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Abstract: The pharmaceutical salt ivabradine hydrochloride is indicated for the symptomatic
treatment of chronic stable angina pectoris and chronic heart failure. It exhibits extensive
polymorphism and co-crystallization, which could be a way to provide an alternative solid form.
We conducted a co-crystal screen, from which two hits were identified: with (S)-mandelic and
(R)-mandelic acid. Both structures were determined from single-crystal X-ray diffraction data as
co-crystals. The co-crystals were further characterized by common solid-state techniques, such as
X-ray powder diffraction (XRPD), differential scanning calorimetry (DSC), solid-state NMR, IR and
Raman spectroscopy, and dynamic vapor sorption (DVS). The co-crystal with (S)-mandelic acid
was selected for further development; its physical and chemical stability was compared with two
different polymorphs of the hydrochloride salt. The co-crystal exhibited a similar stability with the
polymorph used in the original drug product and was, therefore, selected for formulation into the
drug product. During the pre-formulation experiments, the in situ formation of the co-crystal was
achieved during the wet granulation process. The following formulation experiments showed no
influence of in situ prepared co-crystal on the overall stability of the bulk, when compared with
pre-prepared co-crystal formulation.

Keywords: co-crystals; crystal polymorphism; crystal structure; preformulation; X-ray powder
diffractometry

1. Introduction

Multicomponent solid forms of pharmaceutical substances (APIs) are widely screened from
early drug development, as they provide a whole range of forms with different physicochemical
properties. In addition to polymorphs, some solvates, salts, or co-crystals can be selected as desirable
solid forms of API, present in the drug product. Co-crystals have captured the attention of solid-state
scientists for their immense possibilities: (i) the number of co-crystal formers (co-formers) exceeds
the number of counterions [1]; when multicomponent solid forms are screened for, therefore, more
options are available; (ii) there is no need to force the screened pharmaceutical substance to donate or
accept a proton in order to prepare a new multicomponent solid form; and (iii) combinations, such as
co-crystal hydrate, co-crystal of a salt, etc., can extend the solid-state portfolio, as well.

Pharmaceutical cocrystals have been successfully studied by numerous groups, which have
reported many effective co-crystal preparation techniques, such as neat grinding [2,3], liquid-assisted
grinding [4] or co-melting [5,6] of co-crystal components or co-crystallization from solutions [7].
Co-crystals, solvates and salts are multicomponent solid forms and, sometimes, the boundary between
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co-crystal/salt and co-crystal/solvate is indistinct. Determination of crystal structure enables to
understand and distinguish between these forms. Also ionic compounds (i.e., salts), can form
molecular complexes with neutral molecules, forming a co-crystal of a salt (also known as ionic
co-crystal) [8,9] or a solvated/hydrated salt [10,11]. An example of a salt forming co-crystals is
fluoxetine hydrochloride, forming several co-crystals with carboxylic acids [12]. Not only API
hydrochlorides can form co-crystals, but also co-crystals of chlorides of API have been reported,
such as co-crystals of trospium chloride [13,14]. The formation of mixed salt-co-crystals, in which
the API forms a co-crystal with its own salt, has been also reported [15]. In such systems, the API
can act as either an acid (e.g., valproic acid sodium valproate salt-co-crystal [15]) or a base (e.g.,
tiotropium fumarate fumaric acid salt-co-crystal [16]). While it has not been proven that co-crystals are
a solution to polymorphism (as co-crystals also exhibit polymorphism) [17,18], they certainly can offer
an alternative solid form, especially in generic pharmaceutical development.

Ivabradine hydrochloride (Figure 1, IVA HCl) [19] is used for the treatment of chronic stable
angina pectoris and a chronic heart failure and is marketed under trade name Procorolan in doses of
5 and 7.5 mg by Servier Laboratories. IVA HCl is present as the polymorphic form γ in the original
drug product [20]. However, Servier also patented other polymorphic forms which were denoted
as forms α, β, βd, γd, δ, and δd [21–25]. Other pharmaceutical companies (Krka, Cadila) patented
several polymorphs with different designations: forms ε and ζ [26,27], form I–form IV, forms Z, X
and K, form C and S [28–33]. Moreover, acetone and acetonitrile solvates [34] and different salts of
ivabradine, such as hydrobromide, oxalate, sulfate, adipate, and tartrate [35–39] are described in the
patent literature.
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This paper describes the development of a generic product containing a co-crystal. At the
beginning of the project, several patent-free polymorphic forms of IVA HCl were available on the
market from different suppliers. However, internal analysis (by Zentiva) showed that many of the
marketed forms were identical with forms described and patented by originators (Servier Laboratories,
e.g., form δd) or they corresponded to the mixtures containing the originator’s polymorphic form(s).
Only polymorphic form II showed to be polymorphically pure and was used for further pharmaceutical
development. However, conversion of form II into form γ present in the original drug product
Procorolan was observed during the stability treatment (this part is not included in the paper).
Therefore, we decided to screen IVA HCl for co-crystals, characterize the obtained hits by several solid
state techniques (X-ray powder diffraction (XRPD), single-crystal X-ray diffraction (SXRD), solid-state
nuclear magnetic resonance (ssNMR), differential scanning calorimetry (DSC), and dynamic vapor
sorption (DVS)), select one co-crystal for further pharmaceutical development and suggest physically
and chemically stable pharmaceutical compositions containing the co-crystal. Furthermore, ethanol
solvate of ivabradine hydrochloride was also prepared, characterized and its crystal structure was
determined. Moreover, the physicochemical properties of the co-crystal selected for pharmaceutical
development (with (S)-mandelic acid) were compared with the polymorphic form γ present in the
original drug product and form II used at early stages of our pharmaceutical development.

We also show that the co-crystal can be manufactured in situ during the formulation process.
Simple wet granulation of IVA HCl, co-former, and excipients led to the formation of the co-crystal
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without the detection of any input components. Such an approach seems to be very promising for
robust co-crystal manufacturing compared to the described technology-spray drying [40] or twin screw
extrusion [41].

It should also be noted that the structures of ivabradine hydrochloride forms remain elusive, and
only the structure of polymorph β is deposited in the Cambridge Structure Database (CSD) [42] under
reference RIYKIT and is determined as tetrahydrate [43]. The structure of form II was also solved and
published directly in the patent, however, the structure is not available in CSD [44]. Form γ seems to
be a monohydrate [20]; form δ is a non-stoichiometric hydrate comprising about 2.8% of water [25].
The other forms are anhydrous, but the structures are yet to be determined. The successful indexing of
forms α, βd, and δd was done by Masciocchi et al.; in their publication they also revealed indexed
powders of acetone and acetonitrile solvates δd1 and δd2 [45].

2. Experimental Section

2.1. Materials

Ivabradine hydrochloride (IVA HCl) in form δd and form II, and the excipients, were kindly
provided by Zentiva k.s. (Prague, Czech Republic).

Solvents and co-crystal formers were purchased from various suppliers and were used as received.
Most of co-formers were purchased from Sigma Aldrich (St. Louis, MO, USA); benzoic, fumaric and
oxalic acid from Alfa Aesar (Ward Hill, MA, USA); camphoric and salicylic acids from Fluka (St. Louis,
MO, USA), and benzenesulfonic, pamoic acids from Acros organics (Geel, Belgium). All co-formers
have purity higher than 99%.

2.2. Analytical Methods

2.2.1. Powder X-ray Diffraction (XRPD)

Fast X-ray powder diffraction data for screening experiments were collected at room
temperature with a laboratory X’PERT PRO MPD PANalytical diffractometer (PANalytical, Almelo,
The Netherlands) with parafocusing Bragg-Brentano geometry, using CuKα radiation (λ = 1.54184 Å),
with a measurement range of 2−40◦ 2θ, a step size of 0.01◦ 2θ, and a counting time of 0.5 s·step−1.
Samples were ground in an agate mortar and stacked on a Si holder (zero background). Data evaluation
was performed in the software package HighScore Plus.

2.2.2. Infrared (IR) Spectroscopy

ATR (ZnSe—single reflection) infrared spectra of the solids were obtained using an infrared
spectrometer equipped with a deuterated-triglycine sulfate (DTGS) detector and KBr beam splitter.
A total of 12 scans per spectrum were acquired in the range 4000–600 cm−1. Spectral resolution was
2 cm−1. The data were acquired and interpreted using Omnic 6.2.

2.2.3. Raman Spectroscopy

Raman spectroscopic analyses were carried out on a FT-Raman RFS100/S spectrometer equipped
with a germanium detector (Bruker Optics, Ettlingen, Germany). Spectra were collected using
an excitation wavelength of 1064 nm of Nd:YAG laser radiation (power 250 mW). Each sample
was analyzed in a High Performance Liquid Chromatography (HPLC) glass vial. A total of 64 scans
per spectrum were acquired from 4000 to −2000 cm−1. Spectral resolution was 4 cm−1. The data were
acquired and interpreted using Opus 5.5.

2.2.4. Solution Nuclear Magnetic Resonance (Solution NMR)

Solution NMR was used for identification of the compounds and to determine the chemical purity,
impurities, and stoichiometry of the prepared materials. Samples were dissolved in dry d6-DMSO
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and 1H NMR spectra were measured by a Bruker Avance III™ 500 MHz NMR spectrometer ((Bruker
BioSpin, Rheinstetten, Germany) equipped with a Prodigy probe and with a repetition delay of 10 s.

2.2.5. Solid-State Nuclear Magnetic Resonance (ssNMR)

Solid-state 13C NMR was used to provide the phase identification, phase purity of the prepared
materials, and to study the solid state transformations. 13C NMR spectra were measured by a Bruker
Avance III™ 400 MHz WB by CPMAS (298 K, spinning rate of 13 kHz, relaxation delay of 5 s) equipped
with a 4 mm probe. The necessary number of scans was approximately 1000. Glycine was used as the
external standard.

2.2.6. Differential Scanning Calorimetry (DSC)

DSC measurements were performed on a PerkinElmer Pyris 1 DSC (PerkinElmer, Waltham, MA,
USA). The sample were weighed in aluminum pans and covered and measured in a nitrogen flow
(20 mL/min). Investigations were performed in a temperature range of 50−200 ◦C with a heating rate
of 10 ◦C/min. The temperatures specified in relation to DSC analyses are the onset temperatures of
peaks. The specific heat is given in J/g. The weight of the sample was approximately 3 mg.

2.2.7. Dynamic Vapor Sorption (DVS)

Dynamic vapor sorption (DVS) was measured on a DVS Advantage 1 device (Surface
Measurement Systems, London, UK) from Surface Measurement Systems. The sample weight in
a quartz crucible was between 20.3 and 21.1 mg, and the temperature in the device was kept between
25.3 and 25.4 ◦C. The used measuring program is as follows: the sample was measured by one cycle,
from 0% relative humidity (RH) to 90% relative humidity (adsorption) and then from 90% relative
humidity to 0% relative humidity (desorption). As measuring gas 4.0 nitrogen flow of 200 sccm was
used. Step in RH change was 10%, and the sample was kept at each level of RH until its weight ceased
deviating. When the sample weight did not change, the humidity was increased/decreased during
sorption/desorption.

2.2.8. Karl Fischer Coulometric Titration

The water mass fraction was determined using a Karl Fischer coulometer (652 model, Metrohm
AG, Bleiche West, Switzerland) equipped with an E649 magnetic stirrer. The measurements were done
in accordance with European Pharmacopoeia [46] and each was repeated three times to obtain an
average value.

2.2.9. Single Crystal X-ray Diffraction (SXRD)

The single crystals of co-crystals ivabradine hydrochloride (S)-mandelic acid (IClSM), and
ivabradine hydrochloride (R)-mandelic acid (IClRM) for structure determination were obtained by
spontaneous cooling of hot co-crystal solutions (from 70 ◦C to RT) in ethanol. The preparation of
ivabradine hydrochloride ethanol solvate (IClEt) was serendipitous and the single crystals were
obtained from a suspension of ivabradine hydrochloride in ethanol. When the measured XRPD pattern
did not match with other previously described forms, the single crystals were measured by SXRD.
The phase was not reproduced.

The analysis was conducted using the Xcalibur, Atlas, Gemini ultra diffractometer with a mirror
monochromator and a CCD detector, with Cu Kα radiation with the wavelength of 1.5418 Å. The data
were collected and reduced by the CrysAlisPro program by Agilent Technologies, version 1.171.36.28.
The SCALE3 ABSPAC scaling algorithm was used for empirical correction to absorption.

The structure was solved by a direct method SIR92 and refined in CRYSTALS 14.40b. All
non-hydrogen atoms were refined with anisotropic thermal displacement parameters.
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2.2.10. Ultra Performance Liquid Chromatography (UPLC)

The chemical purity was determined by liquid chromatography. The samples were analyzed by
UPLC (Acquity) equipped with an Acquity UPLC BEH C18 column (1.7 µm, 2.1 mm × 100 mm), at a
column temperature of 45 ◦C. As the mobile phase a mixture of 10 mM ammonium carbonate buffer,
pH 10.2, and methanol was used, (gradient program: time/min: 0-15-17-21-21.5-24 methanol/%:
10-60-80-80-10-10) at a flow rate of 0.35 mL/min. In the analysis, 2.0 mL of a liquid sample containing
50% methanol as solvent was dispensed in the column (stock solution concentration 0.75 mg/mL).
For UV detection absorption at 288 nm was used.

2.3. Sample Preparation

2.3.1. Co-Crystal Screening

The co-crystal screening of ivabradine hydrochloride (IVA HCl) was conducted with 28 coformers:
adipic acid, aminosalicylic acid, ascorbic acid, benzenesulfonic acid, benzoic acid, camphoric acid,
cinnamic acid, citric acid, fumaric acid, gentisic acid, glutaric acid, hippuric acid, isonicotinamide,
lysine, maleic acid, malic acid, malonic acid, (S)-mandelic acid, (R)-mandelic acid, nicotinamide,
nicotinic acid, oxalic acid (dihydrate), pamoic acid, saccharin, salicylic acid, succinic acid, tartaric acid,
and vanillin. Equimolar mixtures of API (20 mg) and a co-former were placed in 50-mL round-bottomed
flasks, dissolved in ethanol at ambient temperature, and left until crystalline material was formed.
The resulting solids were then analyzed by X-ray powder diffraction (XRPD).

2.3.2. Co-Crystal Reproduction

Hits obtained during the screen were reproduced by two co-crystallization techniques:
by slurrying (100 mg of API and co-former in equimolar ratio) in 2 mL of acetone, dioxane, DMSO,
ethanol, ethyl acetate, and methanol (slurried for 48 h), and liquid-assisted grinding (LAG, same
amount as for slurrying) with 0.2 mL of ethanol, ethyl acetate, and acetone (ground in a mortar and
pestle for 10 min).

2.3.3. Maturation Experiments

As co-crystal was formed with enantiomerically pure (S)-mandelic (IClSM) or (R)-mandelic acid
(IClRM), and we wondered what would be the resulting solid of co-crystallization of ivabradine
hydrochloride with racemic mandelic acid. In such a case, three outcomes would be possible: IClSM,
IClRM, or a novel form incorporating the racemic mandelic acid. Mixtures of IVA HCl with an excess of
racemic mandelic acid (100 mg of the mixture in 1:2 molar ratio) were slurried for two weeks (in 1 mL
of ethanol and ethyl acetate) and the resulting solids were identified using XRPD.

2.3.4. Long-Term Physical Stability Studies of IClSM

The stability of IClSM co-crystal and IVA HCl δd was tested at two different conditions: 25 ◦C/60%
RH and 40 ◦C/75% RH. The solid was sampled after two weeks, one month, and three months, and
analyzed by XRPD.

2.3.5. Physical and Chemical Stability: Stress Studies

The powders of co-crystal IClSM, ivabradine hydrochloride form II, and form γ were stressed for
three days at 80 ◦C and 0% RH, three days at 80 ◦C and 75% RH, 10 days at 0% RH, and 10 days at
100% RH. Chemical stability (content of impurities) was evaluated by UPLC, and physical stability
(polymorphic purity) was evaluated by XRPD. For quantification of the phase admixtures the standard
addition method was applied.
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2.3.6. Pre-Formulation of Ivabradine Hydrochloride (S)-Mandelic Acid Co-Crystal (IClSM)

Stoichiometric amounts of IVA HCl and (S)-mandelic acid with excess of lactose monohydrate
was mixed in a beaker or vial with spatula. Using a micropipette, ethanol (EtOH) or water (WA) was
added as the granulation liquid. We wanted to achieve conditions for wet granulation at a small
laboratory scale. Table 1 shows the amount of used components.

Table 1. The composition of the wet-granulated pre-formulation mixtures.

Experiment IVA HCl (mg) (S)-Mandelic Acid (mg) Lactose Monohydrate (mg) Solvent

Type Amount (µL)

Liquid-assisted
grinding (LAG)

100 30 - EtOH 50
100 30 - WA 40
200 60 - WA 20

Mixing in a vial by
microspatula

10 3 130 EtOH 30
10 3 130 EtOH 60
10 3 130 EtOH 100
10 3 130 WA 30
10 3 130 WA 70

100 30 1300 EtOH 50
100 30 1300 EtOH 100
100 30 1300 EtOH 150
100 30 1300 EtOH 200

High-shear
granulation *

300 90 4000 EtOH 1200
300 90 4000 EtOH 1800
300 90 4000 EtOH 2100

Mixing in a beaker 750 225 10,000 EtOH 560

* High-shear granulation was simulated in a stainless steel cell (see Figure S16 in Supplementary Material),
in which a thick mixture of co-crystal components and filler (lactose monohydrate) was intensively kneaded by
an overhead stirrer (960 rpm).

2.4. Formulation

The co-crystal IClSM formulated with excipients was either pre-prepared (mixtures A–C), or it
was formed directly during the wet granulation in the presence of the excipients (mixtures D–J).
For mixtures A–C, all of the components were mixed in a beaker using a spatula for 15 min. Then, we
added ethanol (37 mg of ethanol per tablet weight) and continued mixing for an additional 15 min.
For mixtures D–F, all of the components, except magnesium (Mg) stearate, were granulated by ethanol
in a beaker, using a spatula, at the same time. The granulates were dried in air for 2 h. Then, to the dried
granules, Mg stearate was added. For mixtures G–H, all of the components, except meglumine and
Mg stearate, were granulated by ethanol and let to dry. Then, to the dried granules, first meglumine,
then Mg stearate, were gradually added. For mixtures I–J, BHT/citric acid were dissolved in ethanol,
by which all the components, except Mg stearate, were granulated and dried. Then, to the dried
granules, Mg stearate was added. The compositions of the mixtures A–J are shown in Tables 2 and 3.

Table 2. The composition of the mixtures A–C with pre-prepared co-crystal.

Ingredient (mg) A B C

IClSM 10.5 10.5 10.5
Klucel EF 2.7 2.7 2.7

Lactose monohydrate 115.0 - 111.9
Mannitol - 115 -

Primojel type A 5.4 5.4 5.4
Meglumine - - 3.125

Magnesium stearate 1.35 1.35 1.35
Tablet weight (mg) 135 135 135
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Table 3. The composition of the mixtures D–J with co-crystal formed in situ.

Ingredient (mg) D E F G H I J

Ivabradine HCl 8.085 8.085 8.085 8.085 8.085 8.085 8.085
(S)-mandelic acid 2.436 2.436 2.436 2.436 2.436 2.436 2.436

Klucel EF 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Lactose monohydrate 115.0 - 112.3 114.25 111.9 114.8 111.5

Mannitol - 115 - - - - -
Primojel type A 5.4 5.4 5.4 5.4 5.4 5.4 5.4

Butylhydroxytoluene(BHT) - - - - - 0.27 -
Citric acid - - - - - - 3.5

Meglumine - - - 0.781 3.125 - -
Magnesium stearate 1.35 1.35 4.05 1.35 1.35 1.35 1.35
Tablet weight (mg) 135 135 135 135 135 135 135

Characterization of Mixtures A–J

Initial characterization: The prepared mixtures were firstly characterized by pH measurement,
water content determination and chemical (UPLC), and physical (XRPD) purity. All mixtures were
dried at 40 ◦C for 90 min for water content determination by Karl-Fisher titration. Approximately 2.5 g
of the mixture was used for one measurement. The mean value of three measurements was used as
the determined water content. For pH determination, 200 mg of the respective mixtures of A–J was
placed in a vial, 10 mL of purified water was added, and pH was measured by a Microprocessor pH
meter 213 (HANNA Instruments). The mixtures were packed in aluminum sachets, filled with either
air or nitrogen atmosphere and stressed with a temperature of 80 ◦C for a duration of 72 h in a stability
chamber (Memmert HCP 108). The physical and chemical purity was analyzed by XRPD and UPLC.

3. Results and Discussion

3.1. Co-Crystal Screening and Solid-State Characterization of Hits

We performed the co-crystal screening of ivabradine hydrochloride; the resulting solids were
measured by XRPD and two unique powder patterns (differing from the patterns of input components)
were identified. The new powder patterns were also compared with available XRPD patterns of
different polymorphs of IVA HCl, so their uniqueness was confirmed. When single crystals were
obtained, the structures were determined from SXRD data as ivabradine hydrochloride (S)-mandelic
acid 1:1 co-crystal (IClSM) and ivabradine hydrochloride (R)-mandelic acid 1:1 co-crystal (IClRM).
The co-crystals were reproduced by other co-crystallization techniques: slurrying and liquid-assisted
grinding in a range of solvents. The solid-state characterization, such as differential scanning
calorimetry (DSC), solid-state NMR (ssNMR), IR and Raman spectroscopy, and dynamic vapor sorption
(DVS), for both co-crystals followed. The figures and comments discussing the observations from the
solid state characterization (XRPD, IR and Raman spectroscopy, DSC, and DVS) are available in detail
in the Supplementary Material (Figures S1–S15). Both co-crystals showed low hygroscopicity and
distinct melting temperature, comparable with polymorphic form γ, which was identified in the drug
product of the originator.

3.2. Crystal Structures and Their Comparison

The crystal structures of ivabradine hydrochloride (S)-mandelic acid 1:1 co-crystal (IClSM),
ivabradine hydrochloride (R)-mandelic acid 1:1 co-crystal (IClRM), and of ivabradine hydrochloride
ethanol solvate (IClEt) were solved from single-crystal X-ray diffraction (SXRD) data (Table 4 and
Figure 2).
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Table 4. Crystallographic data of IClSM, IClRM, and ivabradine hydrochloride ethanol solvate (IClEt).

Compound IClSM IClRM IClEt

Empirical formula C27H37N2O5···Cl
··C8H8O3

C27H37N2O5···Cl
··C8H8O3

C27H37N2O5···Cl
··C2H6O

Formula wt. 657.20 657.20 551.12
Crystal system Orthorhombic Orthorhombic Monoclinic

Space group P 212121 P 212121 P 21
a (Å) 7.4447(4) 7.5398(2) 5.4844(10)
b (Å) 8.5027(4) 8.6296(2) 11.7967(10)
c (Å) 52.159(2) 51.5013(13) 21.8297(10)
β (◦) 90 90 91.905(10)

V (Å3) 3301.67(13) 3350.96(8) 1411.55(6)
Z 4 4 2

T (K) 120 120 100
ρcalc (g·cm−3) 1.322 1.303 1.297

Radiation CuKα
(1.5418 Å)

CuKα
(1.5418 Å)

CuKα
(1.5418 Å)

µ (mm−1) 1.477 1.456 1.565
F(000) 1400.0 1400.0 592.0

Reflns collected 12,420 11,567 20,662
Indep. Reflns (Rint) 5425 (0.057) 5853 (0.035) 5586 (0.083)

GOF 0.962 1.039 1.160
R1, wR2 [I>2σ(I)] 0.045, 0.062 0.043, 0.056 0.049, 0.082
R1, wR2 (all data) 0.057, 0.067 0.046, 0.057 0.052, 0.084

Res. el. dens.
(e·Å−3) 0.36, −0.32 0.44, −0.33 0.38, −0.34

CCDC number 1,479,092 1,479,091 1,479,090

The molecule of ivabradine contains, in its structure, two nitrogen atoms (in cyclic amidic and
acyclic tertiary amino groups, see Figure 1). The SXRD structure solution clearly showed that, upon
hydrochloride formation, the ivabradine is protonated on the acyclic amino nitrogen (see Figure 2,
left part). When co-crystallized with mandelic acid, the cyclic amidic nitrogen was not protonated.
Amides are generally considered as non-ionizable, even though there are some exceptions [47]. The pKa

of the protonated N atom in an amide group would be somewhere around −8 (i.e., extremely unlikely
to be protonated). In fact, in amides, upon cation formation, the oxygen atom is more likely to be
protonated with pKa of around −1. The pKa of mandelic acid is 3.41, so the ∆pKa would equal either
−11.41 for the N, or −4.41 for the O atom. Both of these results point firmly to co-crystal territory.
Together with other indicators, such as C–O bond lengths in the carboxylic group and the residual
electron density near this group, this confirms the co-crystalline character of IClSM and IClRM.

Therefore, in the asymmetric unit, all of the structures contained a molecule of protonated
ivabradine, a chloride anion, and a molecule of a neutral coformer/solvent. The co-crystals IClSM and
IClRM crystallized in the orthorhombic system (space group P 212121) and the ethanol solvate IClEt
crystallized in the monoclinic system (space group P 21).
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Figure 2. Crystal structures of IClSM (a,b), IClRM (c,d) and IClEt (e,f). Left: the asymmetric unit with
the thermal ellipsoids. Right: the crystal packing with the unit cell.

In IClSM (Figure 3a), the (S)-mandelic acid forms two hydrogen bonds with the neighboring
chloride anions. The protonated ivabradine nitrogen forms a weaker interaction with the chloride anion.

In IClRM (Figure 3b), the (R)-mandelic acid forms a hydrogen bonds to the chloride anion via its
carboxyl group and to ivabradine carbonyl oxygen via the hydroxyl group. Ivabradine N–H is H-bond
to the chloride anion.

In IClEt (Figure 3c), ivabradine N–H is also H-bonded to the chloride anion. Ethanol hydroxyl
forms a weaker interaction with the ivabradine methoxy group.
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Figure 3. H-bonding in the crystal structures of IClSM (a), IClRM (b), and IClEt (c). The ivabradine
molecule is displayed as sticks, and the rest of the structures as balls. Cyan and red dashed lines
represent extended and non-extended contacts, respectively. Contact D–A distances are written in
green. An extended criterion for the display of the contacts (actual D–A distance is a maximum of
3.4 Å) was used to display all of the corresponding H-bonds.

All discussed non-bonded interactions observed in SXRD correspond very well with the infrared
and Raman spectroscopic data (see Supplementary Material).

Curiously, the crystal packing of IClSM and IClRM are almost identical (see Figure 2). Even
though there are slight differences in the H-bonding caused by a different orientations of the hydroxyl
in the (S)- and (R)-mandelic acid (see Figure 3), overall, the H-bond systems in both structures are
similar as well. This could be one of the factors contributing to the high similarity in the crystal packing.

Based on the calculated crystal density, IClSM should be more thermodynamically stable than
IClRM. This correlates with the experimental results because IClSM was easier to prepare than IClRM.

3.3. Co-Crystal Selection and Comparison with Other Forms of IVA HCl

From the prepared novel solid forms we had to select the most suitable one for further formulation
development. As was described in the above section, the crystal structure of IClSM suggested higher
density over IClRM. The reproducibility of the formation of both co-crystals was tested by two
co-crystallization techniques: by slurrying and liquid-assisted grinding (LAG) in various solvents.
While IClSM was reproduced by both LAG and slurrying in all solvents, co-crystal IClRM was
reproduced by both methods, however, in a lower number of solvents. IClSM was always physically
pure, while IClRM was often contaminated by input components ivabradine hydrochloride and
(R)-mandelic acid. Additionally, the maturation experiment, where ivabradine hydrochloride was
exposed to the excess of racemic mandelic acid, suggested that IClSM was preferred over IClRM, as it
was the prevalent resulting solid form. Moreover, co-crystal IClSM exhibited a higher melting point
and slightly higher density.

For all of the above-mentioned reasons, co-crystal IClSM was selected for further development
and its stability was compared with other polymorphic forms of ivabradine hydrochloride, form γ and
form II. During the short-term stress stability studies (when the forms were stressed for three days at
80 ◦C and 0% and 75% RH, and 10 days at RT at 0% RH and at 100% RH), the chemical and physical
stability of pure co-crystal IClSM was compared with IVA HCl in polymorphs II and γ. Form II was
chosen as a representative metastable polymorph (based on previous formulation development), while
form γ was identified in the original drug product. The studies revealed that metastable form II is
physically and chemically unstable. We observed the transformation of form II into polymorphic form
γ (three days, 80 ◦C/75% RH) or into form β (10 days, 25 ◦C/100% RH) and the increase of chemical
impurities, especially after three days at 80 ◦C/75% RH. On the other hand, co-crystal IClSM and form
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γwere stable (see Table 5). Moreover, the conversion of form γwas observed after 10 days at 100% RH,
while the co-crystal was stable. The long-term stability of the co-crystal was also initiated; see Table S1
in Supplementary Material.

Table 5. The comparison of physical and chemical stability of different solid forms of ivabradine
hydrochloride (polymorphic forms II, γ, and co-crystal) after the treatment at various temperatures
and humidities.

Stress Conditions

Form II Form γ Cocrystal

Solid Form,
XRPD

Sum of Chem.
Imp. [%]

Solid Form,
XRPD

Sum of Chem.
Imp. [%]

Solid Form,
XRPD

Sum of Chem.
Imp. [%]

3 days 80 ◦C Form II + γ 0.15 Form γ ≤0.05 Cocrystal ≤0.05
3 days 80 ◦C/75% RH Form γ 2.12 Form γ ≤0.05 Cocrystal ≤0.05

10 days 0% RH Form II 0.15 Form γ ≤0.05 Cocrystal ≤0.05
10 days 100% RH Form β 0.14 Form β ≤0.05 Cocrystal ≤0.05

3.4. In Situ Formation of the Co-Crystal during Wet Granulation

The preformulation experiments followed the previous knowledge about the formation of
co-crystal during LAG. Therefore, we added to the mixture of API and co-former the most common
formulation filler (lactose monohydrate) and tried to granulate it with two different granulation liquids
(water, ethanol). We were interested if the co-crystal would also be formed in the presence of lactose
monohydrate, which should simulate all excipients in a dosage form.

When granulated with water, no co-crystal formation was observed in the presence of lactose
monohydrate. On the other hand, formation of co-crystal was observed when the mixture was
granulated with ethanol and the co-crystal was identified by both XRPD (see Figures S17–19 in
Supplementary Material) and ssNMR (see Figure 4). The initial experiments in small scale in the vial
were successfully scaled-up in our own devised small scale high-shear granulator (see Figure S16
in the Supplementary Material) with, approximately, a 5 g load and even in a beaker with a load of
approximately 12 g.Crystals 2017, 7, 13  12 of 16 
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Figure 4 shows the ssNMR spectra of a mixture containing co-crystal, which was obtained by
granulation with ethanol and the spectra of pure co-crystal and lactose monohydrate for comparison.
It is evident that the spectrum of the mixture is a superposition of the spectra of lactose and the
co-crystal. The ssNMR method showed to be more sensitive than traditionally-used XRPD, since
lactose monohydrate exhibits long relaxation time [48] and, hence, gives a low-intensity spectrum,
which does not overlap with co-crystal signals. It is the main problem of XRPD, where intense
diffraction peaks of lactose monohydrate overlap the peaks of the co-crystal. Thus, ssNMR provided
clear evidence of the complete conversion of hydrochloride salt into the co-crystal.

A robust reproducible in situ preparation of co-crystal IClSM in the presence of excipient(s)
simplified the development of a generic product since no drug master file was necessary. We showed
that suitable formulation technology (wet granulation) led to the formation of the required solid
form (co-crystal).

3.5. Comparison of Pre-Prepared and in Situ Formed Co-Crystal in Formulation and Selection of Final
Excipients Composition

Formulation mixtures consisting of in situ prepared co-crystal with excipients were also proposed
(mixtures D–J, see Tables 2 and 3). Moreover, we investigated the physical and chemical stability of
IClSM co-crystal in these in situ formed co-crystal formulations and compared it with formulations
containing pre-prepared co-crystal (mixture A–C). Several formulations containing pre-prepared and
in situ-formed co-crystal were suggested: the mixtures A, B, and C with pre-prepared co-crystal had
identical compositions as mixtures D, E, and H, respectively, where co-crystal was prepared in situ
(see Table 1 in the Experimental Section). In mixtures A and D, the filler lactose monohydrate was used;
in mixtures B and E the filler mannitol was used instead of lactose. In mixtures C and H meglumine
was added for the pH adjustment. In addition to these, mixture F with higher amount of Mg stearate,
mixture G with a low content of meglumine, mixture I with butylhydroxytoluene as an antioxidant
and mixture J with citric acid as antioxidant, were also proposed.

The mixtures were packed into aluminum blister under ambient and nitrogen atmosphere and
treated for 72 h at 80 ◦C. The stressed mixtures were analyzed by XRPD and UPLC to predict the
physical and chemical stability of the co-crystal.

The treated mixtures with pre-prepared co-crystal showed physical (mixtures A, B) or chemical
instability (mixture C). In case of physical instability, we observed dissociation of the co-crystal into
the γ polymorph of ivabradine hydrochloride. In the case of chemical instability, we detected chemical
impurities formed by oxidative reactions. Two of them, with retention time 0.92 and 0.97, were
identified by mass spectroscopy.

The treated mixtures containing in situ formed co-crystal and meglumine (mixtures G and H)
were both chemically and physically unstable. Mixtures D and F were physically unstable (formation
of γ form), whereas mixture J was chemically unstable. However, two suggested mixtures, namely
E and I, were complying—no physical conversion and no formation of chemical impurities were
observed. A detailed comparison of mixtures E and I revealed that the presence of antioxidant
(butylhydroxytoluene) helped with chemical stabilization, since no increase of chemical impurities
was observed after three days at 80 ◦C.

From the overall comparison of the mixtures with pre-prepared co-crystal with the mixtures
with in situ formed co-crystal, we deduced that in situ formation of the co-crystal during the wet
granulation process can be used for manufacturing. We selected a final composition for further
formulation development containing co-crystal, lactose monohydrate, klucel, primojel, magnesium
stearate, and butylhydroxytoluene.

Furthermore, we investigated a possible impact of water content and pH of the mixtures on the
described stability. The water content was determined by Karl-Fisher titration and the results are
summarized in Table S2 in Supplementary Material. The water content is between 4.3% and 4.5% for
mixtures containing lactose monohydrate (crystal water) and 0.1%–0.3% for mixtures with mannitol
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(mixtures B and E). Mixtures with meglumine (mixtures G and H) and with mannitol (mixtures C and
F) showed higher pH than mixtures A, B, D, E, I, and J, which had a pH around 3.5. We did not find
the direct connection between physical/chemical stability and water content and the connection with
pH was rather speculative; however, it seemed that higher pH caused mixture instability.

4. Conclusions

In order to overcome the polymorphism issues of ivabradine hydrochloride, we concentrated
on the preparation of a stable co-crystalline solid form. We identified and characterized two novel
co-crystals of ivabradine hydrochloride, with (S)- and (R)-mandelic acid, IClSM and IClRM respectively.
From a comparison of their properties, IClSM was selected for further studies. The co-crystal IClSM
proved to be as stable as ivabradine hydrochloride form γ, which was identified in the original drug
product. Therefore, the robust preparation of the co-crystal followed, as well as formulation with the
excipients. We decided to attempt to prepare the co-crystal directly during the formulation process by
granulation with ethanol. IClSM co-crystal proved to be able to form, even when its components were
diluted by excess of excipients. To assess the possible negative effect of in situ co-crystal preparation
on overall stability, we compared the stability of both pre-prepared and in situ prepared co-crystal
formulations. Since we found that the influence was minimal and that the composition of excipients
had much stronger influence on the tablet performance, the in situ co-crystal preparation showed as
an effective and convenient means of robust preparation of a co-crystal of interest, during the wet
granulation process in drug production. Moreover, such an approach is advantageous for generic
product development, since all metastable polymorphs can be used for co-crystal preparation and
undesired polymorphic impurities are avoided.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/1/13/s1.
Figure S1: The XRPD patterns of co-crystal IClSM (middle, blue); starting components, ivabradin hydrochloride
form δd top, black); and (S)-mandelic acid (bottom, orange). Figure S2: The final Rietveld plot of the co-crystal
IClSM, showing the measured and the calculated data. The calculated Bragg positions are shown by vertical bars.
Figure S3: The DSC curve of the co-crystal IClSM. Figure S4: The DVS curve of the co-crystal IClSM. Figure S5:
The Raman spectra of IClSM (blue curve), ivabradine hydrochloride δd (black dashed curve), and (S)-mandelic acid
(orange dash dotted curve). Figure S6: The infrared (IR) spectra of IClSM (blue curve), ivabradine hydrochloride
δd (black dashed curve), and (S)-mandelic acid (orange dotted curve). Figure S7: The XRPD patterns of co-crystal
IClRM (middle, green); starting components, ivabradin hydrochloride form δd (top, black); and (R)-mandelic
acid (bottom, orange). Figure S8: The final Rietveld plot of the co-crystal IClSM, showing the measured and
the calculated data. Figure S9: The DSC curve of the co-crystal IClRM. Figure S10: The DVS curve of the
co-crystal IClRM. Figure S11: The Raman spectra of IClRM (green curve), ivabradine hydrochloride δd (black
dashed curve), and (R)-mandelic acid (orange dotted curve). Figure S12: The IR spectra of IClRM (green curve),
ivabradine hydrochloride δd (black dashed curve), and (R)-mandelic acid (orange dotted curve). Figure S13:
The XRPD patterns of IVA HCl δd (black), IClSM (blue) and IClRM (green). Figure S14: Comparison of Raman
spectra of IClSM (blue) and IClRM (green). Figure S15: Comparison of IR spectra of IClSM (blue) and IClRM
(green). Figure S16: In-house small-scale high-shear granulator. Figure S17: The XRPD patterns of pure IClSM
(green) and granulation mixtures with lactose monohydrate. Figure S18: The detail of XRPD patterns of pure
IClSM (green), IClSM + lactose monohydrate mixtures, and IVA HCl + (S)-mandelic acid + lactose monohydrate
mixtures (red and magenta). Figure S19: The detail of XRPD patterns of pure IClSM (green), IClSM + lactose
monohydrate mixtures after granulation (black, blue, turquoise, grey, teal), and IVA HCl + (S)-mandelic acid +
lactose monohydrate mixtures (red, violet, and magenta). Table S1: Comparison of long-term (25 ◦C/60% RH)
and accelerated (40 ◦C/75% RH) physical stability of IClSM co-crystal and polymorphic form δd. Table S2:
Characterization (pH, water content, solid form (XRPD), chemical purity (UPLC)) of formulation mixtures A–C,
containing IClSM co-crystal. Table S3: Characterization of formulation mixtures D–J.
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