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ABSTRACT: Diacerein (DIA) is an approved treatment for osteoarthritis. However, its clinical effectiveness is limited because of its
poor aqueous solubility, which causes bioavailability issues. The current study aimed to augment the functionality of DIA using a
cocrystallization approach. A newly developed cocrystal of DIA with β-resorcylic acid (RA) was produced at different ratios via the
antisolvent crystallization technique. Differential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), Fourier transform
IR (FT-IR) spectroscopy, and scanning electron microscopy (SEM) were carried out to investigate the formation of the cocrystals.
The cocrystallized samples were further evaluated for their biopharmaceutical properties. The DSC study demonstrated a “W”-type
phase diagram with a sharp endothermic event at a DIA:RA molar ratio of 1:3. A distinct PXRD pattern at the optimized ratio
confirmed the formation of a novel cocrystal, and this was confirmed using FT-IR analysis. SEM analysis revealed the topographical
variation of the prepared cocrystal, suggesting the generation of a new solid phase. Physicomechanical properties such as apparent
solubility, dissolution, packability, compressibility, compactibility, and stability exhibited the improved functionality of the prepared
cocrystal compared with pure DIA. Significant enhancement of bioavailability (3.2-fold) was observed for the prepared cocrystal
relative to DIA alone. Hence, the fast dissolving capability and improved tabletability and bioavailability of the DIA−RA cocrystal
make it a more favorable candidate for better dosage form development.

KEYWORDS: diacerein, β-resorcylic acid, cocrystal, antisolvent cocrystallization, biopharmaceutical properties,
physicomechanical parameters

1. INTRODUCTION

Comprehensive knowledge of the solid-state properties of
active pharmaceutical ingredients (APIs) plays an essential role
in the pharmaceutical arena.1 The majority of already existing
APIs and new drug molecules suffer a lot of challenges in the
commercialization stages because of their poor solubility,
dissolution, chemical stability, moisture uptake, mechanical
behaviors, manufacturability, and bioavailability, and so on.2,3

In this context, drug candidates with desirable pharmaceutical
properties are being special attention in the development of
successful dosage forms especially for the pharmaceutical
industry and regulatory concerns.
Various approaches such as solid dispersion, cosolvency,

complexation, particle size reduction, crystal engineering, and
many more have been adopted to improve the biopharma-
ceutical parameters that can make them suitable for the
successful formulation.4 In the current scenario, crystal
engineering adopting the principle of supramolecular chemistry
has attracted enormous attention from pharmaceutical
scientists. This approach involves understanding the inter-
molecular interaction of APIs with countermolecules/co-
formers (CFs) and manipulating the pharmaceutically relevant
properties of various APIs without compromising their
efficacy.5,6 This includes the formation of polymorphs,7 solid
solutions,8 eutectics,9 cocrystals,10 solvates,11 hydrates,12 and
coamorphous systems,13 which can lead to improved overall
functionality of APIs without changing their chemical

structure. A pharmaceutical cocrystal is a crystalline adduct
generated by combining an API and countermolecule/CF
noncovalently in a single-crystal lattice in definite stoichio-
metric amounts.14 The crystalline materials of the cocrystal
differ from those of the individual participating components
and could potentially exhibit better pharmaceutical behav-
iors.15−18

Diacerein (DIA), chemically known as 4,5-diacetyloxy-9,10-
dioxoanthracene-2-carboxylic acid, is approved for the treat-
ment of osteoarthritis, has mild anti-inflammatory, antipyretic,
analgesic activities, and is metabolized to the diacetyl precursor
Rhein.19−21 The molecular weight of DIA is 368.3 g/mol, and
the LogP is 2.4. It exists as a yellow crystalline material with a
melting point of 255.2 °C. On the basis of its aqueous
solubility, it is classified as a BCS II drug (∼3.197 mg/L)
which limits its oral absorption (35−56%).22 Additionally, DIA
shows poor processing characteristics concerning flowability,
tabletability, manufacturability, and compressibility, further
leading to difficulties in the development of pharmaceutical
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oral solid forms.23 Several formulation approaches like solid
dispersion, self-nanoemulsion, particle size reduction, nano-
fiber formation, complexation, and nanoparticle formation
have been tried in order to tailor the pharmaceutical properties
of DIA.24−28 Until now, DIA has not been much explored in
the field of crystal engineering to improve its functionality.
With this background, an attempt has been made to design a

novel cocrystal of DIA with β-resorcylic acid (2,4-dihydrox-
ybenzoic acid, RA) as a CF using the antisolvent cocrystalliza-
tion technique. RA contains carboxylic acid and hydroxyl
functional groups and also is regarded as a Generally
Recognized as Safe (GRAS) CF that modulates the melting
point of the targeted molecule effortlessly.29 This article
explains the use of the differential scanning calorimetry (DSC)
technique as a diagnostic tool to assess the generation of
crystalline adducts (mainly cocrystal/eutectic) and a roadmap
for beginners who wish to pursue their research on
multicomponent systems and their detection using DSC
analysis. Finally, the resulting cocrystallized material was
converted into directly compressible tablets. This study offers
insight into the cocrystallization approach for simultaneous
improvement of physicomechanical and biopharmaceutical
parameters.

2. EXPERIMENTAL SECTION
2.1. Materials. DIA was a kind gift from Ami Lifesciences

Pvt. Ltd. (Baroda, India) with batch no. DSN/40400615. RA

(Sisco Research Laboratories Pvt. Ltd., Mumbai, India) and
Rhein (Rh) (an active metabolite of DIA) used for formulation
of the cocrystals were received from Yucca Enterprises
(Mumbai, India). The molecular structures of DIA and RA
are shown in Figure 1. HPLC-grade organic solvents were
procured from Merck Pvt. Ltd. (Mumbai, India). AR-grade
dimethyl sulfoxide (DMSO) was procured from Spectrochem
Pvt. Ltd. (Mumbai, India). All of the other reagents and

chemicals were used without further purification. Ultrapure
water was generated in-house using a Milli-Q (Merck Millipore
Pvt. Ltd., India) water purification system.

2.2. Preparation of Multicomponent Solid Forms by
the Antisolvent Cocrystallization Technique. A saturated
solution of DIA (368.3 mg, 1 mmol) in DMSO (1 volume)
was prepared to make sure that DIA could be completely
dissolved to obtain the organic phase. Meanwhile, the
antisolvent phase was prepared by dispersing RA (462.4 mg,
3 mmol) in an excess quantity of distilled water (10 volumes).
Then the organic phase was introduced slowly to the
antisolvent solution at room temperature within 30 min with
stirring at 200 rpm. After complete addition of the organic
solution, the mixture was continuously agitated for another 2 h
to allow sufficient crystal growth. The produced precipitates
were then filtered and vacuum-dried at 50 °C overnight. The
resulting dried product was passed through an ASTM no. 100
sieve (150 μm) and then placed in a desiccator for further
study. The physical mixture of DIA and RA was obtained by
geometric mixing of the individual components in the given
ratio in the agate mortar and pestle immediately before use.

2.3. Characterization Techniques. Thermal character-
istics were investigated using DSC (DSC 60, Shimadzu,
Japan). The DSC samples (2−3 mg) were weighed and sealed
in alumina pans. A hermetically sealed, empty alumina pan was
employed as a reference. The experiments were performed at a
heating rate of 5 °C/min from 40 to 300 °C under a 100 mL/
min nitrogen gas flow. The data were recorded using in-built
software (TA 60). Powder X-ray diffraction (PXRD) experi-
ments were evaluated on a powder X-ray diffractometer
(PANalytical, Almelo, The Netherlands) utilizing Cu Kα
radiation (λ = 1.5406 Å). The tube voltage and current were
40 kV and 30 mA, respectively. The samples were scanned
between 10° and 40° (2θ) with a step size of 0.0499° and a
dwell time of 1 s/step. A Fourier transform infrared (FT-IR)
spectrometer (Cary-630, Agilent Technologies, Cary, NC,
USA) with a diamond attenuated total reflectance (ATR)
accessory was used to collect the IR spectra of the samples.
Samples (1−2 mg) were obtained, and their spectra were
recorded from 4000 to 400 cm−1 with a resolution of 4 cm−1 at
an accumulation of four scans. Data were analyzed using Lab
Solution software (Agilent Technologies).

2.4. Drug Content Analysis. HPLC analysis for the
quantification of DIA was performed on a Shimadzu model
LC-20AD chromatograph consisting of a thermostated column
(CTO-20AC), a SIL20AC autosampler, and a vacuum
degasser (DGU-20A5R) and equipped with a PDA detector
(SPD-M 20A). The data acquisition and processing were
accomplished using the Lab Solution software (version 5.53
SP3C). The chromatographic separations were achieved on a
Phenomenex Gemini C18 column (250 mm × 4.6 mm, 5 μm)
with a gradient binary mobile phase consisting of acetonitrile
(ACN) and ammonium acetate buffer (10 mM, pH 3.0) as
given in Table S1. For the analysis of drug content (in
triplicate), the obtained sample (10 mg) was weighed
accurately into a 10 mL volumetric flask, dissolved in 1 mL
DMSO, and exposed to ultrasound for 5 min, and the volume
was completed with ACN. After appropriate dilution, the
sample was subjected to HPLC analysis.

2.5. Evaluation of Mechanical Properties. 2.5.1. Mor-
phological Studies. Morphological studies of the pure
components and the prepared samples were performed using
scanning electron microscopy (SEM) (JSM-6380, JEOL Ltd.,

Figure 1. Molecular structures of diacerein (DIA) and β-resorcylic
acid (RA).

Table 1. Formulation of Directly Compressible Tablets of
DIA and DIA−RA Samples

amount per tablet (mg)a

ingredient pure drug DIA−RA sample

diacerein IP 50 141.4b

lactose monohydrate 115 48.6
microcrystalline cellulose-102 25 5
Aerosil-200 25 20
sodium starch glycolate 25 25
magnesium stearate 5 5
talc 5 5

aTotal tablet weight was 250 mg. bEquivalent to 50 mg of DIA.
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Tokyo, Japan) equipped with an image analyzer. SEM was
performed at an accelerating voltage of 10 kV. The powder
samples (10−20 mg) were mounted on a double-sided tap and
sputtered with gold. The sputter coater instrument was
employed to make the sample electrically conductive. The
images were recorded over the magnification range of 5000×
to 10000×.
2.5.2. Flow Characteristic. Different micrometric parame-

ters (angle of repose, Carr index (CI), and Hausner ratio) were
determined to test the flowability of the samples. CI and
Hausner ratio were derived from the bulk density and tapped
density of the powder, obtained using a tapped density
apparatus (ETD-1020, Electrolab, India), using eqs 1 and 2:

CI
tapped density bulk density

tapped density
100=

−
×

(1)

Hausner ratio
tapped density

bulk density
=

(2)

The angle of repose θ was determined by the fixed funnel
method utilizing eq 3:9,30

h
r

tan 1θ = −
(3)

where h and r are the height and radius of the pile, respectively.
2.5.3. Powder Compaction and Compression Analysis.

The compaction and compression behavior of the compact
powder were explored by performing Heckel analysis and
measuring the tensile strength. The compacts (200 ± 5 mg) of
pure DIA and the cocrystal samples were prepared utilizing a
KBr press (Techno-search Instruments, Mumbai, India) with a
10 mm flat-faced punch. During the study, the prepared
compacts were laminated immediately upon ejection from the
die. This problem was resolved through the addition of a small
quantity of 2% w/w microcrystalline cellulose-102 (MCC) as a
binder to each sample. To understand the compaction
behavior, the resulting powders were compressed under
different forces ranging from 1 to 9 tons (9.8 × 103 to 88.26
× 103 N) with a dwell time of 1 min.31 Before the compaction
process, the die and punch were lubricated using a dispersion
of magnesium stearate in acetone (1% w/v).32,33 Heckel
analysis expresses the compression behavior of the powder
under pressure following first-order kinetics, as shown in eq 4:

D
KP Aln

1
(1 )

Ä

Ç

ÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑ−
= +

(4)

where D is the relative density of the compact (i.e., the ratio of
the compact density to the true density), 1 − D is the porosity
(ε) of the powder, P is the applied pressure, and K (the slope)
and A (the y intercept) are the Heckel constants calculated
from the Heckel plot (a graph of ln[1/(1 − D)] vs P). The
mean yield pressure (Py) is given by K = 1/Py, and A denotes
the densification at low pressure. The yield strength (σ0),
which demonstrates the powder characteristics during
deformation or fragmentation, is calculated as σ0 =
(3K)−1.9,31 Here the true densities were measured as mass
per unit volume of the compact at the highest applied force in
tons.34

After storage for 24 h, the crushing strengths and tensile
strengths of the compacts were calculated as follows (eq 5):

T
F

Dt
2
π

=
(5)

where T is the tensile strength of the compact (in N/mm2), F
is the crushing strength of the compact (in N), and D and T
are diameter (in mm) and thickness (in mm) of the compact,
respectively, all of which were calculated using a Mitutoyo
vernier caliper. In separate experiments, the compression
behaviors of novel solid forms were examined by the Aulton−
Wells method.35 Each 200 mg sample was blended with 1%
magnesium stearate and 2% MCC in a glass vial, and the
mixture was processed according to the compression protocol
given in Table S2. The crushing strengths of the compacts
formed were evaluated using a digital hardness tester
(Electrolab Pvt. Ltd., India) after equilibration for 24 h.

2.6. Preparation and Evaluation Parameters of
Directly Compressible Tablets. Tablets comprising 250
mg equivalent to DIA (tablets of pure DIA and DIA−RA
samples) were formulated using the direct compression
technique with different formulation excipients as listed in
Table 1. The appropriate quantities of sieved pure DIA and
DIA−RA sample were mixed separately with the described
amounts of other ingredients to prepare nearly 40 tablets from
each batch. The material for each tablet was manually added
into the die and compressed in the tablet machine (Karnawati
Engineering Ltd., India) using a 12 mm round and concave-
shaped punch. The tablets were prepared and kept in airtight
bottles for 24 h before use to attain suitable elastic recovery
and hardness. The compressed tablets were then evaluated for
weight variation, tablet strength, friability, and disintegrated
time measurements. The tablet strength was determined using
a digital hardness tester, and the friability was measured as the
percent mass loss of 20 tablets tumbled in a Roche friabilator
(EF-2, Electrolab Pvt. Ltd., India). Disintegration time (TD)
measurements (ED2, Electrolab Pvt. Ltd., India) were
performed on six tablets in 900 mL of distilled water at 37
± 1 °C as described in the Indian Pharmacopoeia 2010.36

2.7. Apparent Solubility Study. Apparent solubility
measurements on DIA, the prepared samples, and their
physical mixture were performed by equilibrating an excess
amount of drug (equivalent to 50 mg of DIA) in 10 mL of
various buffer preparations in triplicate, especially distilled
water, hydrochloric acid buffer (pH 1.2), acetate buffer (pH
4.5), and phosphate buffer (pH 6.8) using the shake flask
method. An incubator shaker (Tempo Instruments and
Equipment Pvt. Ltd., India) was used to keep the samples at
150 rpm for 24 h at 37 ± 0.5 °C. After this period, the resulting
samples were immediately filtered using a PVDF syringe filter
(0.45 μm), suitably diluted with the corresponding media, and
analyzed by the validated RP-HPLC method.

2.8. In Vitro Dissolution Study. A drug dissolution study
was evaluated using a USP type-II apparatus (TDT-06P,
Electrolab, India). Commercial DIA tablets, Lubry-GM (50
mg) as a reference, and prepared cocrystal tablets were added
to 900 mL of citrate buffer (pH 6) as a dissolution medium
equilibrated at 37 ± 0.5 °C at 75 rpm.36 Aliquots (5 mL each)
were withdrawn (with replacement by fresh buffer) at
predefined intervals. The concentrations of the aliquots were
estimated using the developed reversed-phase (RP) HPLC
method with appropriate dilutions (wherever necessary). The
dissolution profiles were analyzed in terms of model-
independent parameters calculated at different time intervals,
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such as percent dissolution at 5 min (%DP5 min), dissolution
efficiency (%DE10 min), MDTin vitro, and similarity factor ( f 2).

37

2.9. Pharmacokinetic Study. The in vivo pharmacoki-
netic study was performed using healthy Sprague-Dawley rats
(either sex). The Institutional Animal Ethics Committee
(IAEC) approved the experimental protocol (IAEC/DPS/
SU/1609; dated December 12, 2016). All of the animals
(∼250 g) were housed in the polypropylene cages and kept at
25 ± 2 °C and 50−60% relative humidity (RH). The animals
were acclimatized for a week and subsequently fasted overnight
with free access to water before the experiment. Twenty-four
rats were randomly distributed in two groups (12 rats in each
group) and orally administered with a single dose of DIA or
prepared sample, respectively. The raw DIA and prepared
sample were suspended in 0.2% w/v sodium carboxymethyl-
cellulose and administered through oral gavage. Each animal
was treated with a DIA dose equivalent to 30 mg/kg of body
weight, respectively.31,38 Blood samples were collected from
the retro-orbital venous plexus of the rats at different time
points (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 12, and 24 h). The
plasma samples were harvested by centrifugation at 10 000 rpm
for 20 min and frozen at −20 °C until determination; see
section S1 in the Supporting Information (SI) for the plasma
sample preparation and method. Pharmacokinetic parameters
such as area under the curve (AUC), area under the plasma
concentration−time curve (AUC0−t), area under the moment
curve (AUMC), time to maximum concentration (Tmax),
maximum plasma concentration (Cmax), total clearance (CL),
mean residence time (MRT), volume of distribution (VD), and
elimination half-life (T1/2) were calculated using PK Solver 2
(Microsoft Excel add-in program).
2.10. Stability Study. The stability study was performed

on DIA−RA cocrystal samples (powder as well as tablet)
stored at 40 °C and 75% RH in a programmable environ-
mental test chamber (Remi SC-16 PLUS, India) for 6 months.
The dissolution profiles of the powder and tablet formulations
were evaluated, and the integrity of the samples was analyzed
by DSC, FT-IR, and PXRD analyses.
2.11. Statistical Analysis. GraphPad Prism 5.0 (Graph-

Pad Software, Inc., San Diego, CA, USA) was used to perform
the statistical data analysis. A level of p < 0.05 was used to
indicate statistical significance in all cases. The data were
analyzed as mean ± standard deviation (SD).

3. RESULTS AND DISCUSSION
DIA is an enthralling drug molecule containing potential
functional groups like −COOH, −C−O−C−, and −COOC−,

which have a significant role in the field of crystal engineering.
In the previous research on cocrystallization of DIA, the
practical use of mechanochemical methods has received special
attention.39,40 Additionally, our previous research obtained a
newly developed eutectic between DIA and RA (1:3) via the
liquid-assisted grinding method.31 According to the previous
research, the possibility of antisolvent cocrystallization to
design cocrystals is worthy of discussion.41 Following these
observations, antisolvent cocrystallization was carried out using
DIA and RA as a model system for evidence of cocrystal
formation for functionality improvement.
Various process parameters such as the solvent/antisolvent

ratio, stirring speed, drug solution flow rate, and drug/CF
concentration were screened and evaluated. The solubility
assessment in various solvents (Figure 2A) and the

Figure 2. (A) Solubility assessment of DIA in various solvents and (B) experimental setup for antisolvent cocrystallization.

Figure 3. DSC endotherms of (A) pure DIA, (B−G) the DIA−RA
system prepared by the antisolvent cocrystallization method at various
DIA:RA molar ratios (B, 3:1; C, 2:1; D, 1:1; E, 1:2; F, 1:3; G, 1:4),
(H) pure RA, and (I) a physical mixture of DIA−RA system in a 1:3
molar ratio.
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experimental setup for antisolvent cocrystallization (Figure 2B)
are described in Figure 2 and SI section S2. In context to this,
DMSO and distilled water were chosen as the solvent and
antisolvent, respectively. The optimum volume ratio of solvent
to antisolvent was selected as 1:10. The resulting materials
were subjected to various characterization studies such as DSC,
PXRD, and FT-IR analyses to identify the possible solid-state
interaction of DIA and RA.
3.1. Characterization. 3.1.1. DSC Study. DSC scans of

pure drug (Figure 3A) confirmed a single melting endotherm
at 255.17 °C with a corresponding endothermal effect (ΔHfus
= 96.68 J/g) imparting its crystalline form.26 The melting
endotherm of RA (Figure 3H) was observed as a broad peak
with a melting point at 222.05 °C (ΔHfus = 598.80 J/g). For
the cocrystallized material with a DIA:RA molar ratio of 1:3, a
single sharp endothermic peak was observed at 236.16 °C
(ΔHfus = 128.79 J/g) that appeared different from those of the
parent compounds (Figure 3F). This melting endotherm of the
cocrystallized material was between the melting endotherms of
the drug and CF, indicating the existence of a new crystalline
phase. Additional mixtures of DIA and RA were prepared via
the antisolvent cocrystallization technique as described in
section 2.2 to verify the formation of the cocrystal. However,
the mixtures with DIA:RA molar ratios of 3:1 (Figure 3B), 2:1
(Figure 3C), 1:1 (Figure 3D), 1:2 (Figure 3E), and 1:4 (Figure

3G) and the physical mixture with a 1:3 molar ratio (Figure
3I) exhibited two distinct endothermic events, thereby
indicating the absence of cocrystal formation (Figure 3). In a
cocrystallization screening, when the system shows higher or
intermediate endothermic behavior compared with the
participating components, this can be accomplished with the
formation of a cocrystal (although there are some exceptions).
A binary phase diagram can be exploited to comprehend the
distinct thermal phase transitions for the given system as a
function of temperature. Table 2 presents the various solidus
and liquidus temperatures and melting points of the
participating compounds and ΔHfus values with their molar
ratios. All of the points representing the solidus events were
joined to plot the temperature−composition phase diagram
(dark line). The resulting diagram (Figure 4) exhibited a “W”-
type pattern, which could be a characteristic of the cocrystal
formation. Moreover, the middle line of the W shape was again
extrapolated to the X axis and crossed it at the molar ratio of
1:3.42−44

3.1.2. PXRD Study. Figure 5 illustrates the PXRD patterns of
pure DIA, pure RA, the DIA−RA physical mixture, and the
DIA−RA system. DIA (Figure 5A) showed characteristic peaks
at 2θ values of 10.4°, 17.4°, and 27.9°.45 RA (Figure 5B)
revealed the characteristic intense peaks at 2θ values of 13.5°,
26.8°, and 28.4°.31 The appearance of a new and distinct
diffraction pattern with peaks at 2θ values at 12.2°, 18.5°, and
19.9° with decreased intensity were observed in the DIA−RA
system. Also, a few peaks got shifted considerably from their
positions with 2θ values of 11.0°, 22.2°, 26.1°, and 27.0°. All of
the characteristic peaks are marked with stars (★) in Figure
5D. The emergence of a distinct diffraction pattern correlates
the results of the DSC analysis, confirming the generation of
the new cocrystal solid phase.43,44 Additionally, all of the
distinct peaks of the DIA−RA system with lower intensity
compared with those of the participating components
indicated a great reduction in its crystallinity.46

3.1.3. FT-IR Analysis. FT-IR spectra of DIA, RA, the DIA−
RA physical mixture, and the DIA−RA system are depicted in
Figure 6. DIA (Figure 6A) displayed a broad −OH stretch at
3069 cm−1 and two CO stretches at 1785 and 1679 cm−1 for
the acetoxy groups. For RA (Figure 6B), the broad stretch for
the −OH group was observed at 2900−3600 cm−1, and the
peak for the CO functional group appeared at 1790 cm−1. In
the FT-IR spectrum of the DIA−RA system (Figure 6D),
significant peak changes were observed with respect to the
positions of the carbonyl groups of the ester and ketone
moieties of DIA along with the carboxylic acid group of RA.
The acetoxy group −CO (1785 cm−1) of DIA and the
carboxylic −CO (1650 cm−1) stretch in RA were shifted to
lower wavenumbers at 1757 and 1633 cm−1, respectively
(marked with arrows in Figure 6D). This deviation in peaks
suggested the possibility of hydrogen bond formation.47 The
results of the FT-IR study of the DIA−RA system (i.e., at a 1:3
molar ratio) were in agreement with the outcomes obtained
from the DSC and PXRD studies, indicating the formation of
the cocrystal.43,44

3.2. Drug Content Analysis. DIA exhibits pH-dependent
solubility because of its weakly acidic nature. The buffer
solutions having pH > 5 show the estimation of DIA in the
form of Rh.21,31 A new RP-HPLC method for the
quantification of DIA and Rh was developed and validated as
per ICH guideline Q2 (R1).48 The HPLC chromatogram of
the resolved mixture of RA, DIA, and Rh shows retention times

Table 2. Solidus and Liquidus Temperatures, Melting
Points of the Pure Components (Tm), and ΔHfus Values for
the Binary Phase Diagrama

XDIA Tsolidus (°C) Tliquidus (°C) Tm (°C) ΔHfus of DIA (J/g)

1.00 − − 255.17 96.68
0.75 198.79 251.65 64.45
0.67 199.83 245.07 60.69
0.50 200.04 243.22 51.45
0.33 201.52 241.01 46.93
0.25 236.16 237.65 128.79
0.20 212.37 243.80 80.46
0.00 − − 222.05 598.80

aXDIA, mole fraction of DIA; Tsolidus, solidus temperature; Tliquidus,
liquidus temperature; Tm, melting temperature; ΔHfus, heat of fusion
obtained from DSC heating runs of mixtures of DIA and RA.

Figure 4. Binary phase diagram for the DIA−RA system exhibiting a
‘‘W”-type pattern characteristic of a cocrystal. The solidus and
liquidus temperatures are shown with solid and open squares,
respectively.
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(tR) of 6.6, 10.5, and 11.6 min, respectively (Figure S1). The
detailed description of RP-HPLC conditions is explained in
Table S3. The achieved method was applicable to the
quantification of DIA and Rh in the prepared formulation.
The drug content determination of the DIA−RA cocrystal was
found to be 81.67 ± 2.43%.
3.3. Evaluation of Mechanical Properties. 3.3.1. Mor-

phological Study. The SEM images explained the surface
morphology, which significantly affected the physicomechan-
ical and pharmacokinetic parameters of the drug material.
Figure 7 presents SEM images of DIA, RA, and the DIA−RA
system. The SEM images of DIA (Figure 7A) showed acicular-
shaped crystals with an irregular surface, which might hinder
their flow and compression behavior. The SEM image of RA
(Figure 7B) revealed regular and smooth-shaped crystals. The
surfaces of the cocrystallized sample (Figure 7C) appeared
comparatively smooth, and aggregation was good compared
with the parent DIA. The morphological difference in the
newly generated cocrystal could influence physicomechanical
parameters such as flowability, compressibility, solubility, and
dissolution, which might be beneficial for the formulation of
oral solids.49

3.3.2. Flow Characterization. Various flow parameters,
such as the CI, Hausner ratio, and angle of repose, were
measured to evaluate the flowability of raw DIA and the
cocrystal sample. The results are given in Table 3. The CI,
Hausner ratio, and angle of repose of the cocrystal were found
to be 29.8 ± 1.6, 1.31 ± 0.06, and 35.7° ± 1.0°, respectively.
These results suggested that the cocrystal has relatively fair to
good flow characteristics compared with pure DIA. It has been
noted that powder flow can be influenced by several aspects
like the size and morphology of the particles, size distribution,
surface energy, surface texture, moisture content, etc.50

Additionally, the CI and Hausner ratio do not express the
complete flow behavior of powder. Certainly, some materials
display high values of the CI and Hausner ratio but present
poor flowability. However, they may consolidate quickly,
which is the sign corresponding to the uniform die-fill
process.51 However, the bulk and tapped densities of the
cocrystal sample were lower than the corresponding values for
the pure drug. The lower density is associated with the
intraparticle porosity or density,52 and hence, the cocrystal
powder showed a reduction in bulk density imparting its
greater porosity within the powder materials. Therefore, the
prepared cocrystal was further analyzed in terms of other
mechanical parameters such as compaction and compressibility
studies.

3.3.3. Powder Compaction and Compression Analysis. It
was found that the true densities of pure DIA and the DIA−RA
cocrystal were 1.0620 ± 0.04 and 1.7042 ± 0.05 g/cm3,
respectively. The true density values expressed that the
prepared cocrystal was relatively denser than DIA alone. This
variation in the true density indicated the improvement in the
compression behavior of the cocrystal compared with the DIA
sample. According to the Heckel plot, the derived parameters
were calculated from linear regression of the straight-line plots
(R2 > 0.98) as shown in Figure 8A and listed in Table 3. The
larger values of K and A in the case of the cocrystal sample
compared with DIA are attributed to greater plastic behavior
and particle rearrangement, whereas the lower σ0 and Py values
for the cocrystal over the pure drug are indicative of better
compression behavior. Furthermore, DIA demonstrated a low
brittleness index, reflecting its poor fragmentation behavior.
This might be a reason for the appearance of lamination during
the Heckel analysis.31 This could be overcome by the addition
of 2% w/w MCC to all of the samples followed by Heckel

Figure 5. PXRD patterns of (A) DIA, (B) RA, (C) the DIA−RA physical mixture, and (D) the DIA−RA cocrystal.
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analysis at different compression forces.31,33 The pressure−
tensile strength profiles of all of the samples are represented by
their powder tabletability behaviors. Figure 8B illustrates that
higher tensile strength was detected for compacts of the
cocrystal over those of pure DIA at all applied compression
forces. This was attributed to the improved compressibility and
tabletability of the DIA−RA cocrystal over pure DIA.52

Moreover, three different compacts (A, B, and C) were
prepared as per the Aulton−Wells protocol to understand the
in-depth compressibility of the powders. As can be seen in
Figure 9, the drug compacts exhibited capping and lamination
tendencies. This type of tendency despite the change in
blending and dwell time is an indication of the elastic nature of
the drug. In the case of the cocrystallized sample, capping and
lamination were not observed, and the crushing strength
measurement was in order B > A > C, which exemplified its
plastic behavior. This study clearly concluded that the superior
compaction and compression behaviors of the DIA−RA
cocrystal compared with DIA might be due to the occurrence
of interparticulate bonding in the cocrystal material, and it
could be suitable as a directly compressible material.35

3.4. Postevaluation Parameters of Directly Compres-
sible Tablets. As can be seen in Table 1, the tablets prepared
from the cocrystal sample contained a smaller amount of MCC
(2% w/w). This result revealed that the cocrystal of DIA could
be advantageous for the development of a directly compres-
sible form. The post evaluations are summarized in Table 4.49

3.5. Apparent Solubility Study. Solubility measurement
is a significant parameter in formulation development that
directly impacts the oral solid dosage form. Figure 10A depicts
the graphical solubility assessment for DIA, the DIA−RA
cocrystal, and the DIA/RA physical mixture in various buffer
solutions. The solubility profiles of the pure drug in distilled
water, pH 1.2, pH 4.5, and pH 6.8 were found to be 48.3, 9.1,
15.3, and 83.7 μg/mL, respectively. These outcomes revealed
that DIA showed poor solubility in acidic buffer solutions
because of its weakly acidic nature. The DIA−RA cocrystal
demonstrated an enhancement in solubility of nearly 2.3 times
at pH 6.8 (192 μg/mL), 2.5 times at pH 4.5 (37 μg/mL), 2.8
times at pH 1.2 (26 μg/mL), and 2.6 times in distilled water
(125 μg/mL) compared with raw DIA. As can be seen from
the pH solubility profiles, the DIA−RA cocrystal showed
overall higher solubility than the physical mixture vis-a-̀vis the
drug alone in all buffer solutions. Mainly, the solubility of the
cocrystal depends on the solubility of the CF, the melting
point, and the crystal lattice. The augmentation in solubility
might be ascribed to the formation of non-covalent bonds
between a poorly soluble API and highly soluble CF in the
same crystal lattice.53

3.6. In Vitro Dissolution Study. The quantitative key
findings explaining the dissolution profiles of the prepared
cocrystal and the commercial tablet formulations at pH 6 are
summarized in Table 4. The cocrystallized tablets exhibited
superior drug release (83.32%) over the commercially available
tablets (34.40%) after 1 h (Figure 10B). The %DP5 min of the
cocrystal tablets was found to be enhanced 3.3-fold compared
with commercial tablets. Also, a 2.9-fold improvement in %
DE10 min and a lower value of MDT for the cocrystal impart its
fasted dissolution capability relative to the pure DIA
formulation. Furthermore, the obtained f 2 value was less
than 50, which revealed the difference between the release
profiles of the pure drug and the cocrystal (tablet
formulations). This enhancement might be due to the

Figure 6. FT-IR spectra of (A) DIA, (B) RA, (C) the DIA−RA
physical mixture, and (D) the DIA−RA cocrystal.

Figure 7. SEM images of (A) DIA, (B) RA, and (C) the DIA−RA
cocrystal.

Table 3. Evaluation of the Mechanical Properties of Pure
DIA and DIA−RA Cocrystal

parameter pure DIA DIA−RA cocrystal

density(g/cm3)a

bulk 0.309 ± 0.01 0.139 ± 0.02
tapped 0.456 ± 0.05 0.199 ± 0.07
true 1.0620 ± 0.04 1.7042 ± 0.05

angle of repose (deg)a 47.1 ± 1.2 35.7 ± 1.0
Carr indexa 32.2 ± 1.9 29.8 ± 1.6
Hausner ratioa 1.48 ± 0.08 1.31 ± 0.06
Heckel analysis

K 0.161 0.460
A 0.986 1.301
Py 6.212 2.174
σ0 2.070 0.725

aResults are mean ± SD (n = 3).
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hydrophilic CF (RA), which facilitates the local solubilization
effects. Additionally, melting point changes indicate modifica-
tion of the thermodynamic characteristics such as molecular
mobility, intermolecular interaction, and crystal packing.53,54

3.7. Pharmacokinetic Study. After the improvement in
solubility and dissolution parameters, the cocrystal developed
in this work should furthermore be suitable for in vivo
assessment using rats as a model. The plasma concentration
profiles of raw drug and cocrystallized sample after a single-
dose oral administration in Sprague-Dawley rats are given in
Figure 11, and the calculated pharmacokinetic parameters are
stated in Table 5. Because of the metabolic change from DIA
to Rh, only Rh was estimated in the plasma samples to assess

the in vivo performance.31 The cocrystallized sample exhibited
a shortened Tmax (2 h) with an increase in Cmax (92.68 μg/mL)
compared with raw DIA. The AUC0−24h (total drug delivered
in 24 h) was 650.1 μg·h/mL for the cocrystal compared with
249.9 μg·h/mL for DIA alone (it is transformed to Rh in vivo).
Furthermore, the relative bioavailability (Frel), given by the
ratio of the AUCtotal(cocrystal) to AUCtotal (drug), was found
to be 2.28. This outcome demonstrated that the DIA−RA
cocrystal was 2.28-fold more orally bioavailable than DIA.55

This finding suggested that the cocrystallization of DIA in the
presence of RA is an advantage in the biopharmaceutical
properties of the parent DIA.

3.8. Stability Study. A stability study of the cocrystallized
samples (powder as well as tablet) was performed under
accelerated conditions for 6 months. The dissolution profiles of
the cocrystal (powder and tablet) before and after the study
(Figure S2) were similar, as represented statistically by f 2 > 50.
Similar results were also found in the case of DSC, FT-IR, and
PXRD data before and after 6 months, indicating that the
cocrystal samples were stable in nature (Figures S3−S5).

4. CONCLUSION

DIA is a potential osteoarthritis agent that has poor
biopharmaceutical properties. In this work, a novel DIA−RA
cocrystal (DIA:RA molar ratio = 1:3) was obtained using the
antisolvent crystallization technique and fully characterized.
The prepared cocrystal was evaluated for pharmacomechanical
parameters such as apparent solubility, dissolution, powder
characteristics, and stability. Significant enhancement in the
aforementioned properties was observed in the DIA−RA
cocrystal compared with raw DIA. Furthermore, the novel
cocrystal showed better plastic behavior and tabletability
characteristics compared with pure DIA, enabling its
formulation as a directly compressible tablet. The DIA−RA
cocrystal also showed a notable improvement in oral
bioavailability. Unfortunately, we did not succeed in structural
elucidation of the cocrystal using crystallographic techniques,
which will be necessary to explore for further understanding
the solid-state interaction. In a nutshell, the cocrystallization
approach can be applied to the pharmaceutical industry to
address poorly compressible and bioavailable APIs to convert
them to forms suitable for direct compression.

Figure 8. (A) Heckel plot and (B) tabletability study of pure DIA and the DIA−RA cocrystal.

Figure 9. Pictorial comparison of compacts prepared from pure DIA
and the DIA−RA cocrystal as per the Aulton−Wells protocol.

Table 4. Post Evaluation and Dissolution Parameters of
Direct Compression Tablets of DIA and the DIA−RA
Cocrystal

parameter pure DIA DIA−RA cocrystal

weight variation (mg)a 250.2 ± 2.43 249.7 ± 2.18
thickness (mm)a 3.39 ± 0.07 3.38 ± 0.05
hardness (kg/cm2)a 4.9 ± 0.31 5.3 ± 0.62
friability (% loss)a 0.36 ± 0.08 0.33 ± 0.06
TD (s)a 65.33 ± 2.52 59.24 ± 2.08
%DP5 min

b 14.07 45.82c

%DE10 min
b 9.12 26.59c

f 2
b − 24.87

MDT (min)b 14.44 9.85
aResults are mean ± SD (n = 3). bCalculated on the basis of tablet
formulations. cImplies p < 0.05 compared with pure DIA.
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