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ABSTRACT: Five cocrystals of antiviral drug favipiravir (Fav) with respiratory
drug theophylline (Theo) and GRAS coformers, viz., p-aminobenzoic acid
(PABA), 4-hydroxybenzoic acid (4HBA), gallic acid (GA), and ferulic acid (FRA),
were successfully synthesized using mechanochemistry as well as solution
crystallization. All the synthesized cocrystals were characterized using PXRD,
SCXRD, and thermal analysis. A physicochemical property investigation showed
an excellent correlation of coformer solubility with cocrystal solubility. Moreover,
cocrystal solubility can be tuned based on the selection of coformers during
cocrystallization as well as the pH of the medium. Crystal structure analysis depicts
amide−amide homosynthon formation in the Fav·Theo cocrystal and an acid−
amide heterosynthon in the case of cocrystals with GRAS coformers. Incorporation
of nutraceuticals (GA and FRA) provides an additional health benefit, whereas
Fav·Theo cocrystal may be a potential formulation to treat patients suffering from
chronic obstructive pulmonary disease (COPD) or asthma along with viral
infections.

■ INTRODUCTION

6-Fluoro-3-hydroxypyrazine-2-carboxamide commercially
known as favipiravir (Fav) is a new broad-spectrum antiviral
drug that selectively and strongly inhibits the RNA-dependent
RNA polymerase (RdRp) of RNA viruses.1,2 It was first
developed and manufactured by Toyama Chemicals in Japan
during 2014 and is effective against a wide range of influenza
viruses and subtypes. Fav came into much attention during the
year 2020 for its use as a drug against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infections, more
commonly known as COVID-19.3−6 A docking study carried
out by Ataseven and co-workers7 also showed high potential of
a Fav analogue against RdRp of different virus types compared
to existing drug molecules such as lopinavir, ritonavir, etc.
Moreover, it is also used against other viral infections like
Ebola, Lassa, and Nipah in recent times.8 The anhydrous form
of Fav was first reported by Shi et al.9 solved in the
orthorhombic Pna21 space group containing one molecule in
the asymmetric unit. Structure analysis showed the molecule to
be nearly planar with an intramolecular O−H···O hydrogen
bond in an enol-like tautomeric form (Scheme 1a). Gas phase
analysis showed better stability of the enol-like form compared
to the keto form.10 During preparation of this manuscript,
Vologzhanina and co-worker reported11 a new tetragonal
polymorph of Fav solved in the P42/n space group containing

an amide−pyrazine (N−H···N) hydrogen bond that connects
adjacent molecules. Based on periodic density functional
theory (DFT) calculation, they established the newly
synthesized polymorph to be metastable in nature and readily
convertible to the orthorhombic form under room temper-
ature. Unlike its structural analogue pyrazinamide (α, β, and δ
polymorphs),12 the Fav anhydrous form does not contain the
commonly encountered amide−amide dimer synthon. A
Cambridge Structural Database (CSD) search (version 5.42;
performed on Nov. 2020 update) on Fav multicomponent
solids (salts, cocrystals, solvates, eutectics, or coamorphous)
showed no results until date. Moreover, moderate solubility
and a relatively unexplored physicochemical study of the
anhydrous form13 lead us to explore possible crystal structure
landscape of Fav. Based on a complementary hydrogen bond, a
few GRAS (generally regarded as safe) coformers (see Scheme
1b) along with theophylline (Theo), a phosphodiesterase
inhibiting drug, were considered as potential coformers to
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synthesize cocrystals of Fav, and their physicochemical
properties were investigated. Drug−drug and drug−nutraceut-
ical cocrystals have potential application against multiple
ailments, as they reduce drug load and cost effects during
multiple disease diagnosis. In a recent review,14 examples of
various drug−drug and drug−nutraceuticals, their importance,
synergistic effect along with their physicochemical properties
were discussed in depth. As COVID-19 hits the whole world
and rendering patients with comorbidities vulnerable, along
with antiviral drug additional health supplements/drugs are
necessary. With respect to that, our aim to develop a drug−
drug cocrystal with Theo and drug−nutraceutical cocrystals
with GA and FRA may have potential importance. In a recent
review, Savi et al.13 also discussed about repurposing small-
molecule drugs as an active route against a search for a
COVID-19 cure.

■ EXPERIMENTAL SECTION
Materials. Fav was a gift from Cipla Pharmaceutical Division,

Mumbai, and used as received. All other coformers were purchased
from local suppliers and used without further purification.
Synthesis of Fav Cocrystals. Fav (15.7 mg, 0.1 mmol) along

with all other coformers in 1:1 stoichiometry were ground in a mortar
pestle in the presence of 2−3 drops of acetonitrile as liquid (liquid
assisted grinding, LAG) for about 15 min, resulting in the respective
cocrystals. The resultant powder materials were examined using
powder X-ray diffraction and thermal techniques.
Equilibrium Solubility Measurements Using UV−Visible

Spectroscopy. The equilibrium solubility of Fav and all synthesized
cocrystals was determined in distilled water as well as in pH 7.0
phosphate buffer at room temperature (298 K). UV−visible
spectroscopy was used to measure the equilibrium solubility.
Extinction coefficients (ε) were determined for all the individual
solid samples using Beer−Lambert’s law, A = εCl, by preparing the
standard solutions and plotting the absorbance (A) vs concentration
(C) curve. Equilibrium solubility values were determined using the
shake-flask method15 by stirring an excess amount of the solid sample
in 5 mL of distilled water for ∼18 h or pH 7 phosphate buffer for ∼24
h at room temperature. Then, the saturated solutions were double
filtered through a Whatman 42 paper and diluted to obtain an
acceptable absorbance value. The concentration of the diluted
solution was then multiplied by the dilution factor to calculate the
equilibrium solubility of the resultant saturated solution. The residue
obtained after filtration was dried under open atmosphere, and PXRD
was recorded to confirm the stability of the respective powder

materials. Details of the solubility parameters are listed in Supporting
Information Tables S1 and S2. The coformer solubility data available
in published literature is compared with the equilibrium solubility of
the cocrystals in Supporting Information Table S3.

Powder X-ray Diffraction (PXRD). PXRD measurements were
performed on a Rigaku Ultima IV X-ray powder diffractometer
operating a Cu Kα X-ray source, equipped with a Ni filter to suppress
Kβ emission and a D/teX Ultra high-speed position sensitive detector,
and measurements were performed at room temperature, with a scan
range 2θ = 5−50°, step size of 0.02°, and scan rate of 10° min−1.

Single Crystal X-ray Diffraction (SCXRD). SCXRD data were
collected on a Bruker SMART APEX II CCD diffractometer equipped
with a graphite monochromator and a Mo Kα fine-focus sealed tube
(λ = 0.71073 Å). Data integration was done using SAINT. Intensities
for absorption were corrected using SADABS. Structure solution and
refinement were carried out using Bruker SHELXTL.16 The hydrogen
atoms were refined isotropically, and all the other atoms were refined
anisotropically. N−H and O−H hydrogens were located from
difference electron density maps, and C−H hydrogens were fixed
using the HFIX command in SHELXTL. Molecular graphics were
prepared using X-SEED17,18 and Mercury licensed version 3.0.

Thermal Analysis. Thermogravimetric (TG) measurements were
performed on a Mettler Toledo instrument with a temperature range
of 25−700 °C and a heating rate of 20 °C min−1. Samples were placed
in silica crucibles and purged by a stream of nitrogen flowing at 80 mL
min−1. DSC measurements were performed on a Mettler Toledo DSC
instrument with a temperature range of 25−400 °C and heating rate
of 10 °C min−1 on a 40 μL aluminum pan with a pinhole lid under an
ultrahigh pure nitrogen environment purged at 40 mL min−1.

FESEM Analysis. The morphology of Fav and all synthesized
cocrystal powder materials prepared using LAG was analyzed using
FESEM, Sigma-300, ZEISS.

■ RESULTS AND DISCUSSION

Apart from crystal structure analysis of the Fav anhydrous
form,9,11 no reports are available on physicochemical property
study of Fav. Structural analysis and characterization of the
synthesized cocrystals of Fav are discussed in the subsequent
sections.

Fav·Theo Cocrystal (1:1). Crystallization of the 1:1
stoichiometric mixture of ground material Fav and Theo
obtained from LAG in acetonitrile solvent afforded a needle
shaped single crystal of the same. The crystal structure was
solved in monoclinic space group P21/n containing one
molecule of Fav and Theo in the asymmetric unit. The o-

Scheme 1. (a) Possible Molecular Conformations of the Fav Anhydrous Forma; (b) Molecular Structures of Theo and GRAS
Coformers Used in This Study

aEnol and keto-like forms.
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hydroxy group adjacent to the amide functional of Fav forms
an intramolecular O−H···O hydrogen bond with the amide
carbonyl, resulting in a six membered S(6) synthon. Two
molecules of Fav are connected to each other via an amide
dimer synthon R2

2(8) that further connects centrosymmetric
theophylline dimers via a N−Hamide,Fav···Nimidazole,Theo hydrogen
bond forming an infinite chain along the c-axis, Figure 1a.
These infinite chains are stacked over each other using a π···π
interaction (Figure 1b) that results in a grid-like crystal packing
as shown in Figure 1c. Due to presence of a lesser number of
hydrogen bond donor sites, pyrazine Ns of Fav remain idle,
and no suitable hydrogen bond interactions have been
observed in the cocrystal structure. Weak C−H···O inter-

actions involving a carbonyl(urea) of Theo with a neighboring
C−H group of imidazole(Theo) (C10−H10···O3) and methyl
group of Theo with a carbonyl(Fav) functional of an adjacent
neighbor (C11−H11C···O1) have been observed that further
strengthen the interaction between the cocrystal components.

Fav·PABA Cocrystal (1:1). Crystallization of 1:1 stoichio-
metric ground powder of Fav and PABA obtained from LAG
in acetonitrile afforded a lath shaped single crystal of Fav·
PABA. The crystal structure was solved in centrosymmetric
P21/c space group containing one molecule of each Fav and
PABA. The crystal structure contains the most favorable acid−
amide heterosynthon with graph set notation R2

2(8) between
Fav and PABA (Figure 2a). This acid−amide dimer further

Figure 1. (a) 1D infinite chain of Fav−Theo dimers connected via a N−H···N hydrogen bond along the c-axis. Weak C−H···O interaction present
between the adjacent molecules is also shown. (b) Stacks of 1D infinite chains of Fav−Theo along the c-axis connected via a van der Waals
interaction. (c) Infinite chains resulted a grid-like structure viewed along the ab-plane.

Figure 2. (a) Acid−amide heteromeric dimers of Fav−PABA connected to adjacent dimers via N−Hamide,Fav···Npyrazine,Fav and N−Hamino,PABA···
Ocarbonyl,PABA hydrogen bonds. (b) A grid-like 3D crystal packing viewed along the ab-plane.
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connects neighboring dimers via N−Hamide,Fav···Npyrazine,Fav and
N−Hamino,PABA···Ocarbonyl,PABA hydrogen bonds that result in a
square grid-like crystal packing along the ab-plane as shown in
Figure 2b. Moreover, the fluoro group of Fav forms a six
membered ring synthon R2

1(6) connecting a p-amino group
(N−H···F) and aromatic ring hydrogen (C−H···F) of an
adjacent neighbor (PABA molecule).
Fav·4HBA Cocrystal (1:1). Cocrystallizing Fav with

molecular analogue 4HBA resulted in a 1:1 cocrystal of Fav·
4HBA similar to that of the Fav·PABA cocrystal. The block
shaped single crystal of Fav·4HBA was solved in monoclinic
P21/c space group. The crystal structure contains an acid−
amide dimer synthon similar to the Fav·PABA cocrystal;
however, the 3D packing arrangement of the two cocrystals is
quite different. The p-hydroxy group of 4HBA connects the
pyrazine ring N of Fav (O−H4HBA···Npyrazine,Fav) using a
hydrogen bond that results in an infinite 1D chain along the
c-axis (Figure 3a). Apart from these strong hydrogen bond

interactions, the fluoro group of Fav connects an aromatic ring
hydrogen of adjacent 4HBA using a weak C−H···F interaction.
In three dimensions, these parallel 1D chains of Fav−4HBA

are superimposed over each other, forming a zigzag crystal
packing along the bc-plane as shown in Figure 3b.

Fav·GA·2H2O Cocrystal (1:1:2). Crystallizing powder
samples of a 1:1 Fav−GA ground mixture from acetonitrile
results in a block shaped single crystal of a Fav·GA cocrystal.
The crystal structure was solved in monoclinic P21/n space
group with one molecule of Fav and GA, along with two water
molecules in the asymmetric unit. The crystal structure
contains an acid−amide dimer synthon between GA and Fav
molecules. The two water molecules present in the crystal
structure balance the mismatched hydrogen bond donor−
acceptor ratio. The three hydroxyl groups of GA form O−H···
O hydrogen bonds connecting two symmetry-independent
waters as well as the neighboring Fav−GA dimers, which result
in a two-dimensional sheet structure (Figure 4a). Two water
molecules sit on a tetrahedral position connecting two adjacent
layers using an O−H···O hydrogen bond as shown in Figure
4b. Liquid assisted grinding (LAG) results in the formation of
dihydrate cocrystal, whereas neat grinding (NG) yields a
dihydrate cocrystal along with the starting materials confirmed
using PXRD, which suggest better stability of the dihydrate
and ready conversion of the anhydrous form (cocrystal) into
its dihydrate under ambient temperature and pressure (see SI
Figure S1). Presence of the two water molecules in the crystal
lattice was further confirmed using thermal analysis discussed
later under the Thermal Analysis section.

Fav·FRA Cocrystal (1:1). Crystallization of the 1:1
stoichiometric ground materials of Fav and FRA in acetonitrile
afforded thin needle shaped single crystals of the Fav·FRA
cocrystal. The crystal structure was solved in triclinic P1̅ space
group with one molecule of each Fav and FRA in the
asymmetric unit. The symmetry-independent molecules are
connected to each other using the most favorable acid−amide
dimer synthon. Two adjacent Fav−FRA dimers are further
connected via a bifurcated N−H···O hydrogen bond as shown
in Figure 5a. In 3D, these discrete Fav−FRA dimers are
stacked over each other in head-to-tail fashion. The p-hydroxyl
group of FRA does not form any strong hydrogen bond, rather
the m-methoxy group is protruding toward the molecular slips
along the (001) plane connecting a neighboring hydroxyl
group of Fav using weak C−H···O interactions (Figure 5b).
The fluoro group of Fav forms a weak C−H···F interaction
with an aromatic hydrogen of a neighboring FRA molecule.
From structural analysis, it was observed that a Fav cocrystal
with all aromatic carboxylic acid coformers, viz., PABA, 4HBA,
GA, and FRA, results in formation of an acid−amide
heterodimer. On the other hand, the molecular analogue

Figure 3. (a) Acid−amide dimers of Fav−4HBA further connected
via an O−Hhydroxy···Npyrazine hydrogen bond results a 1D chain along
the c-axis. Adjacent chains are connected to each other using a weak
C−H···F interaction. (b) Parallel chains of Fav−4HBA stacked along
the c-axis result in a zigzag crystal packing viewed along the bc-plane.

Figure 4. (a) Symmetry-independent Fav, GA, and two water molecules are connected to each other using N−H···O and O−H···O hydrogen
bonds. (b) Crystal packing of Fav·GA·2H2O cocrystal that shows layered crystal packing. Two symmetry-independent water molecules connect two
layers through an O−H···O hydrogen bond.
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pyrazinamide exhibits relatively rare isolated acid−acid and
amide−amide homodimer synthons on cocrystallization with
4HBA19 and FRA.20 Saha and Desiraju21 carried out a
combinatorial study; tuning the chemical nature of acid and
amide functionalities during cocrystallization resulted in the
dominance of the acid−amide heterodimer synthon. Crystallo-
graphic information and hydrogen bond parameters of all the
synthesized cocrystals are given in Tables 1 and 2, respectively.
Thermal Analysis. To examine the phase purity, Fav

cocrystals were subjected to DSC measurements from 25 to
400 °C at a heating rate of 10 °C min−1. No phase transitions
were observed for any of the Fav cocrystals, and all of them
showed a single and sharp melting endotherm different from
the respective starting materials (see Table 3 and SI Figure
S2). The DSC thermogram of Fav·GA powder material
showed a broad endotherm peak at 116.5 °C (onset 96.6
°C, enthalpy 276.80 J/g) corresponding to the loss of two
water molecules that is further confirmed using TG analysis
that showed a weight loss of ∼10.08% (theoretical 9.91%)

from 90 to 170 °C (see SI Figure S2g,h). Solvent loss at higher
temperature compared to the boiling point of water signifies
the presence of stronger hydrogen bond interactions between
molecular counterparts and corresponding two water mole-
cules in the crystal lattice. The TG curves of the rest of the
cocrystals showed decomposition of the material after the
melting event. In the case of Fav·Theo and Fav·FRA,
decomposition is observed along with cocrystal dissociation
based on first derivative of TG curves (see SI Figure S2).

Physicochemical Property Evaluation. As mentioned in
the Introduction, there is no report on the physicochemical
properties of Fav in the literature. Hence, investigation of
physicochemical properties such as the stability as well as
solubility of the synthesized cocrystals is of greater urge to
better understand their efficacy as well as pharmacokinetic
activity compared to the parent drug. Solubility analysis of the
anhydrous form and all the synthesized cocrystals was carried
out in distilled water as well as in pH 7 phosphate buffer using
a shake-flask method15 on the powder samples prepared using

Figure 5. (a) Acid−amide dimer synthons connecting symmetry-independent Fav and FRA are shown. Adjacent Fav−FRA dimers are further
connected via a bifurcated N−H···O hydrogen bond. (b) In 3D, discrete Fav−FRA dimers are stacked over each other in head-to-tail fashion.

Table 1. Crystallographic Parameters of Fav Cocrystals

Fav·Theo (1:1) Fav·PABA (1:1) Fav·4HBA (1:1) Fav·GA·2H2O (1:1:2) Fav·FRA (1:1)

chemical
formula

(C5H4FN3O2)·
(C7H8N4O2)

(C5H4FN3O2)·
(C7H7NO2)

(C5H4FN3O2)· (C7H6O3) (C5H4FN3O2)·(C7H6O5)·
2(H2O)

(C5H4F N3O2)·
(C10H10O4)

formula weight,
Mr

337.29 294.25 295.23 363.26 351.29

crystal system monoclinic monoclinic monoclinic monoclinic triclinic
space group P21/n P21/c P21/c P21/n P1̅
temperature (K) 296 296 296 296 296
a (Å) 13.407 (2) 7.5751 (8) 5.731 (2) 8.0991 (9) 6.8598 (7)
b (Å) 7.4694 (12) 13.4307 (14) 7.524 (3) 15.3276 (15) 7.3122 (7)
c (Å) 14.869 (2) 12.8854 (13) 28.525 (11) 12.1359 (13) 15.5320 (15)
α (deg) 90 90 90 90 95.006 (2)
β (deg) 107.834 (5) 92.582 (3) 94.428 (11) 94.539 (3) 91.089 (2)
γ (deg) 90 90 90 90 101.962 (2)
V (Å3) 1417.5 (4) 1309.6 (2) 1226.3 (8) 1501.8 (3) 758.71 (13)
Z 4 4 4 4 2
radiation type Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα
μ (mm−1) 0.13 0.12 0.14 0.15 0.13
calc. density
(g cm−3)

1.580 1.492 1.599 1.607 1.538

diffractometer Bruker APEX-II CCD
diffractometer

Bruker APEX-II CCD
diffractometer

Bruker APEX-II CCD
diffractometer

Bruker APEX-II CCD
diffractometer

Bruker APEX-II CCD
diffractometer

R[F2 > 2σ(F2)] 0.058 0.056 0.034 0.046 0.060
wR(F2) 0.247 0.169 0.128 0.186 0.253
S 1.12 1.12 0.86 1.14 1.10
no. of reflections 2908 4039 2128 3053 4083
Δρmax, Δρmin (e
Å−3)

0.65, −0.65 0.66, −0.72 0.19, −0.20 0.50, −0.60 0.60, −0.70

CCDC number 2073033 2073034 2073030 2073032 2073031
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LAG. Prior to the solubility analysis, the bulk purity of the
powder materials was confirmed using PXRD measurement (SI
Figure S3). The solubility of the anhydrous form of Fav in
distilled water/pH 7 phosphate buffer at room temperature
(25 °C) was found to be 2.94/7.83 mg mL−1. The equilibrium
solubilities of all synthesized cocrystals in distilled water and
pH 7 phosphate buffer medium are summarized in Figure 6. In

the distilled water medium, cocrystals of Fav with PABA,
4HBA, and Theo showed enhanced solubility, whereas GA
dihydrate and FRA cocrystals showed a decline in solubility
compared to the Fav anhydrous form in the order Fav·PABA >
Fav·4HBA > Fav·Theo > Fav > Fav·FRA > Fav·GA·2H2O. In
pH 7 phosphate buffer medium, there is an alteration in
equilibrium solubility order, i.e, Fav·GA·2H2O > Fav·Theo >
Fav·PABA > Fav > Fav·4HBA > Fav·FRA. The alteration in
solubility order is due to ionization of cocrystal components in
buffer medium. The pH-dependent solubility of the cocrystal is
well explored in the literature22 and summarized in a review by
Thakuria et al.23 There are several factors that can affect the
solubility/dissolution rate of multicomponent solids. Devar-
apalli et al. in a recent report24 discusses the poor solubility of
a hydrated salt−cocrystal of betrixaban based on the common
ion effect. However, the presence of a less soluble coformer in
the crystal lattice, a strong intermolecular interaction, the
formation of hydrate, the pH of the dissolution media, the
hydration rate, the particle size, the morphology of crystallites,
etc. either alone or in combination also may influence the
solubility/dissolution kinetics of APIs.20,23,25−29 In our case,

Table 2. Normalized Hydrogen Bond Metrics of Fav Crystal Structures

interaction
H···A
(Å) D···A (Å)

D−H···A
(deg) symmetry code

Fav·Theo (1:1)
N6−
H6A···O4

1.83 2.771(1) 150 −x + 2, −y, −z + 1

N3−
H3B···O1

2.11 3.095(1) 159 −x + 2, −y + 1, −z + 2

N3−
H3A···N7

2.15 3.118(1) 155 x, y, z

O2−
H2A···O1

1.75 2.573(2) 145 x, y, z

C11−
H11C···O1

2.57 3.629(1) 167 x − 1/2, −y + 1/2, +z −
1/2

C10−
H10···O3

2.16 3.187(1) 159 x + 1/2, −y + 1/2, +z +
1/2

Fav·PABA (1:1)
O2−
H2A···O4

1.73 2.663(1) 170 x, y, z

N3−
H3B···O3

1.97 2.979(1) 167 x, y, z

N3−
H3A···N1

2.10 2.995(2) 144 x, −y + 1/2 + 1, +z −
1/2

N4−
H4B···O3

2.01 3.028(1) 170 −x + 1, +y − 1/2, −z +
1/2

O1−
H1A···O4

1.74 2.608(1) 152 x, y, z

C10−
H10···O2

2.41 3.354(1) 145 x, −y + 1/2, +z − 1/2

N4−
H4A···F1

2.32 3.260(1) 151 x − 1, +y − 1, +z

C3−H3···O4 2.43 3.458(1) 159 −x + 2, +y + 1/2, −z +
1/2 + 1

Fav·4HBA (1:1)
N3−
H3B···O3

1.90 2.908(1) 165 x, y, z

N3−
H3A···O3

2.86 3.739(1) 144 −x, −y + 1, −z + 1

O4−
H4A···O1

1.75 2.676(1) 167 x, y, z

O5−
H5A···N2

2.02 2.947(1) 172 x, −y + 1/2, +z − 1/2

O2−
H2A···O1

1.71 2.570(1) 150 x, y, z

C8−H8···F1 2.26 3.034(1) 127 −x, −y + 1, −z + 1

interaction
H···A
(Å) D···A (Å)

D−H···A
(deg) symmetry code

C3−H3···O2 2.36 3.292(1) 143 −x + 1, +y + 1/2, −z +
1/2 + 1

Fav·GA·2H2O (1:1:2)
O3−
H3B···O1

1.71 2.636(1) 171 x, y, z

N3−
H4A···O4

1.98 2.991(1) 168 x, y, z

O6−
H6A···O4

2.27 2.971(1) 131 x + 1/2, −y + 1/2, +z −
1/2

O2−
H2A···O1

1.81 2.618(1) 143 x, y, z

O7−
H7A···O8w

1.78 2.706(1) 170 x + 1, +y, +z

O8w−
H8B···O5

1.82 2.754(1) 174 x − 1/2, −y + 1/2, +z −
1/2

O8w−
H8A···N2

2.00 2.886(1) 156 x − 1/2, −y + 1/2 + 1,
+z − 1/2

N3−
H3A···O9w

1.95 2.956(2) 166 x − 1/2, −y + 1/2 + 1,
+z + 1/2

O5−
H5A···O9w

1.74 2.669(1) 174 x, +y − 1, +z

O9w−
H9A···O8w

1.91 2.835(1) 168 −x + 1/2, +y + 1/2, −z +
1/2

O8w−
H8A···N2

2.00 2.886(1) 156 x − 1/2, −y + 1/2 + 1,
+z − 1/2

C7−H7···O7 2.49 3.544(1) 166 x − 1/2, −y + 1/2, +z +
1/2

O2−
H2A···F1

2.23 2.949(1) 133 x + 1/2, −y + 1/2 + 1, +z
− 1/2

Fav·FRA (1:1)
O4−
H4A···O1

1.82 2.760(1) 176 x, y, z

N3−
H3B···O3

1.84 2.838(1) 162 x, y, z

O2−
H2A···O1

1.74 2.614(1) 154 x, y, z

N3−
H3A···O3

2.24 3.093(1) 140 −x + 1, −y + 2, −z + 1

C7−H7···F1 2.39 3.350(1) 147 −x + 1, −y + 2, −z + 1
C15−
H15B···O2

2.50 3.491(1) 152 x, +y, +z + 1

Table 3. Melting Point Peak Values of Fav Cocrystals and
Respective Starting Materials

coformer
melting point

(°C) cocrystal
melting point peak

(°C)

Fav tetragonal
form11

192.5

Fav orthogonal
form11

190.7

PABA 187 Fav·PABA 159.5
4HBA 214.5 Fav·4HBA 166.3
Theo 272 Fav·Theo 197.2
GA 260 Fav·GA·

2H2O
179.9

FRA 372.3 Fav·FRA 172.7

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.1c00339
Cryst. Growth Des. 2021, 21, 4417−4425

4422

https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00339/suppl_file/cg1c00339_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00339/suppl_file/cg1c00339_si_001.pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the trend in thermodynamic solubility of Fav cocrystals in
distilled water medium nicely correlates with coformer
solubility. Coformers with higher solubility resulted in an
increase in the solubility of the associated cocrystals;30

likewise, a decline in the solubility of Fav·FRA is due to the
low solubility of FRA. The only exception observed in our
study was Fav·GA·2H2O in distilled water medium. The low
solubility of the corresponding cocrystal is due to the presence
of two water molecules in the asymmetric unit. Water
molecules present in the crystal lattice result in a decrease in
solvation rate of the resultant cocrystal. The lower solubility of
the hydrated cocrystal/salt compared to the anhydrous form is
already well established in the literature.31,32 The solubility
trend in distilled water medium can also be explained based on
the BFDH morphology prediction. As Fav·PABA and Fav·
4HBA do not have any hydrophobic moiety, hydrophilic
groups (amide, acid, amino, and hydroxyl) present in the
crystal structure are exposed to the crystal surface, which can
be solvated efficiently. Although, the Fav·Theo cocrystal has
hydrophilic carbonyl and amine groups (Theo) exposed to the
crystal surface, the presence of the two methyl groups
(hydrophobic counterpart) decreases the solvation rate of
the resultant cocrystal. Low solubility of the FRA cocrystal
analogue was already elucidated in one of our previous
reports.29 The crystal morphology obtained during solution
crystallization along with the BFDH predicted morphology of
the Fav cocrystals are shown in SI Figure S5. Synthesized
cocrystals of Fav were found to be quite stable and do not
undergo dissociation/decomposition even at extreme con-
ditions (water slurry for a period of ∼18 h/pH 7 phosphate
buffer slurry for a period of ∼24 h), confirmed by comparing
PXRDs of the slurry residues with freshly prepared LAG
samples (see SI Figures S3 and S4). One interesting
observation noticed during our investigation was the better
moisture stability of the resultant Fav·Theo cocrystal based on
PXRD measurement compared to the anhydrous form of
Theo.33,34 The PXRD of the slurry sample nicely matches with
the calculated powder pattern of the Fav·Theo cocrystal, which

suggests better stability of the cocrystal and does not dissociate
into its starting materials or Theo monohydrate. Physical
stability against atmospheric moisture is an important factor
during processing, storage, and transportation of APIs in the
pharmaceutical industry, which is addressed in a recent
review.35 From the SEM micrograph, it was observed that
the particle sizes of Fav cocrystals are relatively smaller (∼400
nm to 2 μm) compared to the Fav anhydrous form (∼10 to 20
μm) (see SI Figure S6). The smaller particle size of cocrystals
results in a larger surface area and higher solvation rate
compared to the anhydrous form of Fav, which is observed in
our case particularly for Fav·PABA, Fav·4HBA, and Fav·Theo
cocrystals. The effect of particle size in material stability36 as
well as mechanical property37 is well explored in the literature.
Details of the solubility parameters of Fav cocrystals are listed
in SI Tables S1−S3.

■ CONCLUSION

In this study, we have synthesized cocrystals of Fav with Theo
and a few GRAS coformers using mechanochemistry38,39 as
well as solution crystallization. All the cocrystals were
characterized comprehensively by SCXRD, PXRD, DSC, and
TG analysis. In distilled water medium, we observed that the
trend in cocrystal solubility nicely correlates with coformer
solubility. An exceptionally low solubility of GA and FRA
cocrystals could be explained based on formation of cocrystal
dihydrate (in the case of Fav·GA·2H2O) that restricts the rate
of solvation and lower solubility of coformers (GA and FRA).
Moreover, in pH 7 buffer medium, we observed a change in
the trend of cocrystal solubility due to ionization of cocrystal
components. Therefore, we can conclude that Fav cocrystal
solubility can be tuned based on coformer selection during the
cocrystallization process and pH of the medium. The newly
synthesized drug−drug cocrystal Fav·Theo was found to have
better solubility as well as stability compared to the parent
drugs. Hence, the drug−drug cocrystal might be a potential
formulation for patients suffering from a viral infection along
with asthma or COPD related respiratory syndrome. This is
one of the primary concerns for patients with respiratory
syndrome or asthma suffering from COVID-19 infection.
Moreover, the use of nutraceuticals such as FRA and GA as
coformers may provide additional health benefits. As a limited
number of studies on the efficacy of Fav against COVID-19 are
reported in literature, in-depth biological study of Fav
multicomponent solids might help to develop a better
formulation with enhanced physicochemical properties in the
near future. In order to minimize the time scale for drug
approval for the treatment of new disease, increasing patent life
and reducing the cost effect in drug development strategy, drug
repurposing based on cocrystallization, preparation of poly-
morphs, fixed dose combination, nanoparticles, etc. has been
the prime focus of global pharma industry as well as academia
in the recent past.40,41 We hope in the coming days, a greater
number of reports on COVID-19 related drugs based on
repurposing with improved efficacy will appear that might help
to tackle this deadly virus.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00339.

Figure 6. Bar diagram showing the equilibrium solubility of Fav and
its cocrystals in (a) distilled water medium and (b) pH 7 phosphate
buffer using a shake-flask method.
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Figure S1: PXRD of 1:1 Fav−GA ground powder
compared with its starting materials. Figure S2: DSC and
TGA thermograms of all Fav cocrystals. Tables S1−S3:
Solubility parameters of the Fav anhydrous form and all
synthesized Fav cocrystals. Figures S3 and S4:
Comparison of PXRD patterns of solid residues
obtained after solubility measurement with freshly
prepared Fav cocrystals. Figure S5: BFDH morphology
prediction of Fav cocrystals using Mercury software.
Figure S6: SEM micrograph of the Fav anhydrous form
and its cocrystals (PDF)
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