inclusion complex development. Powder X-ray diffraction patterns revealed that the CD fingerprint
is still present in co-precipitation systems, however it is significantly reduced in kneading
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combinations. In contrast, the PXRD patterns of the freeze-drying formulations showed an
amorphous character, with fewer B-CD characteristics. The thermograms recorded in the
temperature range of 20 °C to 400 °C revealed the nearly complete disappearance of TICA and CDs
melting peaks. As a result, all analytical tests confirmed that TICA-CD inclusion complexes with CDs
in a 1:1 molar ratio could be generated by kneading and, in particular, freeze-drying methods.

It is likely that ticagrelor amorphization that incorporate inclusion complexes will enhance the
APT's rate of dissolution, resulting in increased bioavailability. Future research will examine this issue
further by creating tablets with TICA-CD inclusion complexes and assessing how they dissolve at
different pH levels. Based on this conclusion, we can expect a reduction in drug dosage
administration and, as a result, a lower incidence of negative side effects. Building on this finding, it
is suggested that lowering the therapeutic dose and increasing bioavailability are significant factors
in lowering therapeutic expenses. Because less pharmaceutical waste is produced as a result of
reduced dosage consumption, this approach not only improves the sustainability of the
pharmaceutical industry but also aids in waste reduction.
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