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Pharmaceutical salt formation is the most preferred and effective method to enhance the physicochemical
properties of APIs. The aim of the study was to design and synthesize a series of new salts to improve the
solubility of Imatinib (IM). Two stable salts with malonic acid (S1) and citric acid (S5), one metastable
salt with fumaric acid (S2), two unstable salts with citric acid (S3, S4) were obtained for the first time.
Single crystal and powder X-ray diffraction, Fourier transform infrared, differential scanning calorimetry,

Keywords: and thermogravimetric analysis were used to characterize the novel salts. The solubility and stability of
Imatinib the solid were also evaluated, and three salts (S1, S2, S5) had a more than 20 folds of solubility and a
Salt faster dissolution rate improved as compared to the pure drug in water and pH 6.8 buffer, respectively.
Characterization © 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Stab“ity Medica, Chinese Academy of Medical Sciences.
Solubility

Imatinib (IM) is a specific small-molecule inhibitor of the Bcr-
Abl protein tyrosine kinase, platelet derived growth factor and c-
KIT tyrosine kinases [1-3]. The drug was formerly referred to as
STI571 or CGP57148B by Novartis Pharmaceuticals (Switzerland)
[4]. It was marketed as a salt form, called as Glivec®, Gleevec™
(Imatinib mesylate) and approved by the US Food and Drug Ad-
ministration (FDA) in 2001 [5] and described as the “magic bul-
let” on the cover of TIME magazine. Gleevec was successfully used
for treating chronic myeloid leukaemia (CML) [6] and gastrointesti-
nal stromal tumors (GIST) [7]. Imatinib can be used not only as an
apoptosis inducer, a tyrosine kinase inhibitor and an antineoplas-
tic agent, but also be used for treating other diseases, such as ag-
gressive systemic mastocytosis [8], fibrotic diseases (including lung
[9], liver [10], skin [11]), tuberculosis, pulmonary arterial hyper-
tension [12,13], autoimmune diseases [14,15]. According to recent
published literature, Imatinib maybe has the potential beneficial
effect on COVID-19 [16-18].

More than 40% of marketed drugs and nearly 90% of the active
pharmaceutical ingredients (APIs) show poor water solubility [19].
Therefore, one of the major challenges of the current pharmaceu-
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tical industry is how to improve the water solubility of the bioac-
tive compounds. Various strategies are used to modify the physic-
ochemical properties suitable for formulation design of the poorly
soluble drug candidates. Among those methods, salt formation is
an effective method of improving solubility and dissolution rate
of acidic and basic pharmaceutical materials [20,21]. The imatinib
free base is practically insoluble at the uncharged form and the
solubility of the imatinib in the pure water is 21.8 ng/mL at 37 °C
[22]. Due to the formation of mesylate, the aqueous solubility of
imatinib increases significantly at pH < 5.5. However, the solubil-
ity of the salt decreases with the increasing pH. It is still poorly
soluble or insoluble at neutral and alkaline pH.

The objective of this study was to screen and prepare a series
of new salts of imatinib using different methods. Two stable salts,
one metastable salt and two unstable salts of Imatinib were discov-
ered. Single-crystal X-ray diffraction (SCXRD) was used to explore
the three-dimensional space structure of the new compounds. In
addition, the physicochemical properties were characterized us-
ing different techniques including powder X-ray diffraction (PXRD),
Fourier transform infrared (FT-IR), differential scanning calorimetry
(DSC) and thermogravimetric (TG) analyses. The solubility and sta-
bility of the solid were also evaluated, and three salts significantly
improved the solubility of Imatinib in water and pH 6.8 buffer, re-
spectively.
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Imatinib was commercially obtained from Wuhan Yuancheng
Technology Development Co., Ltd. (Wuhan, China), malonic acid
(MA), fumaric acid (FA), citric acid (CA) and citric acid monohy-
drate (CA-H,0) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). All other chemicals used were of analyti-
cal reagent grade and used without further purification.

Slurry and liquid-assisted grinding method were used to pre-
pare of bulk samples of the Imatinib malonate (S1), Imatinib fu-
marate methanol hydrate (S2), Imatinib citrate methanol hydrate
(S3) and Imatinib citrate methylate (S4). Equimolar amounts of
Imatinib and malonic acid, fumaric acid, citric acid monohydrate
and citric acid were suspended in ethanol or methanol, respec-
tively. The suspensions were agitated at 300 g for 12 h at room
temperature, and the solid sediment were filtered and dried at
40°C for 6 h Solvent evaporation method was used to prepare
the crystals for single crystal X-ray diffraction. A certain amount
of the obtained powder was dissolved in ethanol or methanol or
methanol water mixed solvent and allowed to stand at 20°C to ob-
tain the suitable crystals of S1, S2, $3 and S4.

Thermal transformation method was used to preparation of
bulk samples of the Imatinib citrate (S5). S3 or S4 samples were
ground into powder at first and put in the glass dish in oven and
heating at 105°C for 30 min, and then cooling to room tempera-
ture to obtain S5.

Powder X-ray diffraction (PXRD) data were collected using a
D/Max 2550 powder X-ray diffractometer with CuKe radiation,
with a tube voltage of 40 kV and tube current of 150 mA. 50 mg of
powder was gently pressed on a glass slide to afford a flat surface
and scanned in the range from 26 3° to 40° at a rate of 8°/min.

Suitable crystals of S1, S2, S3 and S4 were selected for the
single-crystal X-ray diffraction (SCXRD) experiments on a mi-
croMax 002+ diffractometer with CuKe radiation (A = 1.54187 A)
at a temperature of 100(2) K. The program suite CrystalClear
[23] was used for data collection, cell refinement and data reduc-
tion. The structures were solved by direct methods [24] and refined
with a fullmatrix least-squares analysis using SHELX-2018 [25] on
F2.

The Fourier transform infrared (FTIR) spectra of starting mate-
rial and salts were recorded in the range of 4000 cm~! to 650
cm~! by a PE Spectrum 400 infrared spectrometer with an ATR
device at room temperature. Samples (powders or crystal particles
gently grinding in an agate mortar) were put on the diamond plate,
and spectra were acquired accumulating 16 scans at 4 cm~! reso-
lution.

Differential scanning calorimetry and thermogravimetric analy-
ses. The preliminary thermal characterization of the starting ma-
terial and salts were carried out by using a differential scanning
calorimeter (Mettler Toledo DSC1 500 module) and the thermo-
gravimetry instrument (Mettler Toledo TGA/DSC 700 module) sep-
arately, at a heating rate of 10°C/min under N, (flow rate of
20 mL/min) used as protective and purge gas.

The stability of IM and the new salts has been studied under
three accelerate conditions for 10 days, including 60 °C; 25 °C/90%
RH; 25°C and 4500 Ix light, and normal condition (25 °C/40% RM)
for 6 months. The samples were stored under four conditions in-
side a drug stability test instrument (SHH-150SD), and periodically
evaluated by PXRD.

The equilibrium solubility of IM raw materials and three sta-
ble salts were determined by the shake-flask method at 37°C. An
excess of samples was added to 4 mL of pure water and differ-
ent buffer media pH 1.2, 4.5, 6.8 maintained by hydrochloric acid,
acetate, phosphate buffers. Dissolution measurements were carried
out using basket method in above media, respectively. The amount
of powder samples is 30 mg (equivalent to imatinib) and the par-
ticle size of the sample can pass through a 200 mesh sieve. Dis-
solution experiments were performed in triplicate. And after sol-
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Fig 1. Molecular structure of the IM and the list of organic acids used in this study.

ubility and dissolution experiments, the pH of media was mea-
sured and the residual solids were tested by PXRD. The solubil-
ity measurements were conducted by the high-performance liquid
chromatography (HPLC) method by an Agilent 1260 HPLC instru-
ment (Agilent Technologies, USA). The chromatographic condition
[26] was: XB-C18 5 pm (250 mm x 4.6 mm) column. The mobile
phase consisted of acetonitrile and 0.05 mol/L potassium dihydro-
gen phosphate water solution (23:77, v/v). The flow rate was set at
1.0 mL/min and the injection volume was 10 pL. The absorbance
was measured at a wavelength of 272 nm with column tempera-
ture setting at 30°C.

Within this work, five imatinib new salts were successfully
prepared by slurry, liquid-assisted grinding and high temperature
transformation method, reacting Imatinib with malonic acid, fu-
maric acid, citric acid and citric acid monohydrate (Fig. 1). The IM
molecule is a base compound with pK; 8.07, 3.73, 2.56, 1.52 for the
different nitrogen group. Thus, to obtain salts, MA (pK, 2.86, 5.70),
FA (pK, 3.03, 4.44), and CA (pK; 3.10, 4.70, 5.40) were selected as
the strong acids, which is consistent with ApK,; > 3 between API
and coformers.

Salt IM—MA crystallizes in the C 2/c monoclinic space group,
with one molecule of cationic Imatinib (IM*) and one molecule
of anionic malonic acid (MA~) per asymmetric unit. Crystal data
and structural refinement parameters are given in Table 1. The salt
formation was also identified by the bond length difference be-
tween two C—O bonds in the carboxylate group. The Adc_g in the
salt-forming carboxyl group obvious lower than that the unsalted
carboxyl groups indicates the transfer of proton and the formation
of salt [27-29]. The details of Adc_g in this work were shown in
Table S1 (Supporting information). In the crystal structure, a salt
bond via N1-H1.--02 (2658 A, -x + 2, -y + 1, -z + 1) and an
intramolecular hydrogen bond 05-H5.-03 (2.449 A) within the
two hydroxyl groups of MA molecular were found. The adjacent
IM molecules are further connected through intermolecular hydro-
gen bonds N3—H3.-N7 (3.070 A, x, y + 1, z) and result in wavy
along [010] direction (Fig. 2a).

Salt cocrystal IM—FA methanol hydrate crystallizes in mono-
clinic system, P 2;/c space group. It is interesting that there are
two types of FA, one is the anionic FA (FA~), and the other is neu-
tral FA molecule. One cationic IM (IM™), half of the FA~ half of
the neutral FA molecule, one methanol and one water molecules
contained in the asymmetric unit. IMT and FA~ salt formation
via N1-H1--03 (2.656 A, x, —y + 1/2, z — 1/2). Methanol and
water molecules are involved into the intermolecular hydrogen
bond 07—-H7--02 (2.702 A, x, y, z), 06—H6.-07 (2.706 A, x, v,
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Table 1
The crystal data and structural refinement parameters of four IM salts.

Sample S1 S2 S3 S4
(IM-MA) (IM-FA methanol hydrate)  (IM-CA methanol hydrate) (IM-CA methylate)

Formula (C9H3,N;0)* (C9H3,N;0)* 2(Cy9H3;N;0)* 3(CyH3;N;0)*
(C3H304)~ -0.5(C;H,07)~ -2(CeH707)7-(CH40)-Cops Hazs  -3(CsH707)~

0.5(C,H,0,)-CH40-H,0 0-1.819(H,0) -4(CH40)

Mr 597.67 659.74 1463.84 2185.36

Temperature (K) 295(2) 100(2) 100(2) 100(2)

Description plate block needle plate

Crystal size (mm) 0.08 x 0.21 x 026  0.25 x 0.34 x 0.67 0.03 x 0.09 x 0.16 0.03 x 0.19 x 0.29

Crystal system, SG Monoclinic, C 2/c Monoclinic, P 2¢/c Triclinic, P-1 Triclinic, P-1

a, b, c (A) 15.397(3), 36.954(11), 12.9961(2), 13.1123(2),
10.450(3), 10.819(3), 16.0717(2), 18.0310(2),
38.090(8) 8.524(2) 18.1702(2) 24.3800(4)

a, B,y (°) 90, 90, 90.4300(10), 89.7800(10),
98.599(4), 92.813(7), 110.6930(10), 79.5120(10),
90 90 94.8820(10) 68.9990(10)

V (A3) 6060(2) 3403.8(16) 3534.60(8) 5279.48(14)

z 8 4 2 2

Density (g/cm?) 1.310 1.287 1.375 1.375

Number of independent reflections and observed  5258/4489 6524/3494 14,048/11,923 20,855/18,134

Rint 0.044 0.1561 0.1039 0.0338

final R, wR (F?) values[l > 2o(1)] 0.0492, 0.1366 0.0875, 0.2166 0.0836, 0.2084 0.0924, 0.1808

Goodness-of-fit on F? 1.051 1.001 1.049 1.037

Completeness 0.982 0.985 0.998 0.994

CCDC number 2092,689 2092,690 2092,691 2092,692

z), 07-H7B--06 (2.744 A, x, 3/2 — y, 1/2 + z) to generate a
branch structure. Without the help of the solvent, half of the neu-
tral FA molecule and the IM form R%(S) motif in the molecular
packing. Similar to IM—MA, the adjacent IM molecules are further
connected with the intermolecular hydrogen bond N3-H3...N7
(3.055 A, X, y — 1, z) to generate a 1D wavy (Fig. 2b).

Salt IM—CA methanol hydrate S3 crystallizes in triclinic sys-
tem, P-1 space group and Z = 2. There are two cationic IM (IM*),
two anionic CA (CA-), 1.68 methanol molecules and 2.139 water
molecules in the asymmetric unit. IM* and CA~ salt formation via
N1A—H1--013A (2.722 A) and N1B—H1".-05 (2.749 A). Methanol
and water molecules are involved into the intermolecular hydro-
gen bond O19A—H19b.-08A (2.637 A, -x + 1, -y + 1, -z + 1),
011-H11"--05 (2.850 A, x, y, z + 1), 016—H16"--020 (2.700 A)
to generate a bead structure. IM molecule and CA molecule form
R% (8) motif in the molecular packing via N4A—H4.-.02 (2.911 A,
x-1, y, z), O3—H3AA.-N6A (2.731 A, x + 1, y, z), N4B—H4"--.09
(2884 A, —1 + x, y, z), O10-H10"--N6B (2.745 A, x-1, y, z).
The adjacent IM molecules form as loop cycle via N3A—H3..-N7B
(2.984 A) and N3B—H3'---N7A (2.994 A) (Fig. 2¢).

Salt IM—CA methylate S4 also crystallizes in triclinic system,
P —1 space group and Z = 2. There are three cationic IM (IM™T),
three anionic CA (CA~), and four methanol molecules in the asym-
metric unit. IM* and CA~ salt formation via N1A-H1NA.--O13
(2.698 A), N1B—HINB--05 (2703 A) and N1C—HINC--020
(2.755 A). IM molecules are associated with CA via R%(S) involving
N4A—H2NA.--021 (2.917 A) and 022—H220---N6A (2.729 A) hydro-
gen bonds (motif1, Fig. 2d). Adjacent two CA molecules form R% 8)
involving 018—H180--013 (2.917 A, x, y-1, z) and 011-H110---020
(2789 A, x, y + 1, z) hydrogen bonds (motif2, Fig. 2d). Adjacent
two CA molecules and two methanol molecules form a cycle in
the cell involving 023-H230.-014 (2.758 A, -X, -y + 1, -z + 2)
and 015-H150--023 (2.552 A, X, y + 1, z) (motif3, Fig. 2d).

The conformation of IM in the unit cell has significantly differ-
ence in the four salts. The twist angle 1 1(C1-N2-C5-C6), ¥2(N2-
C5-C6-C7), ¥3(C8-C9-C12-N3), ¥4(C12-N3-C13-C14), ¥ 5(C16-C17-
N4-C19), ¥6(C17-N4-C19-N5), 7(N5-C20-C23-C24), were shown
in Table 2. The overlap of the four salts was shown in Fig. 3.

PXRD has been used to identify the new salts. The patterns
overlay the experimental patterns, the calculated patterns from the
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crystal structure data, and those of the starting materials (Fig. 4).
In all cases, the different peaks indicated the formation of the new
phase, and the agreement with the experimental patterns and the
simulated patterns indicated that the high identity and homogene-
ity samples were obtained.

The starting materials and salts exhibit quite different thermal
properties (Fig. 5a). A summary with the endothermic peaks of the
salt and raw materials were shown in Table 3. The thermal analysis
of the salt S1 and S5 only showed melting point at 174.40°C and
181.37°C, which meant S1 and S5 were all solvent free substance.
S2, S3, S4 showed solvent peaks 79.53 °C, 70.24 °C and 70.07 °C, re-
spectively, which was consistent with the SCXRD results. The anal-
ogous endothermic peak temperatures of solvent molecule in S3
and S4 might be attribute to the analogous hydrogen bond ener-
gies in those two salts. From the correlation between melting point
and energy, it is reasonable that high melting point means low en-
ergy and low solubility. After salt formation, the new salts all have
lower melting point than IM, which indicates the better solubility.

Meanwhile, the TG patterns also reflect the thermodynamic be-
havior of IM salts (Fig. 5b and Table S2 in Supporting information).
TGA data for S1 and S5 show no mass loss below the melting tem-
perature, consistent with the assignment of S1, S5 as anhydrous
material. For $2, a mass loss step of ca. 4.86% is observed between
60°C and 100°C, which corresponding to the loss of methanol
molecules in S2. For S2, S3 and S4, obvious mass loss of solvate
before melting point reveals that solvent molecule exists in the
crystal lattice, which was also evidenced by the SCXRD analysis.

The FT-IR spectra technique is a helpful tool to detect the for-
mation of new salts from the corresponding raw materials. The
proton transformation between IM, CCF and the shifting of the
characteristic peaks evidence the intermolecular interactions can
be found in the IR spectra. In the present study, the details of the
characteristic peaks of the salts, pure IM and CCF were recorded in
Fig. 6. For pure IM, the characteristic peaks at 1646 and 3280 cm™!
represented C=0 and N-H stretching vibrations, respectively. For
pure CCF, the characteristic peaks at 1695 cm~! (MA), 1660 cm!
(FA), 1692 cm~! (CA-H,0) and 1699 cm~! (CA) represented C=0
stretching vibrations, respectively. Comparatively, the characteristic
peak 1646 cm~! remained unchanged, the characteristic peak 3280
cm~! widened and the C=0 stretching vibrations were shifted to
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Table 2

The twist angles of four salts.
Twist angle S1 S2 S3 S4

Molecule A Molecule B Molecule A Molecule B Molecule C

¥l -72.60 -77.84 62.74 -59.85 —61.66 —63.55 62.27
V2 129.15 -17.21 -96.22 96.23 94.46 90.84 94.22
v3 24.72 31.18 —45.04 42.46 43.92 44.19 —-42.41
V4 141.41 -137.73 177.65 179.36 —177.68 179.04 179.74
¥5 -160.67 138.61 —149.14 142.35 149.38 147.04 —142.60
V6 5.42 10.07 7.96 -2.16 -8.14 —7.88 1.48
w7 -29.12 -6.67 -179.00 -179.12 179.33 -173.70 -179.59

Fig 2. Crystal structure and the 1D, 2D salt bond and H-bond contacts of IM salts.
(a) S1 (IM-MA); (b) S2 (IM-FA methanol hydrate); (c) S3 (IM-CA methanol hydrate);
(d) S4 (IM-CA methylate).

higher frequency 1699-1713 cm~! in the IR pattern of the new
salts. This can be used as the evidence that there are intermolecu-
lar interactions between IM and CCF.

IM, S1, S2 and S5 were found to be stable after 6 months of
stability studies at 25°C/40% RH. In addition, IM, S1, S5 retained

2162

Fig 3. Overlay of molecular conformations (red, S1; green, S2; blue, $3, molecule
A; yellow, S3, molecule B; purple, S4, molecule A; cyan, S4, molecule B; gray, S4,
molecule C).
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stable under all the studied conditions. S2 was metastable under
25°C/90% RH and 60°C for 10 days, it had a tendency to transform
to amorphous state. S3 and S4 were unstable under ambient con-
ditions, they would transform to S5 quickly (Fig. S1 and Table S3
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Table 3
Endothermic peaks of the salts and raw materials.

Sample Endothermic peaks value (°C)

M CCF Salt
S1 210.28 106.55 136.96 183.55 174.40
S2 290.62 79.53 15647
S3 53.81 155.97 7024 18230
S4 158.00 70.07 18230
S5 - 181.37

in Supporting information). Therefore, S1 and S5 are stable, S2 is
metastable, and S3 and S4 are unstable.

Solubility and dissolution are vital physicochemical parameters
for APIs because they influence the bioavailability of drugs. The
equilibrium solubility of IM, S1, S2 and S5 in pure water was 21.8,
390, 981.7, 2650.8 and 3511.7 ng/mL, respectively (Table S4 in Sup-
porting information). IM undergoes a crystal form transformation
in pH 1.2 and 4.5 which can be explained by the fact that it serv-
ing as a strong base may be salt with hydrochloric acid or acetic
acid in the media. S1 sample performs a great improvement of the
solubility and keeps stable in the four media. As for S2, it under-
goes transformation in four media. S5 is stable during the solubil-
ity experiments and can significantly improve the solubility of the
IM (Fig. S2 in Supporting information).

An examination of the dissolution profiles (Fig. 7) indicates that
salts S1, S2 and S5 all had a more than 20 folds of solubility and a
fast dissolution rate improved in pure water and pH 6.8 phosphate
buffer. However, the salts S1, S2 and S5 show no significant differ-
ence with the raw material in pH 1.2 buffer or pH 4.5 buffer. The
similarity factor f, is employed to compare the dissolution profiles.
A high f, value corresponds to more similarity between the profiles
of salts and the raw material, with a threshold of 50. The factor f,
of salts compared with IM was shown in Table S5 (Supporting in-
formation). Therefore, the dissolution profiles of S1, S2 and S5 are
dissimilar to that of IM in pure water and pH 6.8 phosphate buffer.

It can be seen that the solubility and dissolution rate of IM was
increased obviously after salt formation. After salted with organic
acid, IM was protonated into IM*™ and the melting point of new
salts of IM decreased compared with IM, which improved the hy-
drophilicity and free energy of the IM, all those promote the solu-
bility of IM.

In conclusion, pharmaceutical salt formation is the most pre-
ferred and effective method to enhance the physicochemical prop-
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erties of APIs such as solubility, dissolution rate, bioavailability, sta-
bility, compressibility and permeability. The aim of the study was
to design and synthesize a series of new salts to improve the sol-
ubility of IM. Two stable salts S1 and S5, one metastable salt S2
and two unstable salts S3 and S4 were prepared, and their crys-
tal structures (except S5) were confirmed by single-crystal X-ray
diffraction. The SCXRD showed that all the four salts had some
analogous arrangement. Cationic IM* and anionic CCF~ formed salt
via amino N1 and carboxyl O. All the adjacent IM molecules linked
as 1D wavy by the intermolecular hydrogen bond N3—H3...N7. All
the solvates had a R%(S) motif according to the intermolecular
hydrogen bond N—H..-O and O-H---N. Moreover, all the solvent
molecules were involved into the intermolecular hydrogen bond
to maintain the stable spatial arrangement. However, the confor-
mation of IM in the unit cell had significantly difference in the
four salts. PXRD, DSC, IR and TGA were all used to characterize the
novel salts. All the salts S1, S2 and S5 exhibited remarkable solu-
bility improvement than pure IM in pure water and pH 6.8 phos-
phate. Taking into consideration the improved dissolution rate of
the novel salts, the good stability and pharmaceutically acceptable
S$1 and S5 salts are the promising candidate for oral drug formula-
tion.
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