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Abstract: Drugs with poor biopharmaceutical performance are the main obstacle to the development
and design of medicinal preparations. The anisotropic surface chemistry of different surfaces on
the crystal influences its physical and chemical properties, such as solubility, tableting, etc. In this
study, the antisolvent crystallization and rapid-cooling crystallization were carried out to tune the
crystal habits of ticagrelor (TICA) form II. Different crystal habits of ticagrelor (TICA) form II (TICA-A,
TICA-B, TICA-C, TICA-D, and TICA-E) were prepared and evaluated for solubility. The single-crystal
diffraction (SXRD) indicated that TICA form II belongs to the triclinic P1 space group with four
TICA molecules in the asymmetric unit. The TICA molecules are generated through intermolecular
hydrogen bonds along the (010) direction, forming an infinite molecular chain, which are further
stacked by hydrogen bonds between hydroxyethoxy side chains, forming molecular circles composed
of six TICA molecules along bc directions. Thus, in the case of TICA form II, hydrogen bonds
drive growth along one axis (b-axis), which results in the formation of mostly needle-shape crystals.
Morphology and face indexation reveals that (001), (010) and (01-1) are the main crystal planes.
Powder diffractions showed that five habits have the same crystal structure and different relative
intensity of diffraction peak. The solubility of the obtained crystals showed the crystal habits affect
their solubility. This work is helpful for studying the mechanism of crystal habit modification and its
effect on solubility.

Keywords: ticagrelor; crystal structure; crystal habit; solubility; dissolution

1. Introduction

Ticagrelor (TICA) is an oral antiplatelet drug that can be used in combination with a small amount
of aspirin to reduce the danger of stroke and myocardial infarction in patients with acute coronary
syndrome [1–3]. Similar to thiophene pyridine, ticagrelor inhibits the pro-thrombotic effect of ADP by
blocking the platelet P2Y12 receptor. Unlike the thieno pyridines, ticagrelor reversibly binds to the
P2Y12 receptor, showing rapid onset and offset of effect and does not require metabolic activation [4].
TICA has been used in clinical trials to reduce the incidence of recurrent myocardial infarction and
stent thrombosis and was approved for use in the USA in 2011 [5–10]. According to the patent, TICA
presents four polymorphisms (I, II, III and IV) and several pseudopolymorphs, such as monohydrate
and DMSO solvate. However, only two crystal structures of them (form I and DMSO solvate) have
been reported [11–13]. Different crystal forms have different stability, solubility, fluidity, etc., among
which the TICA form II has the best stability, so it is widely used in clinical and has great commercial
value. Unfortunately, ticagrelor belongs to biopharmaceutics classification system(BCS) class IV drug,
with limited bioavailability (30–42%) [14].

Improving the dissolution rate is the key to obtaining a therapeutic effect and the rate-limiting step
for bioavailability. The solubility and bioavailability are generally improved by crystal characteristics
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such as crystal habit, polymorphism and reduction of the particle size [15–20]. There have been many
studies demonstrating the effect of polymorphism on oral bioavailability and/or dissolution rate [21].
However, the dissolution rate not only differs for different polymorphisms, but also, for different
crystal habits [22], which has received scant attention. Meanwhile, crystal habits also influence stability,
flowability, suspension, packing, density, compaction, etc. [23–27]. Thus, optimizing crystal properties
by modification of the crystal habit of a drug seems to offer an alternative approach to changing the
bioavailability of drugs. The relative growth rate of each surface determines the overall shape of the
crystal. The growth rate of the crystal surface will be controlled by a combination of structure-related
factors, such as dislocations and intermolecular bonds, and by exterior factors such as solvents, rate of
agitation, additives, temperature, etc. [28–35].

This study aims to systematically investigate how crystal behavior affects the ticagrelor’s solubility.
TICA form II (TICA-II) with different crystal habits were prepared by controlling the crystallization
process. To systematically investigate the relationship between crystal habit and orientation of the
molecules of TICA form II in the crystal lattice, single crystals were obtained, and the crystal
structure is studied and reported here for first time. Morphology prediction based on BFDH
(Bravais-Friedel-Donnay-Harker) theory [36,37] and face indexation [38], together with Optical
Microscopy, were performed to correlate experimental and simulated crystal habits. Using X-ray
powder diffraction analysis, polymorphic form conformity for different crystal habits were confirmed
and preferred orientations of crystals were obtained, which were associated with the dominant crystal
faces. X-Ray Photoelectron Spectroscopy (XPS) values and specific surface area were used to establish
the surface chemistry. The results showed that the difference of solubility is associated with the surface
anisotropy of the TICA crystal.

2. Experimental Section

2.1. Materials

Ticagrelor (TICA) form II was received from Zhejiang Ausun Pharmaceutical (Zhejiang, China).
Figure 1 presents a chemical schematic of TICA. The chemical reagents used were of analytical grade.
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2.2. Crystallization Experiments

Ticagrelor form II with different crystal habits (designated as TICA-A, TICA-B, TICA-C, TICA-D,
and TICA-E) were prepared by recrystallization methods (Table S1).
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TICA-A and TICA-D were crystallized from acetonitrile and butyl acetate, respectively, through
rapid cooling and the mass ration of solute/solvent were 1:8 and 1:10, respectively. The solution of
TICA was heated to 60 ◦C to ensure that no crystals remained in the solution and then underwent
rapid cooling to 37 ◦C with stirring for 1 h. After that, the crystals were filtered and dried at 60 °C
under vacuum.

TICA-B, TICA-C, and TICA-E were prepared by antisolvent methods and N-heptane used as
antisolvent. The main differences are initial saturation, i.e., the mass ratio of solute and solvent
(ethyl acetate). TICA was dissolved in ethyl acetate, the mass ratio (m/v) was 1:15, 1:20 and 1:10,
respectively, and heated to 60 ◦C to dissolve completely. Stopping heating was applied and the
antisolvent (n-heptane) was added to the above solutions at a 1 mL·min−1 dropping rate under constant
stirring. The antisolvent to solvent ratios for TICA-B, TICA-C and TICA-E were 1:1,1:1 and 1:1.5,
respectively. The solution was then left to cool down to 25~35 ◦C with stirring. The obtained crystals
were filtered off and dried at 60 ◦C under vacuum.

The single crystals of TICA form II were prepared by dissolving TICA (100 mg) in acetonitrile
(18 mL) and allowing the solution to evaporate slowly. Suitable single crystals had grown after 7 days.

2.3. Solubility Studies

To investigate the solubility of five samples, Ultraviolet-Visible (UV) spectrophotometry was used
(Thermo Scientific Evolution 300, Thermo Scientific, Waltham, MA, USA). The concentrations of TICA
crystal habits were calculated by the standard curve method (λmax = 257 nm).

A beaker containing 150 mL of pH = 1.2 HCl was equilibrated at 37 ◦C, then approximately 150 mg
of samples that had been passed through a 300 mesh sieve beforehand were added to the beaker, which
was stirred at 150 rpm on a magnetic stirrer. Slurry was filtered with 0.22 µm nylon filters after 2, 4, 6,
8, 10, 15, 20, 25, 30, 40, 50, 60, 90, 120, 150, 180, 210, and 240 min. Each filtered aliquot was assayed by
UV analysis at 257 nm. To ensure the accuracy of experimental data, all experiments were repeated
three times.

The solubility of TICA-A, TICA-B, TICA-C, TICA-D, and TICA-E in pH = 1.2 HCl at 37 ◦C were
measured by adding excess drug (about 150 mg) in 20 mL of pH = 1.2 HCl in a 25 mL glass bottle with
screw cap. Then bottles were shaken in the magnetic stirring water bath (ALBOTE, Henan, China)
at 100 rpm and kept at 37 ◦C (± 0.2 ◦C). The samples were withdrawn after 72 h, then filtered with
0.22 µm nylon filters and measured by an UV spectrometer.

2.4. X-Ray Powder Diffraction (PXRD)

All samples used in the PXRD experiments were sieved through 300 mesh beforehand and PXRD
patterns were recorded at room temperature on a D/Max-2550PC diffractometer (Rigaku, Japan). The
diffractometer was operated with monochromator Cu Kα radiation (λ = 1.5418 Å) at 40 kV and 250
mA. The data were recorded over a scanning range of 3~40◦ (2θ), with an increasing step size of 0.02◦

(2θ), and scanning speed of 3◦/min.

2.5. Single-Crystal X-Ray Diffraction

Using a Bruker APEX-II CCD diffractometer (Bruker, Germany) with Mo Kα(λ = 0.7107 Å)
radiation to collect SXRD data at −100 ◦C. The SAINT V8.38A [38] was used on data reduction.
The absorption correction was applied with the use of semi-empirical methods of the SADABS
program [39]. The crystal structure was solved by direct methods using the SHELX-S program and
refined by full-matrix least-squares methods with anisotropic thermal parameters for all non-hydrogen
atoms on F2 using SHELX-L [40,41]. Hydrogen atoms were placed in the position of calculation and
were refined isotropically using a riding model [42]. Mercury [43] and Diamond [44] were used to
draw figures.
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2.6. Optical Microscopy

TICA crystal habits were observed for their shape and aspect ratio using a Leica DMLP polarized
light microscope (Shanghai Optical Instrument Factory, China).

2.7. X-Ray Photoelectron Spectroscopy (XPS)

XPS were measured using a KRATOS AXIS ULTRA (DLD) (Shimadzu, Japan). The binding energy
range was from 0 to 1100 eV for regions of C 1s, N 1s, O 1s, F 1s, and S 2p, with an average peak
binding energy of 284.2, 397.4, 530.3, 684.8, and 160.9 eV, respectively.

2.8. Specific Surface Area

All samples were sieved through 300 mesh beforehand. The specific surface area was measured
by the nitrogen adsorption method (Tristar II 3020 Surface Area analyzer, Micromeritics, Shanghai,
China). About 100 mg samples were degassed for an hour in a vacuum environment at 80 ◦C to remove
moisture, and then the specific surface area of the samples were calculated by the Brunauer Emmett
Teller (BET) method within 0.05 to 0.2 of the relative pressure (P/P0).

2.9. Molecular Modeling

BIOVIA Materials Studio Morphology [45] was used to predict the crystal facets of TICA from
II. The TICA crystal face was first built using its CIF file. The molecular structure of acetonitrile was
built using the sketching tool and geometry optimization was performed by the Forcit module using
COMPASS II force field. Finally, the growth morphology of TICA crystal is given for major faces.

2.10. Face Indexation

The single crystal of TICA was placed onto the tip of a 0.1 mm diameter glass capillary and
mounted on the Bruker APEX-II CCD diffractometer (Bruker, Germany) with CCD area detector for
determining unit cell parameters and orientation matrices at −100 ◦C. The T-tool—the face-indexing
plug-in of APEX III—was used to identify Miller indices of different faces of this crystal [38].

3. Results

3.1. Single-Crystal X-Ray Diffraction

The crystal structure of ticagrelor was studied at −100 ◦C and the related crystallographic data are
listed in Table 1. This compound crystallizes in the P1 space group, with the asymmetric unit consisting
of four ticagrelor molecules, which is similar to that of TICA form I [13]. The conformations of each
TICA molecule in the asymmetric unit differ slightly and the overlay diagrams comparing different
conformers of these four molecules is shown in Figure 2. It is shown that the main orientation differences
are cyclopropyl-3,4 difluorophenyl, thiopropyl and hydroxyethoxy side chains, and the conformation
of central groups (cyclopentane-1,2-diol-triazolopyrimidine) are almost the same. The molecular
conformations in the asymmetric unit differ slightly from that of TICA form I and DMSO solvate,
mainly in orientation differences of cyclopropyl-3,4 difluorophenyl and thiopropyl. Displacement
ellipsoid plots showing the atomic numbering are presented in Figure 3.



Crystals 2019, 9, 556 5 of 15

Table 1. Relevant crystallographic data details for TICA-II.

TICA-II

Formula C23H28F2N6O4S
Mr 522.57

Temperature/K 170(2)
Crystal system triclinic

Space group P1
a/Å 9.8863(5)
b/Å 15.7349(7)
c/Å 17.6069(9)
α/◦ 105.538(2)
β/◦ 100.841(2)
γ/◦ 103.091(2)

Volume/Å3 2478.3(2)
Z 4

D/g·cm−3 1.401
µ/mm−1 0.188
F(000) 1096.0

Crystal size/mm3 0.248 × 0.18 × 0.067
Radiation MoKα (λ = 0.71073)

2θ range for data collection/◦ 4.434 to 53.486

Index ranges
−12 ≤ h ≤ 12,
−19 ≤ k ≤ 19,
−22 ≤ l ≤ 22

Reflections collected 70727
Independent reflections 20802 [Rint = 0.0541, Rsigma = 0.0563]

Data/restraints/parameters 20802/6/1319
Goodness-of-fit on F2 1.068

Final R indexes [I > = 2σ (I)] R1 = 0.0756, wR2 = 0.1948
Final R indexes [all data] R1 = 0.0886, wR2 = 0.2089

Largest diff. peak/hole / e Å−3 1.58/−0.33
Flack parameter 0.06(3)
Diffractometer Bruker APEX-II CCD

Absorption correction
CCDC No.

multi-scan
1953772
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Figure 3. The molecule structure of TICA-II, showing displacement ellipsoids at the 50%
probability level.

Obviously, the ticagrelor molecular structure contains many hydrogen-bond donors and acceptors,
which justifies the existence of a wide variety of intramolecular and intermolecular hydrogen bonds.
Dimeric R2

2(10) and R2
2(9) motifs between TICA molecules are generated through N-H . . . N and O-H

. . . O intermolecular hydrogen bonds along the b-axis, forming infinite molecular chains (Figure 4),
which are further stacked by hydrogen bonds between hydroxyethoxy side chains [46,47]. Thus, ring
motifs between six TICA molecules are generated to form two-dimensional structures (Figure 5). TICA
form I is also present in the dimeric form R2

2(10) and R2
2(9) motifs, which are formed through hydrogen

bonds, but the donor and acceptor of H-bonds are different from TICA form II. H-bond data is listed in
Table 2. The Hirshfeld surfaces of TICA-IIis in Figure S2.
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3.2. Predicted Morphology of the TICA Crystal

The predicted BFDH morphology of the TICA crystal was visualized (Figure 6b). The BFDH
method is a rapid method to identify the crystal morphology (hkl) most likely to form crystal habit.
According to the BFDH law, the relative growth rate is inversely proportional to the d-spacing between
the crystal faces. Thus, the most important morphological faces of the crystal are those with the
maximum d value [37,48,49]. For TICA form II, these planes are (001) (d = 16.3 Å), (010) (d = 14.5 Å)
and (01–1) (d = 13.2Å), as determined by indexation the single-crystal faces. Therefore, the predicated
shape of TICA is a needle-shape. This model is in reasonable agreement with the BFDH model, when
compared with the observed morphology of the crystals (Figure 6a).
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Figure 6. (a) Face indexation for TICA form II and (b) Morphology predictions for TICA form II by
means of BFDH calculations.

3.3. Powder X-Ray Diffraction

The PXRD patterns of these five crystal habits (Figure 7) all had characteristic diffraction peaks
at 2θ values of 5.4◦, 6.7◦, 13.4◦, 18.3◦, 22.8◦ and 24.8◦ corresponding to TICA form II reported in
the literature [11], and these were also identical to those of the calculated PXRD pattern using the
single-crystal diffraction results (listed at Section 3.1); however, some intensity differences were
observed. The preferred orientation of the crystal results in a difference in the relative peak strength
(Table 3). The most important peaks determining the growth direction of the crystal are 5.4◦ (d = 16.3 Å),
6.0◦ (d = 14.5 Å) and 6.7◦ (d = 13.2 Å), which correspond to the (001), (010) and (01-1) crystal faces,
respectively. The diffraction peak that associated with the (010) crystal face is poorly resolved due to
its low relative intensity. The intensity of the diffraction peaks corresponding to the (001), (01-1) and its
relevant (02-2) crystal plane in the pattern of the above five samples were observed to vary greatly as
compared with the intensities of the calculated pattern. This result suggests a varied frequency of the
(001) and (01-1) planes in the five TICA crystal samples, meaning that they have different crystal habits.
The DSC data is in the Figure S2.

Crystals 2019, 10, x FOR PEER REVIEW 8 of 14 

 

3.3. Powder X-Ray Diffraction 

The PXRD patterns of these five crystal habits (Figure 7) all had characteristic diffraction peaks 
at 2θ values of 5.4°, 6.7°, 13.4°, 18.3°, 22.8° and 24.8° corresponding to TICA form Ⅱ reported in the 
literature [11], and these were also identical to those of the calculated PXRD pattern using the single-
crystal diffraction results (listed at Section 3.1); however, some intensity differences were observed. 
The preferred orientation of the crystal results in a difference in the relative peak strength (Table 3). 
The most important peaks determining the growth direction of the crystal are 5.4° (d = 16.3 Å), 6.0° 
(d = 14.5 Å) and 6.7° (d = 13.2 Å), which correspond to the (001), (010) and (01-1) crystal faces, 
respectively. The diffraction peak that associated with the (010) crystal face is poorly resolved due to 
its low relative intensity. The intensity of the diffraction peaks corresponding to the (001), (01-1) and 
its relevant (02-2) crystal plane in the pattern of the above five samples were observed to vary greatly 
as compared with the intensities of the calculated pattern. This result suggests a varied frequency of 
the (001) and (01-1) planes in the five TICA crystal samples, meaning that they have different crystal 
habits. The DSC data is in the Figure S2. 

 
Figure 7. Overlay of XRD of TICA crystal habits and calculated XRD pattern of TICA form Ⅱ. 

Table 3. The PXRD of TICA crystal habits and calculated from single-crystal diffraction results. 

Number 2θ(°) Crystal Face 
TICA-A TICA-B TICA-C TICA-D TICA-E TICA-Ⅱ 

Relative Intensity (I/I0) /% 
1 5.4 001 100 100 100 100 97.1 100 
2 6.7 01-1 12.3 53.5 20.9 20.9 49.9 19.0 
3 13.4 02-2 21.2 76.0 35.3 33.1 100 27.0 

3.4. Optical and Polarized Light Microscopy 

Every crystal face has its own growth rate and it is the slowest growing face which determines 
the growth habits of crystals. The predicted BFDH morphology of TICA-Ⅱ (Figure 6b.) showed that 
(001), (010) and (01-1) are the main crystal planes. The crystal grows rapidly along the (010) direction, 
so there are few (010) crystal faces exposed. Therefore, face (001) and (01-1) become more dominant 
in the general shape of the crystal. From Figure 8, the crystal shapes of five samples are different, 
mainly in terms of their length and width. The aspect ratios of TICA-A, B, C, D, E are about 1:1 ~ 2:1, 
more than 10:1, mostly 5:1 ~ 8:1, mostly 1:1 ~ 3:1 and more than 10:1, respectively. When the nucleation 

Figure 7. Overlay of XRD of TICA crystal habits and calculated XRD pattern of TICA form II.



Crystals 2019, 9, 556 9 of 15

Table 3. The PXRD of TICA crystal habits and calculated from single-crystal diffraction results.

Number 2θ (◦) Crystal
Face

TICA-A TICA-B TICA-C TICA-D TICA-E TICA-II

Relative Intensity (I/I0)/%

1 5.4 001 100 100 100 100 97.1 100
2 6.7 01-1 12.3 53.5 20.9 20.9 49.9 19.0
3 13.4 02-2 21.2 76.0 35.3 33.1 100 27.0

3.4. Optical and Polarized Light Microscopy

Every crystal face has its own growth rate and it is the slowest growing face which determines the
growth habits of crystals. The predicted BFDH morphology of TICA-II (Figure 6b.) showed that (001),
(010) and (01-1) are the main crystal planes. The crystal grows rapidly along the (010) direction, so
there are few (010) crystal faces exposed. Therefore, face (001) and (01-1) become more dominant in the
general shape of the crystal. From Figure 8, the crystal shapes of five samples are different, mainly
in terms of their length and width. The aspect ratios of TICA-A, B, C, D, E are about 1:1~2:1, more
than 10:1, mostly 5:1~8:1, mostly 1:1~3:1 and more than 10:1, respectively. When the nucleation rate
is quicker than that of crystal growth, such as in the conditions of more saturation or rapid cooling
(TICA-A and TICA-D), the growth rate of the (0-11) face is enhanced compared to that of face (001),
resulting in a plate-like shape. However, when the crystal growth rate is quicker using the antisolvent
method, enhanced growth in the (001) direction, as compared to the (0-11) face, produces needle-shaped
crystals (TICA-B, C, E). Initial saturation in the crystallization process of sample TICA-C among the
above three samples is highest, resulting in needle-shaped crystals with relatively good aspect ratios.
The longest crystal growth time (sample TICA-E) leads to slender acicular crystals with an aspect ratio
of more than 10:1 (Figure 8f).
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3.5. XPS

XPS (Table 4) showed the existence of C, O, N, F, and S on the surface of every sample. Chemical
shift and peak shape for these elements were similar between the five samples, which indicate that
there are no qualitative differences in TICA samples with different crystal habits. Moreover, there was
no significant difference in the relative abundance of surface elements (Table 4). The (O + N + S)/(C +
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F) stands for surface polarity, was 0.394, 0.372, 0.387, 0.392 and 0.375 for TICA-A, TICA-B, TICA-C,
TICA-D, and TICA-E, respectively.

Table 4. The XPS data of TICA crystal habits.

Elemental Composition (%)
(O + N + S)/(C + F)

O 1s N 1s S 2p F 1s C 1s

TICA-A 12.19 13.74 2.32 6.48 65.27 0.394
TICA-B 12.38 12.63 2.14 5.52 67.33 0.372
TICA-C 11.04 14.48 2.27 6.65 65.56 0.387
TICA-D 11.46 14.36 2.32 6.40 65.46 0.392
TICA-E 11.23 13.85 2.21 5.87 66.85 0.375

3.6. Solubility Study

The dissolution profiles of five samples in pH 1.2 hydrochloric acid solutions are shown in
Figure 9a. The TICA-A dissolves faster than that of other four habits and the dissolution rates (in the
first 30 min) are ordered as follows: TICA-A > TICA-D > TICA-B > TICA-C > TICA-E. The amounts
dissolved of the above five crystal habits within 24 h are captured in Figure 9b, showing that the
solubility of TICA-A and TICA-D samples whining 24 hours were higher than that of TICA-B and
TICA-C samples, and the solubility of TICA-E samples was the lowest.
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3.7. Specific Surface Area

Furthermore, specific surface areas of these five samples were compared (Table 5). Because of the
small specific surface area of the drug particles themselves, there will be inevitable instrument errors
in the measurement. According to the test results, there was no significant difference in the specific
surface area between these five samples.

Table 5. Specific Surface Area of TICA crystal Habits.

Sample Name Specific Surface Area (m2/g)

TICA-A 1.56
TICA-B 1.60
TICA-C 1.53
TICA-D 1.51
TICA-E 1.67
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4. Discussion

The rate of crystal growth is mainly related to the rate at which units attach and remove themselves
from the growing surfaces. Deposition kinetics of solute molecules on different crystal faces determine
the crystal habit [22,50]. Investigations on the single-crystal structure of the TICA-II suggest that
elongation is driven by the formation of hydrogen-bond networks in the crystal lattice. Thus, hydrogen
bonding of TICA form II drives the crystal growth along one axis (axis b), which results in the formation
of needle-shaped crystals. The (010) crystal plane demonstrates the fastest growth, and its relevant
diffraction peak is almost not observable, as demonstrated in Section 3.3. Therefore, the crystal habits
were mainly related to the growth rate of the (0-11) face and (001) face. Therefore, the growth rate can be
changed by adjusting crystallization conditions such as solvent, temperature, degree of supersaturation,
cooling rate, and stirring rate, etc. When growth rates of (001) and (0-11) were modified by controlling
crystallization conditions, needle-shaped crystals with different aspect ratios and plate-like crystals of
TICA form II were prepared.

The five crystal habits of TICA-II exhibited different dissolution behavior, including equilibrium
solubility and dissolution rate, despite the similar powder surface area. The second law of
thermodynamics governs the dissolution process. Dissolution results in the destruction of the
original forces between solute molecules, forming new interactions and increasing the overall disorder.
At the molecular level, dissolution can be expressed by interactions between functional groups of
drug particles and solvents. The surface anisotropy of the TICA crystal face due to differential surface
exposure of functional groups was known, which lead to different performance in its bioavailability.
Moreover, the relative abundance of the major faces of five samples, such as (001) and (01-1), differed
significantly. The relative abundance of a hydrophilic face (001) on the surface of TICA-A was higher
than TICA-E. This preferred orientation leads to a higher exposure of a relatively more hydrophilic
(001) facet on the surface of TICA-A and leads to its higher solubility.

The (001) crystal face has a layer of difluorophenyl and hydroxyls exposed on its surface, which
makes this face more hydrophilic (Figure 10a). As for the (01-1) crystal face, the exposure of propyl
groups makes it relatively more hydrophobic (Figure 10b). Therefore, it can be predicted that when the
(001) crystal facet is dominant, such as in TICA-A and TICA-D, the crystals will be more hydrophilic
and have better solubility. In contrast, when the dominant crystal planes are (01-1) and its relevant
(02-2), such as in TICA-E, it tends to dissolve more poorly. Solubility differences for five crystal habits
with different aspect ratios are possible, relative to the two crystal faces (001) and (01-1) exposed.
(Figure S3.)
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The number of crystal faces exposed to solvent also determines the solubility of the drug [51].
The bigger the aspect ratio of the sample is, the worse the samples’ solubility is. That is why the



Crystals 2019, 9, 556 13 of 15

solubility of TICA-A is better than that of TICA-E. The surface polarity also affects solubility. In theory,
the larger the surface polarity, the better the solubility. The specific surface area of the five crystal habits
are not significantly different from each other, so the specific surface area does not affect the solubility.

5. Conclusions

Several crystal habits with different aspect ratios of TICA form II were prepared using different
crystallization conditions. Although they have the same crystal structures, their dissolution rates are
significantly different, which may be due to the difference in the surface anisotropy and abundance
of exposed crystals. Modification of the surface morphology of the crystal without changing its
polymorphism appears to provide a good method for enhancing the solubility of drugs, especially for
BCS class IV drugs that have poor solubility.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/11/556/s1,
Figure S1: The DSC curve of TICA crystal habits. Table S1: Preparation method for TICA crystal habits. Figure S2:
The Hirshfeld surfaces of TICA-II. Figure S3: Different screenshots of (001) face and (01-1) face using Mercury
2.3 software.
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