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Purpose. To design and prepare cocrystals of indomethacin using crystal engineering approaches, with
the ultimate objective of improving the physical properties of indomethacin, especially solubility and
dissolution rate.

Materials and Methods. Various cocrystal formers, including saccharin, were used in endeavours to
obtain indomethacin cocrystals by slow evaporation from a series of solvents. The melting point of
crystalline phases was determined. The potential cocrystalline phase was characterized by DSC, IR,
Raman and PXRD techniques. The indomethacin-saccharin cocrystal (hereafter IND-SAC cocrystal)
structure was determined from single crystal X-ray diffraction data. Pharmaceutically relevant properties
such as the dissolution rate and dynamic vapour sorption (DVS) of the IND-SAC cocrystal were
evaluated. Solid state and liquid-assisted (solvent-drop) cogrinding methods were also applied to
indomethacin and saccharin.

Results. The IND-SAC cocrystals were obtained from ethyl acetate. Physical characterization showed
that the IND-SAC cocrystal is unique vis-a-vis thermal, spectroscopic and X-ray diffraction properties.
The cocrystals were obtained in a 1:1 ratio with a carboxylic acid and imide dimer synthons. The
dissolution rate of IND-SAC cocrystal system was considerably faster than that of the stable
indomethacin y-form. DVS studies indicated that the cocrystals gained less than 0.05% in weight at
98%RH. IND-SAC cocrystal was also obtained by solid state and liquid-assisted cogrinding methods.
Conclusions. The IND-SAC cocrystal was formed with a unique and interesting carboxylic acid and
imide dimer synthons interconnected by weak N—H-O hydrogen bonds. The cocrystals were non-
hygroscopic and were associated with a significantly faster dissolution rate than indomethacin (y-form).

KEY WORDS: crystal engineering; dissolution rate; indomethacin; pharmaceutical cocrystals;

poorly soluble drugs.

INTRODUCTION

One of the challenging tasks in the pharmaceutical
industry is to discover ways of improving the physicochemical
properties of active pharmaceutical ingredients (APIs). The
solubility, dissolution rate, melting point, moisture sorption
tendency, and compressibility of APIs and/or excipients
affect the bioavailability, design, processing, manufacturing
and stability of the resultant dosage form (1). APIs that
permeate easily through mucous membranes but are poorly
soluble (BCS class II) have poor bioavailability, and are
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consequently associated with difficulties in dosage form
design and manufacturing. In such scenarios, in order to
improve the solubility and thereby the dissolution rate,
formulation scientists often turned to various basic
approaches such as salt formation, changes in the solid state
structure, complexation, encapsulation, etc. (2-4). Though
salt formation is a widely implemented and convenient
method of improving solubility, it suffers from some dis-
advantages such as a lack of ionizable groups on the APIs
and the availability of only a limited number of nontoxic salt
formers (5). Further, solid state manipulation approaches
such as metastable phase formation or amorphization of
APIs may increase the risk of phase conversion under normal
storage conditions (6). When the chances of forming salts
(ionic compounds) are limited and the inherent instability of
amorphous or metastable solids is not desired, pharmaceut-
ical cocrystallization is a promising alternative for improving
the solubility and dissolution rate or manipulating other
physical properties of APIs (7).

Pharmaceutical cocrystals are formed with an API
(neutral or in the ionic form) and a benign cocrystal former
that is solid under ambient conditions (8,9). The cocrystals
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Scheme 1. Molecular structures of indomethacin (a), saccharin (b).

are designed from the first principles of crystal engineering
by evaluating the robustness of the potential intermolecular
interactions (supramolecular synthons or hydrogen bonding
motifs) and following general hydrogen bonding rules (10—
12). Recent publications provide some interesting examples
of pharmaceutical cocrystals and practical guidelines for their
design and synthesis (13-15).

Indomethacin, 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-
1H-indole-3-acetic acid (Scheme 1), is a nonsteroidal drug
with anti-inflammatory (NSAID), antipyretic and analgesic
properties (Scheme 1a). It is widely prescribed for patients
with moderate to severe rheumatoid arthritis, ankylosing
spondylitis, osteoarthritis and acute gouty arthritis (16).
Indomethacin exists in polymorphic forms o and y, the latter
of which is thermodynamically stable at room temperature
(17). Indomethacin (y-form) is practically insoluble in water
(2.5-4 pg/ml; it belongs to BCS class II) with a pKa of 4.5.
Several methods of improving the solubility or dissolution
rate of indomethacin have been proposed. One widespread
method involves co-precipitation with hydrophilic polymers
or cyclodextrins, resulting in an amorphous form of the drug
(18,19). However, the tendency for amorphous indomethacin
to transform to the stable y-form even below T, =42°C (i.e.
at typical storage temperatures) compromises the solubility
advantage, as well as raising serious product development
and regulatory concerns (20). Pharmaceutical cocrystalliza-
tion, on the other hand, offers stable crystalline solids with
improved physical properties. Improvement of the physical
properties of indomethacin by cocrystallization with a
complementary cocrystal former is the subject of this
manuscript. The cocrystal formed between indomethacin
and the FDA-approved sweetener saccharin (Scheme 1b)
appears to be a new cocrystalline phase (IND-SAC) and is
one of the few cocrystals with saccharin that have been
reported to date (21,22).

This paper describes the formation of the IND-SAC
cocrystal, using crystal engineering strategies, and its phar-
maceutical characterization. The physical state of IND-SAC
cocrystals was characterized by IR, Raman, DSC, and
PXRD. The IND-SAC crystal structure was determined by
single-crystal X-ray diffraction. Pharmaceutical character-
izations of IND-SAC included dissolution studies and DVS
measurements. The IND-SAC cocrystal was also generated
by solid state and liquid-assisted (23) grinding experiments.
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MATERIALS AND METHODS

Indomethacin (y-form) and cocrystal formers including
saccharin were purchased from Sigma Aldrich, Stockholm,
Sweden. The purity of these chemicals was >99.9%. All
solvents (purity >99.8%) were also sourced from Sigma
Aldrich, Stockholm, Sweden. All chemicals and solvents
were used as received. Distilled water was used in the study.

Screening for Indomethacin Cocrystals

Several complementary cocrystal formers (see supple-
mentary information) in suitable molar ratios were selected
from a range of carboxylic acids, sugars and amino acids. The
solution cocrystallization method was employed in the
screening for cocrystals. A number of solvents, including
ethanol, ethyl acetate, 1-propanol, 2-propanol, methanol,
chloroform, acetone, acetonitrile and N,N-dimethylforma-
mide, were used. IND-SAC was the only cocrystal obtained.

Cocrystallization of Indomethacin—Saccharin

A 1:1 mixture of indomethacin (35.78 mg, 0.1 mmol) and
saccharin (18.32 mg, 0.1 mmol) was added to 67 ml of ethyl
acetate in a 25 ml conical flask and heated to aid dissolution.
The solution was allowed to evaporate slowly in a controlled
fume hood (temperature 22°C, air flow 0.54 m/s) to produce
cocrystals. The resultant IND-SAC cocrystals were then
scaled up to 14 g for further analyses.

Preliminary Characterization

The melting point of IND-SAC cocrystals was obtained
using an Electro Thermal 1A9000 series digital melting point
apparatus. Optical micrographs of cocrystals were taken
under the Leica MZ6 polarizing microscope.

IR Spectroscopy

A Perkin Elmer 2000 FT-IR spectrophotometer was
used in KBr diffuse reflectance mode (sample concentration
2 mg in 20 mg KBr) for collecting the IR spectra of the
samples. It was equipped with an MCT detector. A total of
500 scans were collected over the range of 4,000-400 cm
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Scheme 2. Strategies involved in the design of IND-SAC cocrystal.
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Fig. 1. Hydrogen bonding: a The indomethacin a-form. Two of the three symmetrically independent molecules form a carboxylic acid dimer
synthon and the carboxylic acid group of the third molecule forms an O-H--O hydrogen bond with the amide carbonyl group of one of these
two molecules. b The indomethacin y-form. The two molecules form a robust acid dimer synthon. ¢ The carbamazepine—saccharin (CBZ~

SAC) cocrystal contains an imide dimer synthon and forms N-H-O hydrogen bonds with the saccharin molecule.

for each sample. Data were analyzed using Spectrum
software (version 1.5, 24 Feb 1997).

Raman Spectroscopy

The Raman spectra were recorded on a Perkin Elmer
NIR FT-Raman 1700X spectrometer equipped with an
indium-gallium-arsenide (InGaAs) detector. An excitation
wavelength of 1,064 nm of Nd: YAG laser radiation was used.
A total of 50 scans were collected from 4,000-400 cm ™' for
each sample. Data were analyzed using Spectrum software
(version 1.5, 24 Feb 1997). Raman spectra for different
samples are presented in the supplementary information.

Differential Scanning Calorimetry (DSC)

Thermal analyses of the samples were performed on a
Thermal Advantage DSC Q1000 V9.8 Build 296 (TA instru-
ments-Waters, LLC) module which was calibrated for
temperature and cell constants using indium and sapphire.
Samples (3-5 mg) were crimped in non-hermetic aluminium
pans (30 pl) and scanned at a heating rate of 10°C/min in the
range 25-300°C under a continuously purged dry nitrogen
atmosphere (flow rate 50 ml/min). The instrument was
equipped with a refrigerated cooling system. The data were
collected in triplicate for each sample and were analyzed using
TA Instruments Universal Analysis 2000 V4.3A software.

Powder X-ray Diffraction (PXRD)

Initially, the PXRD pattern of the IND-SAC cocrystals
was collected on a Bruker D8Advance powder diffractome-
ter with Cu Ka radiation (1.54056 A). The diffractometer was
equipped with a primary Gobel mirror and a super-speed
VANTEC-1 detector (a position sensitive detector). The
sample was enclosed in a capillary (0.7 mm) and spun in the
diffractometer. The pattern was collected repeatedly under
continuous scanning at a rate of 3°/min between 5° and 50° 26
over 14 h. The scans were accumulated successively. The
experimental PXRD patterns and simulated PXRD spectra

from single crystal structure determinations were Rietveld
refined using TOPAS R (version 2.1, 2003) software to
confirm the composition of the material.

At a later stage, the PXRD patterns for the indometh-
acin, saccharin and cogrinding samples were collected on a
Siemens DIFFRACplus 5000 powder diffractometer with Cu
Ka radiation (1.54056 A). The tube voltage and amperage
were 40 KV and 40 mA, respectively. The divergence slit and
antiscattering slit settings were variable for illumination of
the 20 mm sample. Each sample was scanned between 5° and
50° 20 with a step size of 0.02°. The instrument had
previously been calibrated using a silicon standard.

Single Crystal X-ray Diffraction

The single crystal X-ray diffraction data of the crystals
were collected on a Bruker Nonius Kappa CCD. The data set
for the IND-SAC cocrystals was collected at 150 K using Mo
Ko radiation (4=0.71073 A). Lattice parameters were
determined from least-squares analysis, and reflection data
were integrated using the program MAXUS. The crystal

Fig. 2. Optical micrograph of IND-SAC cocrystals.
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structure was solved by direct methods using SHELXS-97
and refined by full matrix least-squares refinement on F> with
anisotropic displacement parameters for non-H atoms, using
SHELXL-97 (24). N-H, O-H and —CH3; group hydrogens on
indole group were located from difference Fourier maps, and
aromatic and aliphatic C-H hydrogens were generated by the
riding model in idealized geometries. Table II gives the pertinent
crystallographic data, and Table III gives the hydrogen-bond
parameters.

Dissolution Studies

A previously reported HPLC method was used with
minor modifications to determine the concentrations of
indomethacin (25). A complete Perkin Elmer HPLC system,
including a solvent delivery pump, a controller and a UV
detector, was used in this study. A 25 cm C-18 (Restek, Ultra
Aqueous) column containing particles with a diameter of
5 um and a pore size of 4.5 x 150 mm was used for drug
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elution at room temperature. The mobile phase consisted of
75 vol of methanol and 25 vol of 0.2% phosphoric acid. The
mobile phase was degassed and pumped at a flow rate of 1.5
ml/min. The injection volume of the solution was 80 ul. The
drug was eluted isocratically and monitored with a UV
detector operating at 319 nm. The assay run time and
retention times for indomethacin were 10 and 5 min,
respectively. The peak areas were integrated using Total-
chrom Navigator 200-UV software (Version 6.2.0.0.0:B27). A
calibration curve containing varied concentrations of indo-
methacin was drawn before the start of the dissolution
studies.

For the dissolution studies, the samples were micronized
and sieved using ASTM standard-mesh sieves (mesh size
125 pm). In each experiment, three 500 ml round-bottomed
flasks containing 250 ml phosphate buffer (60 or 200 mM, pH
7.4) were equilibrated at 26.0°C (1) in a laboratory oven
(Memmert, Germany). The powdered samples of approx-
imately (or corresponding to, for cocrystals) 1.2 g of
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Fig. 3. IR spectra for a indomethacin; b saccharin; and ¢ IND-SAC cocrystals.
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z Table II. Crystallographic Data and Refinement Parameters of
0 b - IND-SAC Cocrystal
: [ ‘} i
2] IHI Empirical Formula C,6H,1SCIN,O4
) '
z i Formula Weight 540.97
5 ii Crystal System triclinic
< E Space group [no.] P1 2]
= 229.47°C T [Io{] 150 (2)

#] 18420°C a[A] 7.1123 (2)

b [A] 10.3751 (3)

10 I c[A] 16.6615 (3)

X 160.82°C al(®) 79.8437 (14)

TR 5 10 13 130 175 200 225 BI(°) 86.524 (2)

Exo Up Temperature (°C) Universal V4.3A TA Instruments 7//(0) 79.4256 (13)
Fig. 4. DSC thermograms for a indomethacin; b saccharin; and ¢ 2
IND-SAC cocrystals. v [A3] 1189.14 (9)
D [g/em?] 1.511
. . . -1
indomethacin were added to the flasks, and the resulting w/mm 0301
slurry was stirred at 300 rpm on a magnetic stirrer. At specific £(000) i 260
. . - Theta range for data collection 3.14 to 30.41
time intervals over 2-3 days, an aliquot of the slurry was .
R . Reflections collected 12,636
withdrawn from the three flasks and filtered through a 0.2 um Uni .

. . nique reflections 7,192
syringe filter (cellulose acetate membrane). A 20 pl sample of  pcerved reflections 5.802
filtered aliquot was then injected directly into the HPLC  pyrameters 354
column. The concentration of indomethacin in each sample R, 0.0617
was calculated from the standard graph. After the last aliquot  wR, 0.1726
had been collected, the remaining undissolved solids were GOF 1.155

CCDC No. 639251

collected by vacuum filtration, dried at room temperature
and analyzed by PXRD. The pH of the filtrate was
determined.

Dynamic Vapour Sorption (DVS) Studies

A DVS Advantage instrument (Surface Measurement
systems, UK) was used for these studies. The high mass
resolution (+0.1 pg) and excellent baseline stability allowed
the instrument to measure the adsorption and desorption of
very small amounts of the probe compound. All samples
were initially dried for several hours under a continuous flow
of air to establish the equilibrium dry mass. The relative
humidity (RH) was then increased from 0 to 30% in 5% steps
and then by 10 steps to 90% RH, followed by a 5% step to
98% RH. For the desorption cycle, the RH was decreased in
a similar manner. The temperature was maintained at a
constant 25+0.1°C. The sorption isotherms were calculated
from the equilibrium mass values.

Cogrinding Experiments

Cogrinding experiments were performed to check the
feasibility of generating cocrystals using ‘green chemistry’

methodology and to assist in understanding the mechanism of
cocrystal formation. A Retsch MM301 Mixer Mill, equipped
with 10 ml stainless steel grinding jars, with one 5 mm and
one 7 mm stainless steel grinding ball per jar, was used. All
cogrinding experiments were performed at a rate of 30 Hz.
The external temperature of the grinding jar has not
exceeded ca 30°C.

Solid-State Grinding

A 1:1 mixture of indomethacin (143.2 mg, 0.4 mmol) and
saccharin (73.27 mg, 0.4 mmol) were placed in a 10 ml
grinding jar and coground for 15 min, 30 min or 60 min, using
a fresh batch for each grinding period. The powder samples
were then collected for PXRD.

Liquid-assisted (Solvent-Drop) Grinding
A 1:1 mixture of indomethacin (143.2 mg, 0.4 mmol) and

saccharin (73.27 mg, 0.4 mmol) were placed in a 10 ml
grinding jar, and one drop of solvent was added. The solvents

Table I. Melting Points and Enthalpy Values for Relevant Samples

Compound Melting Point (T,y) (°C) AH (kJ/mol) Reported Melting Point (°C)
Indomethacin (y-form) 160.82 (0.17) 39.99 (0.49) 162

Indomethacin (a-form) - - 154.5-155.5%°
Saccharin 229.47 (0.18) 26.77 (0.52) 227°

IND-SAC cocrystal 184.20 (0.15) 79.39 (0.52) -

Standard deviation is indicated in the parentheses in columns 1 and 2. Superscripts indicate reference literature in column 4.

®From Sigma Aldrich catalogue
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Table III. Hydrogen Bond Parameters in IND-SAC Cocrystal

D-H-A" D-A (A) H-A (A) D—H-A (deg)
02-H9-01 2659 (3) 1.68 171.50
N2-H17-02 3.180 (3) 2.58 117.18
N2-H17-07 2.859 (3) 1.89 160.07
C4-H1-05 3.518 (3) 2.46 164.81
C9-H7-05 3.628 (3) 2.76 136.51
C9-H8-06 3.567 (3) 2.53 158.76
C12-H6-06 3.621 (4) 2.58 160.46
Cl12-H5-07 3.587 (3) 2.50 177.36
C15-H13-05 3.621 (3) 2.57 163.06
C22-H18-06 3.642 (3) 2.79 135.58
C23-H19-01 3311 (4) 2.59 123.37
C24-H20-04 3306 (4) 2.43 136.91

“ All the C-H, N-H and O-H distances are neutron-normalized to
1.083, 1.009 and 0.983 A, respectively.

used were ethyl acetate, ethanol, dichloromethane or water,
since these represent solvents in which both or at least one
component of the cocrystal dissolves. The mixture was
ground for 15 min or 30 min in the mixer mill grinder using
a fresh batch for each grinding period. The powder was then
dried and collected for PXRD.

RESULTS AND DISCUSSION
Design Strategies for Indomethacin Cocrystals

A Cambridge Structural Database (CSD ConQuest
version 5.27, Nov 2005, number of hits 355064) analysis
revealed only four organic molecules of indomethacin; two of
these are solvates of fert-butyl alcohol and methanol (refco-
des BANMOTO1 and BANMUZ) and the other two are the
polymorphic forms ¢ and y (refcodes INDMETO02 and
INDMETO3, respectively). The two solvates of indomethacin
form tetramer synthons (O—H+O) in the crystal structures
(26-28). The o-form comprises three symmetrically inde-
pendent molecules, of which two form the carboxylic acid
dimer synthon (Fig. 1a). In the y-form, the asymmetric unit
consists of only one molecule of indomethacin which forms
the carboxylic acid dimer synthon (Fig. 1b). Examination of
the crystal structures of indomethacin reveals that the
carboxylic acid group is the main hydrogen bond donor—
acceptor functionality; this group forms robust supramolec-
ular synthons.

As the carboxylic acid group is the principal functional
unit in the indomethacin molecule, several FDA-approved
cocrystal formers with complementary functional groups
(such as carboxylic acid, amide, pyridyl, hydroxyl, etc.) were
selected for the cocrystallization experiments. The only one
of these to form a cocrystal with indomethacin was saccharin.
While the carboxylic acid homodimer synthon is present in
indomethacin (o and y), saccharin contains a strong hydrogen
bond acceptor (C=0) and strong donors (N-H) to form a
robust imide homodimer synthon in the crystal structure (29).
In the process of generating the IND-SAC cocrystal, two
possible supramolecular synthons were expected before
crystallization (Scheme 2). The first strategy is the formation
of a carboxylic acid-imide hetero synthon between the
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indomethacin and saccharin molecules (Scheme 2a). The
second possibility is the formation of a carboxylic acid
homodimer synthon of indomethacin with an interaction
between this acid dimer and the saccharin N-H group, as
seen in the carbamazepine—saccharin (CBZ-SAC) cocrystal
in Fig. 1c (Scheme 2b) (30).

The second strategy seemed to be successful in forming
the IND-SAC cocrystal, with the carboxylic acid dimer
synthon interacting with the saccharin N-H group. Interest-
ingly, saccharin also forms an imide dimer synthon to fulfill
the hydrogen bonding possibilities. Further, the geometry of
the carboxylic acid dimer synthon of indomethacin is devoid
of all the steric hindrances to form the saccharin imide dimer
synthon. Indeed, there are few examples in the CSD with the
carboxylic acid dimer and imide dimer synthons (31).
However, this is the first example of a cocrystal with an
interaction (even though the connecting N-H-+O is very
weak) between the acid dimer and imide dimer synthons.
Thus, this type of pattern can be expected in the pharma-
ceutical cocrystallization of compounds with imides, cyclic
amide groups (lactam) or amide groups but without addi-
tional anti hydrogen atoms (-CONH-).

|l
JH \ | l | )
J A JJ:‘[JL;I::U[_J _} ’L_MJU\»«-’" W, J‘I."-"h‘\h_l:’l‘ AT e

f v g

b

Arbitrary Intensities

3 10 15 20 25 30 35 40
2 Theta (degrees)
Fig. 5. PXRD patterns for a indomethacin; b saccharin; and ¢ IND-

SAC cocrystals showing a comparison of Rietveld-refined simulated
(red), experimental (black) and difference (gray) patterns.
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Preliminary Characterization of IND-SAC Cocrystals

The optical micrograph of IND-SAC cocrystals is shown
in Fig. 2. IND-SAC cocrystals were colourless needle-shaped
diffraction quality crystals and were obtained within two
days. IND-SAC cocrystals were also obtained from other
solvents such as ethanol, 1-propanol, 2-propanol, CHCl;,
acetonitrile and DMF upon slow evaporation. However,
cocrystallization from methanol and acetone yielded a
mixture of individual phases comprising cocrystals, the
indomethacin o-form and saccharin. A clear sharp melting
point at around 184°C was observed for the IND-SAC
cocrystals. This lies in the region between the melting points
of the individual native compounds, indomethacin (162°C)
and saccharin (225-227°C). The distinct melting point of
IND-SAC cocrystals indicate the formation of a new
crystalline phase.

IR Spectroscopic Analysis

The IR spectra for indomethacin (y-form), saccharin and
IND-SAC cocrystals are presented in Fig. 3. The IR
spectrum for indomethacin (y-form) had peaks at 3,372.6
and 1,712.4 ecm ™!, corresponding to carboxylic O—H and
C=0 stretch, respectively (Fig. 3a) (32). This indicates that
indomethacin (y-form) was the starting material in the
cocrystallizations. The spectrum of pure saccharin had
peaks corresponding to N—H and C=O stretch of the
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secondary amide at 3,094 and 1,723.5 cm ™' (Fig. 3b)
(33,34). Additionally, asymmetric and symmetric stretching
frequencies of the —SO, group were observed at 1,337.7 and
1,184.4 cm ™!, respectively (35).

The O-H stretching frequency of the carboxylic acid group of
indomethacin and the N-H stretching frequency of the cyclic imide
group of saccharin were observed at 3,350.5 and 3,129.1 cm”
respectively in IND-SAC cocrystals (Fig. 3c). This suggests that
both molecules are present in the new phase. The decrease in the
O—H stretching frequency from 3,372.6 cm ' in indomethacin y-
form to 3,350.5 cm™ ' in IND-SAC cocrystals implies that the
O—H group is participating in a strong hydrogen bond.
Subsequently, the increase in the N—H stretching frequency
from 3,094 cm ™' in the imide dimer of saccharin to 3,129.1 cm ™'
in IND-SAC cocrystals suggests that the N—H group is
participating in a weak hydrogen bond. A hypsochromic shift in
the saccharin C=O stretching frequency from 1,723.5 cm ! to
1,7345 cm ! further explains the formation of IND-SAC
cocrystals. The asymmetric and symmetric stretching frequencies
of the —-SO, group of saccharin were also observed in IND-SAC
cocrystals at 1,325.3 and 1,174.1 cem ™, respectively.

DSC Analysis

DSC experiments were carried out to study the thermal
behavior of the IND-SAC cocrystals in relation to the
individual components. The DSC traces and thermal data
for indomethacin (y-form), saccharin and IND-SAC cocrys-

b

Fig. 6. ORTEP representation of the indomethacin-saccharin (IND-SAC) cocrystal. a Thermal ellipsoids are drawn at the 50% probability
level. b Carboxylic acid dimer and imide dimer synthons in IND-SAC cocrystals.
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Fig. 7. Stereovision of IND-SAC cocrystals showing the perpendicular arrangement of acid and imide dimer synthons.

tals are presented in Fig. 4. Indomethacin showed a single
melting transition with 7p,,x=160.82°C and enthalpy
(AH¢)=39.99 kJ/mole (Fig. 4a and Table I). This indicates
that indomethacin was in the y-form (31). Saccharin showed
a steep endothermic change, attributed to melting at
229.47°C with a AH; of 26.77 kJ/mole, in agreement with
reported thermal behavior (Fig. 4b) (36). The DSC thermo-
gram for IND-SAC cocrystals showed a single endothermic
transition attributed to the melting transition (7pax=
184.20°C, AH; =79.39 kJ/mole) (Fig. 4c). The Thax values
for IND-SAC cocrystals and the individual components
agreed with the measured melting range in the melting point
determination. The thermal behavior of the cocrystals was
distinct, with a different melting transition from that seen
with either of the individual components; this suggests the
formation of a new phase: IND-SAC cocrystals. A single
endothermic transition for the IND-SAC cocrystals indicates
the absence of any unbound or absorbed solvent or water and
also demonstrates the stability of the phase until the melting
point.

PXRD Analysis

The PXRD patterns for indomethacin (y-form), saccha-
rin and IND-SAC cocrystals are depicted in Fig. Sa—c. The
PXRD pattern for indomethacin was similar to that reported
for the y-form, supporting the interpretation of the DSC
results (28). The PXRD of saccharin was in concurrence with
the reported pattern (37). A different powder X-ray pattern
for the IND-SAC cocrystals from those of the constituent
indomethacin y-form and saccharin confirms the formation of
a new cocrystal phase. The recording of the initial small
angles (5-8° 26) sufficiently identifies the distinct crystal
form of IND-SAC cocrystals, which makes PXRD the
method of first choice for fast identification of the new
phases. The experimental and single-crystal simulated PXRD
patterns of IND-SAC cocrystals were Rietveld refined to
enable comparison of the spectra (Fig. 5c). The resemblance
of the two patterns in this spectrum validates the respective
methods and indicates the purity of the IND-SAC cocrystal-
line phase.

Crystal Structure Analysis

The IND-SAC cocrystal adopts the centrosymmetric
triclinic P1 space group, with one molecule each of

indomethacin and saccharin in the asymmetric unit (Fig. 6a).
The conformation of the indomethacin molecule in IND-SAC
cocrystals is comparable to that of the one of the three
symmetry independent molecules that is not participating in
the acid dimer synthon of the a-form. In IND-SAC cocrystals,
the dihedral angle between the mean planes passing through
the C-atoms of the indole ring system and the p-chlorophenyl
ring is 61.68° and in the y-form it is 66.51°. In the o-form, these
angles in the three symmetry independent molecules are
64.31°, 70.36° and 69.38°. The methoxy (-OCHj3;) group of
the indomethacin molecule in IND-SAC cocrystals is coplanar
with the indole moiety (torsion angle C6-C5-03-
C11=175.57°), as occurs in the & and y-forms of indomethacin.

The IND-SAC crystal structure analysis revealed that
the indomethacin molecules form a carboxylic acid dimer (R%
(8) motif) (O+0O; 2.659(3), O-H~O; 171.50°) synthon cen-
tered at an inversion center and the saccharin molecules form
an imide dimer (R (8) motif) (N-O; 2.859(3), N-H-O;
160.07°) synthon (Fig. 6b). The carboxylic acid dimer and
imide dimer synthons are arranged nearly perpendicular to
each other to overcome the steric hindrance caused by the
indole moiety and saccharin molecules (Fig. 7). In addition,
repulsion between the oxygen atoms of the S=O group in the
saccharin molecule and the carboxylic acid C=0 group of the
indomethacin molecule causes perpendicularity between the
acid dimer and the imide dimer synthons. The two dimer

Fig. 8. Packing diagram of IND-SAC cocrystals. Note that both the
carboxylic acid dimer and the imide dimer synthons are
interconnected by weak N-H-O hydrogen bonds.
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Fig. 9. Solubility and dissolution profiles for indomethacin and IND—
SAC cocrystals, respectively. A phosphate buffer of pH 7.4 with
different strengths (as indicated in the legend) is used as a dissolution
medium.

synthons (acid and imide dimers) are interconnected by a
weak N-H~O (N-Oj; 3.180(3), N-H~O; 117.18°) hydrogen
bond which extends in one dimension along the b-axis (Fig. 8).
This pattern is unique among all the crystal structures. These
one-dimensional aggregates propagate into a second dimen-
sion via a weak C—H~Cl interaction along the c-axis. The
overall structure is stabilized by the auxiliary C—H-O
hydrogen bonds.

A few structural similarities between the indomethacin
y-form and IND-SAC cocrystals can be demonstrated. In the
y-form, the separation between the two alternative carboxylic
acid dimers is 8.725 A, along the c-axis (10 A axis), whereas,
in the IND-SAC cocrystals, the separation is 8.307 A, along
the b-axis (10 A axis). In the y-form, between the two
carboxylic acid dimers, the p-chlorophenyl rings of the two
inversion-related molecules stack with 7z (centroid to
centroid, 3.922 A) interactions whilst, in IND-SAC cocrys-
tals, this space is occupied by saccharin molecules.

Dissolution Studies

Powder dissolution profiles for indomethacin (y-form)
and IND-SAC cocrystals at different strengths (60 and 200
mM) of phosphate pH 7.4 buffer at 26°C are shown in Fig. 9.
The peak dissolution for powdered indomethacin (y-form)
was obtained after approx 250 min, which is indicative of its
poor solubility. The time for peak dissolution was indepen-
dent of buffer concentration. However, the dissolution rate
for indomethacin (y-form) was consistently higher in 200 mM
buffer. The PXRD analysis of the solid filtrates obtained
from both buffer concentrations demonstrate the stability of
the y-form. In fact, the pH of the system was not changed.
The solubilities were 0.72 mg/ml (+0.1) and 1.3 mg/ml (+0.2)
in 60 and 200 mM pH 7.4 phosphate buffers, respectively.

As shown by the dissolution profiles, in 60 mM pH 7.4
buffer, IND-SAC cocrystals dissolved instantaneously, fol-
lowed by a period of intense precipitation with an instanta-
neous drop in the pH of the system to 6.8. The PXRD
analysis of the filtered precipitates suggested amorphous
phase with traces of crystalline solid (see supplementary
information). It appears that the abrupt drop in the pH of the
system triggered the dissociation of the cocrystals, resulting
in the precipitation of a mixture of amorphous saccharin and/

Basavoju, Bostrom, and Velaga

or indomethacin and traces of a-form of indomethacin. When
the buffer strength was increased to 200 mM to stabilize the
pH of the system, the dissolution of IND-SAC cocrystals was
extremely rapid; peak concentrations (~3.7 mg/ml) were
achieved before the first sampling. The system was observed
to be stable in terms of holding the concentration of
indomethacin at the same level for several hours. However,
PXRD analysis of the undissolved solids indicated the
disappearance of cocrystal peaks indicating phase in equilib-
rium is not cocrystal (see supplementary information). To
completely understand the solubility behaviour of IND-SAC
cocrystal, it is important to consider ionization of the ligand,
complexation phenomenon and solution chemistry (38,39). In
depth dissolution and solubility studies elucidating these
aspects are currently under way in our laboratory. This
preliminary study indicates that the dissolution rate of the
cocrystal system in 200 mM pH 7.4 phosphate buffer was
increased considerably (>50 times) compared with stable
indomethacin y-form.

DYVS Studies

Dynamic vapour sorption and desorption isotherms for
various samples are shown in Fig. 10. It was evident that
IND-SAC cocrystals sorbed negligible water (<0.05%); less
than the stable form of indomethacin (y-form) at 95%RH.
However, the trend was changed at RH beyond 95%: IND-
SAC cocrystals sorbed more water than the y-form and
ultimately gained ~0.1% at around 98%RH. These results
indicate the IND-SAC cocrystals are nonhygroscopic. Fur-
ther, the sortion—desorption curves suggest no solid state
transformation or dissociation of the cocrystal under the
experimental conditions.

Cogrinding Experiments

Cogrinding experiments, viz. solid state and liquid-
assisted, were performed with two specific objectives: (1)
to investigate the feasibility of forming IND-SAC cocrys-
tals by ‘green chemistry methods’, (2) to obtain prelimi-
nary information about the formation mechanisms of
IND-SAC in these experiments. PXRD spectra were
collected before and after subjecting the mixture to solid
state or liquid-assisted grinding for different time intervals
(Fig. 11a-f). Room temperature solid state grinding of
indomethacin (y-form) and saccharin initiated conversion/
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- M- Indoemthacin Saccharin Physical mixture Desorption
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Fig. 10. DVS isotherm plots for different samples at 25°C.
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<4 Fig. 11. PXRD patterns for indomethacin and saccharin cogrind-
ing experiments at various time intervals. a Indomethacin and
saccharin physical mixture. Solid state cogrinding after b 15 min; ¢
30 min; and d 1 h; e liquid-assisted cogrinding after 15 min and f Pure
IND-SAC cocrystals from the solution method. Note that the PXRD
pattern for the material ground for 15 min in the presence of
dichloromethane or water also resembles (¢). Empty squares, empty
triangles and empty stars indicate the characteristic peaks of
indomethacin, saccharin and IND-SAC, respectively.

formation of IND-SAC cocrystals within 15 min and pure
IND-SAC cocrystals were eventually observed after 60
min (Fig. 11b-d). However, when one drop of dichloro-
methane or water (in which only one component is soluble)
was added, predominantly IND-SAC cocrystals (with
traces of reactants) were observed within 15 min. Whilst,
in the presence of one drop of ethyl acetate or ethanol (in
which both constituents are soluble), a pure IND-SAC
cocrystal was obtained within 15 min (Fig. 11e).

This demonstrates that it is possible to generate IND-
SAC cocrystals in a very ‘environmentally friendly’ manner
using solid state and liquid-assisted grinding methods. The
IND-SAC cocrystal is another example of a saccharin
cocrystal that can be formed by both solution and cogrinding
methods. The cocrystal formation was observed after 15 min
of grinding the components as indicated by characteristic
peaks (with low intensities) of IND-SAC cocrystal (Fig. 11b).
The decrease in the intensities of the peaks indicates that the
transformation to IND-SAC cocrystal by solid state grinding
at room temperature (<30°C) is mediated by amorphous
phase or disordered regions associated with increased mo-
lecular mobility (40-42). Interestingly, the addition of minute
quantities of ethyl acetate or ethanol or water enhanced the
transformation kinetics. This phenomenon of enhanced
kinetics has also been observed with other cocrystals (23).
Indeed, systematic studies to better understand cocrystal
formation kinetics and mechanisms under ambient and
subambient temperatures and in the presence of solvents or
water are currently undergoing in our laboratory.

CONCLUSIONS

Pharmaceutical cocrystals of indomethacin with saccha-
rin, a GRAS status sweetener, were designed employing
crystal engineering strategies. IND-SAC cocrystals were
prepared using both solution and solid state methods. The
single crystal structure of IND-SAC cocrystals was deter-
mined. The IND-SAC cocrystal adopts the centrosymmetric
triclinic P1 space group, with one molecule each of
indomethacin and saccharin in the asymmetric unit. In the
IND-SAC crystal structure, indomethacin forms an acid
dimer synthon and saccharin forms an imide dimer synthon.
These two dimers interact with weak N—H+O hydrogen
bond making the pattern unique. The IND-SAC cocrystal
system had higher dissolution rate compared to indomethacin
y-form. The cocrystal was nonhygroscopic. The formation of
IND-SAC cocrystals using cogrinding methods also offers a
‘green chemistry’ alternative to solution crystallizations.
Further, phase transition to cocrystals in cogrinding has
direct significance for the processing of dosage forms. In
addition to ongoing comprehensive studies outlined previ-
ously, scaling up of production of IND-SAC cocrystals under
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process analytical technologies (PAT) monitoring and the
characterization of physical and technical properties of
cocrystalline material are topics of our future work in this
area.

ACKNOWLEDGEMENTS

We acknowledge ‘Norbottensforskningsrdd’ and
‘Kempestiftelserna’ for the project grant (NoFo 05-011) and
instrumental grant respectively. We thank Surface Measure-
ment Systems, UK, for the DVS studies. We wish to thank
Mr. Amjad Alhalaweh for his laboratory assistance with the
dissolution studies.

SUPPORTING INFORMATION AVAILABLE

List of cocrystal formers used in the screening, Raman
spectra, PXRD patterns for micronized IND-SAC cocrystal
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