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Abstract

Hydrochlorothiazide (HCT) is a diuretic BCS cla¥sdrug with poor aqueous solubility and
low permeability leading to poor oral absorptionheT present work explores the
cocrystallization technique to enhance the aqusolsbility of HCT. Three new cocrystals
of HCT with water soluble coformers phenazine (PHEINdimethylaminopyridine (DMAP)
and picolinamide (PICA) were prepared successtjlysolution crystallization method and
characterized by single crystal X-ray diffractio®QXRD), powder X-ray diffraction
(PXRD), fourier transform —infraredspectroscopy {IRJ), differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). Struakicharacterization revealed that the
cocrystals with PHEN, DMAP and PICA exists R2,/n, P2;/c and P2;/n space groups,
respectively. The improved solubility of HCT-DMAR (old) and HCT-PHEN (1.4 fold)
cocrystals whereas decreased solubility of HCT-P(CA fold) as compared to the free drug
were determined after four hours in phosphate bubid 7.4, at 25 °C by using shaking flask
method. HCT-DMAP showed a significant increasedluBility than all previously reported
cocrystals of HCT suggest the role of a coformére $tudy demonstrates that the selection
of coformer could have pronounced impact on thesfgoghemical properties of HCT and
cocrystallization can be a promising approach tprove agueous solubility of drugs.

Keywords: Crystal engineering, cocrystal, solubility, therraahlysis, structural analysis.
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1. Introduction

The properties of an active pharmaceutical ingredid&Pl1) are broadly determined by
the molecular arrangement in three-dimensionaltatyattice® In recent times, many
effective APIs are appearing eventually less in tharket place due to poor
biopharmaceutical propertiéd2oor aqueous solubility is one of the crucial peots?
which affects the dissolution and bioavailabilifyherefore, designing a new solid
form with desired physicochemical properties iseasial for its progress in the
advanced stage of research and development. Expboitof non-covalent interactions
of the molecules in the crystal lattice, thereligrahg the molecular arrangement may
aid in the development of crystal with desirableygibochemical properti€sThe
various solid forms such as amorphous saligmlymorphs’ salts’ hydrate& and
solvate§ have been utilized in tailoring specific physicentical properties to
overcome the difficulties associated with poor agsesolubility. The most common
approaches that are used for improving the deliegrgoorly soluble drugs includes
salt formation:® micronisation’! solid-lipid nanoparticles carriéf,solid dispersior®
solubilization of drugs in co-solvent$, complexation with cyclodextrinsSetc.
Cocrystallization of APl with water soluble coformeis an emerging strategy to
achieve the spring and parachute nature of aqueolgility. It involves the
formation of a homogenous crystalline materiaivad br more molecules with defined
stoichiometry in a single crystal lattit®Non-covalent interactions such as hydrogen
bonding, halogen bonding—n stacking, and van der Waals forces are the most
common type of interactions utilized for enginegrinof cocrystals’
Biopharmaceutical properties such as solubilitgsdiution, bioavailability, moisture
uptake, chemical stability, mechanical propertieaveh been altered by
cocrystallization® Amongst these, solubility and dissolution are thestrfrequently
studied properties.

Hydrochlorothiazide (HCT, 6-chloro-3,4-dihydrdi21,2,4-benzothiodiazine-7-
sulfonamide) (Scheme 1) is a diuretic antinypemensirug of the thiazide family,
widely prescribed for the management of edema gpeértension. However, this API
as per biopharmaceutical classification system (BE&&ss IV drug, has poor water
solubility (0.7 g/L) and low permeability (Caco-Znmeability: -6.06) which is a
major barrier in making it bioavailable (65 %) hetbody"®
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Scheme 1Chemical structures of hydrochlorothiazide (HCTy &ne coformers used

in this study.

Several researchers have attempted to improveothbilkty of HCT by complexation
with cyclodextrins?® soliddispersion$! liquid—solid compacté? lecithin/chitosan
nanoparticle$® pluronic® nanoaggregatéetc. It reveals that these formulations
could favorably impact an aqueous solubility of H@&Recently, HCT has also been
investigated for its cocrystallization tendencidseve there is a potential for solubility
enhancement at the molecular level. HCT cocrystaislving some coformers were
reported and they exhibited improved aqueous slitlilind dissolution than the drug
itself 1*%°

Hydrochlorothiazide moiety, the principal functidmait i.e. two sulfonamide and one
aromatic amine group is expected to form S=0- - -dHNwH- - - O hetero-synthons. On
this basis several coformers including aromatidsa@nd amides were attempted for
cocrystallization with HCT (see Table S1, Electmo8upplementary Information, ESI
for complete list of coformers tested). Howeveg ttocrystals were identified with
only three coformers, phenazine (PHEN), 4-dimetmyteopyridine (DMAP) and
picolinamide (PICA) and are reported herein. Fromliterature it has been found that
the coformers phenazine (PHEN)icolinamide (PICA3®could form cocrystals or a
coformer, 4-dimethylaminopyridine (DMAPBJforms salt with APIs and have altered
the physicochemical properties of the API. Thughis study,we undertaken these

coformers and investigated the solubility of atlelh HCT cocrystals.
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2. Experimental section

2.1 Materials

Hydrochlorothiazide and all cocrystal formers (pdmne, 4-dimethylaminopyridine and
picolinamide) were purchased from Sigma-Aldrich mofeals, Bangalore, India. All the

solvents were used (for crystallization) as reamghout any further purification.

2.2 Methodology

2.2.1 Cocrystals preparation method

HCT and cocrystal former in a definite stoichionetatio were subjected to grinding using
an agate mortar and pestle for about 6 to 8 mih wié addition of few drops of methanol.
The Liquid Assisted Grinding (LAG) was used becauseils expected to increase
cocrystallization kinetics and for polymorph cohtfbAfter grinding, the mixture was
dissolved in ethanol (or methanol) and the suspensias heated until a clear solution was
obtained. Then the solution was filtered to remawg undissolved particles into a fresh
conical flask and the filtrate was left to evaperatowly at ambient conditions. The single
crystals suitable for X-ray diffraction studies weabtained in 4 to 6 days.

2.2.2 Single crystal X-ray diffraction (SXRD)

X-ray diffraction data for all the cocrystals of FiGvere recorded on a SuperNova, Eos
diffractometer using monochromatic MazKadiation { = 0.71073 A). The data collection
was carried out at 246 K for HCT-PHEN, 291 K for HOMAP, and 296 K for HCT-PICA
cocrystals respectively. The structure was solvsidguOlexX,** with Superflip? structure
solution program using Charge Flipping solution moet and refined with the ShelXL

refinement package using Least Squares minimization

2.2.3 Powder X-ray diffraction (PXRD)

The PXRD patterns were collected on a RigakuSmartkizh a Cu-ki radiation (1.540 A).
The tube voltage and amperage were set at 20 k\8amdA, respectively. Each sample was
scanned between 5 and 5@ With a step size of 0.02°. Before performing tlpeaziments,

the instrument was calibrated using a silicon stahd

2.2.4 Fourier transform-infrared spectroscopy (FT-R)
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Transmission infrared spectra of all the cocrystsl coformers including HCT were
obtained using a Fourier-transform infrared specti@r (PerkinElmer502). Before
measuring the spectra for samples, background weanperformed with pure KBr pellet.
Later the samples were pelleted with the help ofi2in 15 mg of KBr and 8 scans were
collected at 4 chresolutions for each sample. The spectra were measwver the range of
4000 - 400 crl.

Differential scanning calorimetry (DSC)

DSC was conducted on a Mettler-Toledo DSI1 STARstrument. Accurately weighed

samples (4-5 mg) were placed in hermetically seélad. aluminium crucibles and scanned
from 50 to 300 °C at a heating rate of 10 °C/midema dry nitrogen atmosphere (flow rate
60 ml/min). The data was managed by STABftware.

2.2.5 Thermogravimetric analysis (TGA)
TGA was carried out using a Perkin Elmer, Diamor@/DTA analyzer, operated under
nitrogen atmosphere with a heating rate of 10 °@/amd in the range of 30-300 °C.

2.2.6 Solubility studies

The solubility of HCT, HCT-PHEN, HCT-DMAP and HCTKPA were measured in
phosphate buffer, pH 7.4, at 25 °C by using shaRask method?® An excess amount of the
drug and cocrystals were added to 20 mL of buffére resulting slurry was shaken in a
water bath shaker, maintained at 25 °C for 48 hquiits (0.5 mL) of the slurry were
withdrawn at different time intervals for a periofl 48 h to confirm that the solution has
achieved equilibrium. The samples were assayed stiigable dilution for drug content by
HPLC at 227 nm. The amount of drug dissolved irhdaue interval was calculated using
the standard curve (linearity range: 2-32 pg/mLjchiwas prepared in phosphate buffer (pH
7.4). The experiment was performed in triplicatel aralues were expressed as mean *
standard deviation.

2.2.7 High performance liquid chromatography (HPLC)

Solution concentration of HCT and its cocrystalsevenalyzed by HPLC (Knaur) equipped
with a UV/vis detector. A C18 Nova-Pak colummnuf, 4.6 x 250 mm (Waters, USA) at
ambient temperature with a flow rate of 1 mL/minswesed to separate HCT, PHEN, DMAP
and PICA. An isocratic method with acetonitrile gritbsphate buffer (pH=2.8) mixed in a
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ratio of 40:60 (v/v), respectively, was optimizedr fquantitative determination of
hydrochlorothiazide (retention time 3.7 min) at@timum wavelength of 227 nm. Sample

injection volume was 4Q.. Eurochrom software was used to collect and @etlee data.

3. Results and discussion

Three new cocrystals of HCT with heteroaromaticoomiers were synthesized by the
slow evaporative crystallization method (see alspeemental section). Crystal
structure analysis was performed to rationalize ith@rogen bonding preferences of
acceptors and donors in presence of other compefungctional groups.
Crystallographic data is listed in the Table S2I.ES

From the available literature on HCT cocrystalsydts found that HCT prefer to bind
with a hetero atom in the coformer. Hence, stratdlyi we chose only heteroaromatic
compounds as coformers for this study. Most comsyothons found in the reported
HCT cocrystals are A\H--- O and NH---N by the primary and secondary sulfonamide
groups of HCT with coformers. However, it was olser (in reported and present
cocrystals as well) that the typical synthons, andimide dimer and sulfonamide
catemer that are present in polymorphs of HCT, vadeseupted by the coformers to
form a stable cocrystal. A common synthon in aleéhnew cocrystals has been found
as N-H- - - N between the primary sulfonamide N-H and pyedN. Amongst the three
studied compounds, only PHEN appeared as a cotiygtiiate of HCT, which is
similar to the isonicotinamide, which also exisssaacocrystal hydrate with HC.
The detailed crystal structure analyses for alldberystals are discussed below and

experimental details are provided in the ESI.

3.1 Hydrochlorothiazide:Phenazine:HO (1:1:1), (HCT-PHEN.H0)

The crystal structure of HCT-PHEN:@ revealed that it is a monohydrate of the 1:1
cocrystal of HCT and PHEN. The cocrystal crystallizin monoclini®2;/n space
group with one molecules of each HCT, PHEN an@® kh the asymmetric unit (Fig.
S1, ESI). In the crystal packing, two moleculeseach HCT and D formed a
tetrameric motif as shown in Fig. 1. The altermatigtrameric motifs were connected
by PHEN moleculesia strong N-H---N (d/A,6/°; 0.77 A, 171°) and moderately
strong G-H---N (0.92 A, 146°) interactions to form 1D sheaksng b-axis. The

interlinked PHEN molecules in the 1D tape are sdclhy n - n interactions
7
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\/ %

S~

of a-axis is shown in Fig. 1.

Fig. 1. HCT-PHEN.HO crystal packing view alon@-axis, where the water molecule
incorporated in the crystal structure is represknteth a space fill model. The inset

highlights the tetrameric motif in the crystal pank

3.2 Hydrochlorothiazide:4-Dimethylaminopyridine (1:2), (HCT-DMAP)

The cocrystal, HCT-DMAP crystallizes in the monaatiP2;/c space group with one
molecule of HCT and two molecules of DMAP in thgrasetric unit (Fig. S2, ESI).
The HCT molecules form 2D sheeist N-H---O (0.86 A, 166°) interactions aloag
axis and GH---O (2.714 A, 121°) interactions aloaenxis (Fig. 2a). In the third
dimension the DMAP molecules are sandwiched betwbenHCT 2D-sheets (Fig.
2b).
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Fig. 2. Crystal packing of HCT-DMAP where (a) 2d sheetamn plane and (b) crystal

packing, when viewed dowaaxis.

3.3 Hydrochlorothiazide:Picolinamide (1:1), (HCT-PICA)

The PICA is a positional isomer of nicotinamide @Q)land isonicotinamide (INIC).
NIC and INIC were reported as a cocrystal and cstatymonohydrate of HCT,
respectively>® Here the cocrystal HCT with PICA crystallizes time monoclinic
P2:/n space group with one molecule of each HCT and RICthe asymmetric unit
(Fig. S3, ESI). Though the three coformers NIC,GN&And PICA are isomers, they
form cocrystals with HCT in three different crystistems as orthorhombic, triclinic
and monoclinic respectively. This means that theitmm of heteroatom of the
coformer is deciding the crystal system by formdifferent types of intermolecular
interactions with HCT.



250 In the crystal structure of HCT—NIC co-crystal, Ni@olecules form 1D chains
251  through amide---pyridine @---N) synthons and HCT molecules are sandwiched
252  between these alternate 1D chains. Bug,INIC moleculesin the crystal structure of
253  HCT-INIC-H,O form amide-amide supramolecular homosynthons aerdliiaked to

254 HCT molecules by water molecules. Here, the wateleaqules act as both H-bond
255 donor (to pyridyl moieties of INIC) and acceptar @ulfonamide groups of HCT). The
256  crystal packing in the present case HCT-PICA is gletely different compared to
257 above two. Here, a two molecules of each HCT ar@APform a tetrameric motif
258  (Fig. 3a)via N-H---O (0.86 A, 160°; 0.96 A, 150°) interactionsthe overall crystal

259  packing the tetramers were propagated alond thiedc-axes directionsia N—H---N

260 and N-H--- O interactions, respectively (Fig. 3b).

261

262  Fig. 3. Crystal packing diagram of HCT-PICA. (a) Tetramemotif in the crystal packing
263 formed by two molecules of HCT and two moleculesP¢CA. (b) Crystal packing, when

264  viewed downa-axis.

265 3.4 Powder X-ray diffraction (PXRD)

266 PXRD is a powerful tool for preliminary charactetion of new solid forms as well as
267 cocrystals’® In each case freshly prepared powder samples wsad for the data
268 collection. The PXRD patterns for all the cocrystalere plotted in comparison with
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respective individual coformers and simulated PXRa&ttern (Fig. S4, ESI). The
absence of characteristic peaks of starting comgimand the close superimposition of

the experimental and simulated patterns confirncteystal formation.

3.5 FT-IR analysis

The cocrystals were further characterized by FIspRctroscopy, which is a cogent
tool to make sure the cocrystal formation. The cangon of the stretching frequency
shifts as shown in Fig. S6, ESI corroborated thimé&tion of hydrogen bonds between
the functional groups in cocrystals. At first inste, the S@ asymmetric region
(1320—1380 cil) was found to be very broad in the FT-IR specfrel®T than when
compared to the same region in the spectra of stalsy Furthermore, The NH and
NH, stretching frequencies in free HCT observed af73@6d 3361 cih respectively.
But, in the cocrystals the NH frequency merged vhtH, and appeared as a broad

peak compared to free HCT.

3.6 Thermal analysis

Thermal behavior of all the cocrystals was invegeg by differential scanning
calorimetry (DSC) and thermogravimetric analysi&A). DSC results have revealed
that the melting point of all cocrystals except tbhe monohydrate cocrystal (HCT-
PHEN) were distinct from HCT (267-269 °C) and indival coformers. In the case of
HCT-PHEN, loss of crystalline water leads to disathon of cocrystal. This confirms
the formation of new crystalline phase. The meljoant of HCT-DMAP and HCT-
PICA cocrystals were observed as 138 °C, and 159e%pectively (Fig. S5, ESI).

In the TGA curve of HCT-PHEN, there was a weiglsslof 4.19 % in the temperature
range of 100-145 °C which corresponds to loss efwater molecule. This value is in
accordance with the theoretical mass loss of 3.fofaesolvation of one mole of
water from the crystal lattice of HCT-PHEN. NexXtete was a weight loss of 34.43 %
in the temperature range of 147-197 °C. This can digibuted to the
degradation/sublimation of one mole of phenazihedtetical weight loss 36.36%).
This event is followed phase transition and melwhdnydrochlorothiazide. Similarly,
for all other HCT cocrystals, TGA profiles corrobted well with the DSC results and
their data is presented in the ESI (Fig. S5).

11
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3.7 Solubility Studies

HCT is a poorly soluble drug (0.7 g/LPoor aqueous solubility not only limits its
dissolution and absorption but also challenges pitrmaceutical development.
Cocrystallization was employed to modify the solityoof HCT. The solubility profile
of hydrochlorothiazide and its cocrystals are tlated in Fig. 4. It was observed that
cocrystallization markedly increase the solubilay HCT. It was found that the
solubility of HCT and its cocrystals after four meuollows the rank order: HCT-
DMAP (4 fold) > HCT-PHEN (1.4 fold) > HCT > HCT-PKC The solubility studies
conducted by Desirajuet al. (2015) reported improved solubility of HQ¥ra-
aminobenzoic acid (2.4 times), HCT-resorcinol (firBes), HCT-nicotinamide (1.2
times) as compared to HCfinterestingly, our results suggest that HCT-DMAR ha
exhibited the highest transient solubility among HiCT cocrystals reported thus far.
The parachute nature of the HCT-DMAP cocrystal ecésl till 48 hours. On the other
hand, HCT-PICA showed poor aqueous solubility ammared to HCT, which is in
accordance with a literature finding of a coupleotifer HCT cocrystalSFurther, it
reveals a selection of suitable coformer can lead tpotential modulation in the

solubility of HCT in either direction.

3000
2500
-
£ 2000
g HCT-DMAP
2
= 1500
Qo
=
?
-~ 1000 ; HCT-PHEN
L HCT
—
500 ! HCT-PICA
L L

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Time (h)

Fig. 4 Solubility profile of hydrochlorothiazide and itearystals (Avg. value = SD (n=3)).
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4. Conclusions

In this study, cocrystallization was explored todiess the solubility issues of
hydrochlorothiazide. The strategy to exploit thefprable binding nature of HCT with
the hetero atom in the coformer has been demoedtsaiccessfully by obtaining three
new solid forms. The formation of cocrystals wasifeaned by thermal, FT-IR,

PXRD, and single crystal X-ray diffraction studi@fie melting points of all the three
cocrystals were lower than API but higher than toeresponding coformer. The
solubility of the drug and cocrystal after four n®dollows the order HCT-DMAP (4

fold) > HCT-PHEN (1.4 fold) > HCT > HCT-PICA. HCTHDAP solubility results

suggest that a selection of an appropriate cofonvarld have a great potential to
increase the solubility of HCT. Thus, cocrystalliaa approach proved to be a

promising alternative in positively modifying thelsgbility of hydrochlorothiazide.
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Highlights
1) Three new cocrystals of HCT with water soluble coformers were successfully prepared
by solution crystallization method.
2) Transient Solubility of HCT was increased by 4 fold in case of HCT-DMAP cocrystal.
3) Selection of coformer is vital, otherwise reduced solubility can be observed as in the case
of HCT-PICA.



