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Abstract. Poor physicomechanical properties and limited aqueous solubility restrict the
bioavailability of aceclofenac when given orally. To improve its above properties, aceclofenac
(ACE) was cocrystallized with dimethyl urea (DMU) in 1:2 molar ratio by dry and solvent
assisted grinding. The cocrystals were characterized by ATR-FTIR, DSC, and PXRD, and
their surface morphology was studied by SEM. There was enhancement in intrinsic
dissolution rate (IDR) (~eight- and ~fivefold in cocrystals prepared by solvent assisted
grinding (SAG) and solid state grinding (SSG), respectively, in 0.1 N HCl, pH 1.2) and
similarly (~3.42-fold and ~1.20-fold in phosphate buffer, pH 7.4) as compared to pure drug.
Additionally, mechanical properties were assessed by tabletability curves. The tensile
strength of ACE was < 1 MPa in contrast to the cocrystal tensile strength (3.5 MPa) which
was ~1.98 times higher at 6000 psi. The tablet formulation of cocrystal by direct compression
displayed enhanced dissolution profile (~36% in 0.1 N HCl, pH 1.2, and ~100% in phosphate
buffer, pH 7.4) in comparison to physical mixture (~ 30% and ~ 80%) and ACE (~18% and
~50%) after 60 min, respectively. Stability studies of cocrystal tablets for 3 months indicated a
stable formulation. Pharmacokinetic studies were performed by using rabbit model. The
AUC0-∞ (37.87±1.3 μgh/ml) and Cmax (6.94±2.94 μg/ml) of the selected cocrystal C1 prepared
by SAG were significantly enhanced (p < 0.05) and were ~3.43 and ~1.63-fold higher than
that of ACE. In conclusion, new cocrystal of ACE-DMU was successfully prepared with
improved tabletability, in vitro and in vivo properties.

KEY WORDS: aceclofenac; dimethyl urea; cocrystals; intrinsic dissolution rate; mechanical properties;
stability; in vitro dissolution; in vivo bioavailability.

INTRODUCTION

Optimization of physicochemical, mechanical, and
pharmacokinetic attributes is strategically crucial in the
course of development of the physical form of an active
pharmaceutical ingredient (API) in which it is to be
administered (1). Since 80% of the developed drug
candidates seem to have solubility problem and belong
to BCS class II (less soluble, high permeable) (2), so their
oral absorption is limited (3–6). There are various
strategies for improvement of solubility, dissolution, and

bioava i lab i l i ty l ike microfluid ic , spray dry ing ,
electrosprayed mesoporous particles, and inorganic drug
delivery systems (7). In addition to these approaches, the
solid form modification of APIs (salt formation, poly-
morphs, and cocrystals) is of considerable significance for
addressing the poor solubility of drugs. Since amorphous
forms are thermodynamically unstable, salt formation is
limited to ionizable compounds (8). In comparison to the
above, crystal engineering finds substantial significance in
tailoring the physicochemical and pharmaceutical proper-
ties of drugs, particularly those belonging to BCS class II
(9–12). Pharmaceutical cocrystallization is considered to
be an attractive alternative in modification of properties
of the existing solid form of an API (6). Apart from
improvement in physicochemical properties like solubility
and dissolution, pharmaceutical cocrystals can also modify
other fundamental properties of APIs such as flowability,
compressibility, stability, and pharmacokinetics (13–16).
Pharmaceutical cocrystals are the multicomponent systems
comprising two or more molecular moieties, i.e., API and
the pharmaceutically acceptable molecule (coformer or
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cocrystal coformer) in precise stoichiometric proportion,
bonded together by means of freely reversible, non-
covalent, or nonionic interactions (17–19).

Aceclofenac (ACE), belonging to BCS class II, is an
orally effective non-steroidal anti-inflammatory drug,
broadly used for its remarkable analgesic properties in
rheumatoid arthritis, osteoarthritis, and ankylosing spon-
dylitis (20). Being a weekly acidic drug (pKa = 4–5), it
exhibits pH-dependent solubility and absorption. Due to
insufficient solubility in gastrointestinal environment, it
leads to many in vitro and in vivo upshots such as
inadequate release from the dosage form, decreased
bioavailability, and high intra- and inter-subject variability
when given orally (21). Moreover, its slight water solubil-
ity (58μg/ml) (22) leads to its exacerbating side effects
related to gastrointestinal tract.

The ACE is marketed as a neutral drug due to its
degradation in strongly acidic and basic media (23), unlike
the other members of this class (diclofenac and indometha-
cin), which are marketed as sodium or potassium salt,
respectively, ACE is marketed as a neutral drug. The
presence of proton donor and the acceptor sites in ACE has
made it a good candidate for cocrystallization by using
appropriate coformers. Therefore, there is a potential for
addressing and modulating the pharmaceutical and pharma-
cokinetic properties of this poorly soluble drug.

Among the several selected coformers, cinnamic acid
is a common pharmaceutically acceptable coformer in
cocrystal studies (24). Amides (benzamide) are often used
as coformers for pharmaceutical multicomponent system
(25,26). The 1,3 dimethyl urea (DMU), a derivative of
urea, is a hydrophilic agent used for synthesis of caffeine
and pharmaceuticals, (27). The DMU has potential to
form intermolecular hydrogen bonds due to the presence
of amide as functional group, thus could be used as
conformer. DMU has been reported to stabilize the
metastable, form of antitubercular drug, pyrazinamide
for many years by spray drying (28). However, DMU has
not been repor ted ear l i e r a s a co former in
cocrystallization. In the present work, an attempt was
made to develop cocrystals of ACE with improved
physicochemical and mechanical behavior. The prepared
cocrystals were formulated into tablet by direct compres-
sion. Pharmacokinetic studies of the developed cocrystals
were performed by using rabbit model.

EXPERIMENTAL

Materials

ACE, sodium starch glycolate, and magnesium stea-
rate were obtained as gift samples from Highnoon
Laboratories Lahore, Pakistan. DMU, cinnamic acid, and
benzamide were procured by Sigma-Aldrich, Pakistan.
Avicel PH 102 was obtained as gift sample form Reming-
ton pharmaceuticals, Lahore, Pakistan. All other organic
solvents and chemicals used were of HPLC or analytical
grade.

Preparation of Cocrystals

Solid State Grinding (SSG)

ACE and three coformers, cinnamic acid, benzamide,
and 1,3 DMU in different molar ratios (1:1, 1:2, 2:1), were
separately ground in pestle and mortar for 30 min. The
physical mixtures (PMs) were prepared by mixing of the drug
with the above coformers, using the same ratios. The samples
were stored in air tight jars for further characterization.

Solvent-Assisted Grinding (SAG)

Drug and coformers in abovementioned ratios were
ground followed by addition of 100 μl of ethanol for each
100 mg of powder sample for 30 min. The samples produced
from SAG were stored in air tight containers for further
characterization. Same method was used for the preparation
of PMs.

Solvent Evaporation (SE)

ACE and coformer in same molar ratios as above were
dissolved in ethanol and acetonitrile separately with slight
heating till the formation of a clear solution. The solutions
were filtered (0.45 μm) and left for evaporation at 25°C, 30%
humidity. The solid obtained after slow evaporation of the
solvent was stored in air tight jars for further studies.

Solid State Characterization

ACE, coformers, and all the samples prepared by the
above methods were analyzed by powder X-ray diffraction,
DSC-TGA, ATR-FTIR, SEM, and intrinsic dissolution rate
(IDR) studies.

Differential Scanning Calorimetry (DSC)

DSC was carried out by using a TA instrument (model
Q, USA) having standard aluminum pan with an empty pan
as reference. Samples (2−5 mg) were heated ranging from
room temperature (25± 2°C) to 300°C at a rate of (10°C/min).

Powder X-Ray Diffraction (PXRD)

PXRD pattern from the powdered samples without any.
pretreatment was recorded. The data was collected by using
wide angle diffractometer (Bruker) (operating at 40 kV, 40
mA), using Cu-Kα radiation (λ = 1.5418 Å) keeping step
dimension of 0.02° in 2 θ range of 5–40°.

ATR-FTIR

Fourier transform infrared spectra (FTIR) were obtained
for ACE, DMU, and the prepared cocrystals using FTIR
(Alpha-P Bruker, Germany) equipped with an ATR unit. The
measurements were recorded across the range of 400–3500
cm−1.
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Scanning Electron Microscopy (SEM)

Images of powder samples were photographed by Carl
Zeiss Microscopy Cambridge C B 1, 3JS (Carl Zeiss, NTS
Ltd., Cambridge, UK) with auto imaging system. The samples
were mounted on carbon adhesive tape fixed on aluminum
stubs.

Intrinsic Dissolution Rate (IDR)

Using the static disk method, the IDR of the ACE,
prepared cocrystals, and PM were studied under sink
conditions in 0.1 N HCl, pH 1.2, and phosphate buffer, pH
7.4 (16). The sample powders (300) mg were compressed at
6000 psi pressure for 2 min on a hydraulic tablet press
(Carver Inc., USA). The compressed disks were covered with
paraffin wax, exposing only a plane surface with 13 mm
diameter for estimation of dissolution. The disk was im-
mersed in 900 ml of dissolution medium in USP type-II
apparatus, operated at 50 rpm at 37°C. The samples were
drawn at preset time intervals: 0, 25, 50, 75, 100, 200, 300, 400,
500, 600, 700, 800, and 900 min in 0.1 N HCl and 0, 2, 4, 6, 8,
10, 12, 14, 16, 18, 20, 22, 24, and 26 min in phosphate buffer,
pH 7.4. The different time intervals were taken due to
difference in solubility of ACE in both media. The sink
conditions were maintained by restocking the withdrawn
amount with the equal amount of blank. All the samples
were filtered through 0.45 μm filter, and UV absorption was
measured at λmax 273 to quantify the amount of ACE in both
media (29). The total amount of drug dissolved per surface
area (mg/cm2) was plotted against time (min) for the
calculation of IDR.

Micromeritics and Tableting Performance

To investigate the impact of cocrystallization on material
flow characteristics, the micromeritic properties of the
cocrystals were also studied by standard methods for deter-
mination of bulk and tapped densities, angle of repose, Carrʼs
index, and Hausnerʼs ratio.

The Compaction/Mechanical Properties

Tablets of each pure substance (300 mg) were prepared
without any excipient under six different compaction pres-
sures (1000–6000 psi) using hydraulic press (Carver, USA)
equipped with flat faced dies having 13mm diameter at 21°C
and 30% RH (30). Tablet thickness, diameter, and weights
were determined. The breaking force, F in Newton (N), was
measured by employing Pharmatron Multitest 50H hardness
tester. Tensile strength, σ, in MPa was determined by using
equation (31).

σ ¼ 2F

106πDT

where D is the tablet diameter (m), T symbolizes thickness of
tablet (m), and σ is the tensile strength in (MPa). The
tabletability profile was determined by plotting tablet tensile
strength against compaction pressure.

Formulation of Tablets

On the basis of highest IDR value, the tablet formulation
(F1) of the selected cocrystal was developed by direct
compression approach. For this purpose, weight of cocrystal
sample equivalent to 100 mg of ACE was taken. To this,
Avicel PH 102 (25% of cocrystal weight), sodium starch
glycolate (4% of cocrystal weight), and magnesium stearate
(0.3% of cocrystal weight) were added. The formulation of
PM (F2) in was developed in the similar way. For comparison,
formulation of pure ACE (F3) was developed by adding
starch powder (20% to the weight of ACE) as a diluent. Rest
of the excipients and quantities were same as in other
formulations. All the materials were passed through sieve #
40 and thoroughly mixed for 15 min. Magnesium stearate was
added in the end, and the mixture was again blended for
another 2 min. Compression of tablets were achieved by using
hydraulic press as described above.

Evaluation of Formulated Tablets

All tablets were evaluated for average weight, thickness,
diameter, and hardness. The disintegration time was deter-
mined as specified in British Pharmacopoeia 2010.

In Vitro Drug Release Study

In vitro drug release was studied in 900 ml of 0.1N HCl,
pH 1.2, and phosphate buffer, pH 7.4, by using USP type-II
apparatus with paddle speed at 50 rpm. Aliquots (5ml) were
drawn at preset time intervals: 0, 25, 50, 75, 100, 150, 200, 250,
300, 350, and 400 min for 0.1 N HCl and 0, 5, 10, 15, 20, 25,
30, 35, 40, 45, 50, 55, and 60 min for the phosphate buffer. The
sink conditions were preserved by replenishing the same
amount with the withdrawn amount of the dissolution media.
Rest of the sample treatment was the same as carried out for
the samples in IDR measurement. All the measurements
were done in triplicate.

Preliminary Stability Studies

The cocrystal-based formulation F1 and pure ACE
formulation F3 were subjected to preliminary stability studies
for the period of 3 months under normal conditions (25°C/
60% RH) and at accelerated conditions (40°C/75% RH)
(32,33).

In Vivo Studies

Rabbits weighing 1.75–2.00 kg of either sex, divided into
two groups, each comprising six rabbits, were used for
pharmacokinetic study. All the protocols of the study were
endorsed by animal ethical committee, University College of
Pharmacy, University of the Punjab, Lahore, Pakistan, vide
reference number, D/705/UZ dated 05/03/2020. Prior to
experimentation, the rabbits were acclimatized (in cages)
one week at 25 ± 5°C with 12 h light/12 h dark cycle with free
access to food and water. Before the experiment, all the
animals were fasted for 12 h with only access to water. A dose
of 10 mg/kg body weight for pure ACE and equivalent
cocrystal filled in the hard gelatin capsules (# 5) was given
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with 10–12 ml of water, to two groups of rabbits (34). Blood
samples (1 ml) were withdrawn from the jugular vein of the
animals in heparinized tubes at 0.0, 0.5, 1.0, 1.5, 3.0, 6.0, 9.0,
and 12.0 h post dose intervals. The plasma was immediately
separated by centrifugation at 4000 rpm for 5 min in
Eppendorf tube and stored at −20°C for further study.

Plasma Sample Treatment

The plasma stored at −20°C was thawed at room
temperature and vortexed for 1 min. To 500 μl of plasma,

500μl of acetonitrile was added. The resultant solution was
again vortexed for 5 min and centrifuged at 10,000 rpm for 10
min. The supernatant was separated and filtered through
0.22-μm syringe filter. The clear filtrate consisting of 20μl was
injected into the HPLC. The total run time of the sample was
12 min. The drug content was analyzed with the previously
reported method (35). Plasma drug concentration was
determined by HPLC system Shimadzu 20A, Japan. The
equipment consisted of LC-20AT VP pump, a SIL-20AC HT
auto sampler, CMB 20A controller unit having a reverse
phase symmetry C18 (4.6 × 250 mm, 5-μm particle size). The
analysis was done under isocratic conditions keeping the
column at 40°C by using CTO 20 AC column oven. The
mobile phase was comprised of acetonitrile: deionized water
(55:45) with pH adjusted to 2.8 by orthophosphoric acid,
filtered through 0.45-μm membrane filter, and injected at the
flow rate of 1ml/min. The chromatograms were recorded at
273 nm by using SPD-M20A photodiode array detector set at
273 nm. The calibration curve R2 = 0.998 was constructed for
ACE, depending on the measurement of peak area of
standard solutions and their respective spiked plasma
samples for concentrations 0.5, 1.0, 2.0, 5.0, 10.0, and 15.0
μg/ml. The LOQ and LOD were 0.1 and 0.03 μg/ml,
respectively.

The peak plasma concentration (Cmax) and the time to
reach Cmax, (Tmax) were directly obtained from the plasma
concentration versus time curve. The other pharmacokinetics
parameters including area under the curve (AUC), mean
residence time (MRT), clearance (CL), apparent volume of
distribution (Vd), elimination rate constant (Kel), and the
half-life (t1/2) were calculated using non-compartmental
analysis implemented in PKSolver (version 2.0) program
(36). The data was analyzed statistically by using Mann
Whitney test employing SPSS (IBM SPSS Statistics 21). A p
value less than 0.05 was used as significant.

Table I. Screening of ACE with DMU

Methods Solvent
used

Molar ratio of
ACE/DMU

C o c r y s t a l
formation

Solvent assisted
grinding (SAG)

E t h a n o l
Acetonitrile

1:1
1:2
2:1
1:1
1:2
2:1

-
+ C1
-
-
-
-

S o l i d s t a t e
grinding (SSG)

1:1
1:2
2:1

-
+ C2
-

S o l v e n t
evaporation (SE)

E t h a n o l
Acetonitrile

1:1
1:2
2:1
1:1
1:2
2:1

-
-
-
-
-
-

+ represents the formation of cocrystals. The codes C1 and C2 are
given to the successful cocrystals formed by solvent assisted grinding
and solid state grinding, respectively
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Fig. 1. Comparison of PXRD pattern of DMU, ACE, C1, C2, and PM
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RESULTS AND DISCUSSION

Primarily, we selected three coformers, namely, cinnamic
acid, benzamide, and dimethyl urea in an attempt to form
cocrystals of aceclofenac in 1:1, 1:2, and 2:1 molar ratio by
mechanochemical (solid state grinding (SSG) and solvent
assisted grinding (SAG)) and solvent evaporation approach.
The initial characterization was based on the measurement of
melting point and DSC. Benzamide and cinnamic acid did not
proved to be prolific coformers. This might be due to the
presence of the bulky phenyl group in both coformers which

imparts steric hindrance, making them more difficult to pack
in multicomponent system (26).

The dimethyl urea was the only successful coformer
which resulted in formation of cocrystal with ACE in 1:2
molar ratio by mechanochemical approach, i.e., by solvent
assisted grinding (SAG) and solid state grinding (SSG). As
coherent with the recently reported literature, it has been
observed that mechanochemical synthesis was also found to
be successful in cocrystallization of aceclofenac with l-cysteine
(37). The data on screening with DMU has been included in
the text as Table I.
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Fig. 4. SEM microphotograph of a DMU, b ACE, c C1, and d C2
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Among the several methods for cocrystal formation, the
mechanochemical approach is more vibrant in preparing
cocrystals of APIs with different coformers. This method is
more reliable, green, convenient, and cost-effective for new
crystalline forms discovery (38). In SSG, the energy needed to
complete cocrystallization is lacking, whereas in SAG, the
covalent interactions between the components may be
induced which offers enhanced selectivity (39). Moreover, in
SAG, the presence of solvent acts as catalyst to mediate the
reaction kinetics by wetting the solid surfaces and helps in the
formation of cocrystals. The SAG has also been reported as
an efficient cocrystal screening method in comparison to
solution crystallization. On the other hand, cocrystal forma-
tion by solvent evaporation is not always successful. For
cocrystallization by solvent evaporation, the starting materials
must be soluble in a common solvent. The difference in the
solubility of initial components leads to the recrystallization
of a single material. Furthermore, the cocrystal formation is
dependent on the nucleation. The process of nucleation
depends on the rate of evaporation of the solvent. The rate
of solvent evaporation is significantly dependent on the
experimental conditions (40). However, literature has shown
that cocrystals with higher solubility than the pure solid form
often do not result from solvent evaporation technique (41).

Characterization of Cocrystals

The primary technique for cocrystal detection is PXRD,
as the phase changes can directly be observed by changes in
pattern. PXRD pattern for ACE alone, DMU, and PM (1:2)
and cocrystals C1 and C2 are depicted in Fig. 1. In
consistence with the literature, ACE showed specific diffrac-
tion peaks at 2θ value of 10.79o, 21.00o, 23.74o, 24.75o, and
31.00o (20).

Likewise, the characteristic reflection pattern of DMU
was observed at 2θ value of 14.80o, 18.70o, 19o, 22.00o, 24.00o,
and 26.00o. The PXRD pattern of the PM demonstrated the
combined pattern of original components depicting absence
of any phase change. The characteristic diffraction pattern of
ACE and DMU was not observed in ACE-DMU cocrystals

prepared by both methods. Moreover, new peaks of C1 were
emerged at 2θ value of 8.90o, 11.00o, 13.00o, 17.00o, and
21.43o and for cocrystal C2 at 2 θ of 9.13o, 11.73o, 13.13o,
17.50o, and 21.60o.

The dissimilar PXRD pattern of the cocrystals from their
starting materials might suggest the formation of new phases
(42). Furthermore, the relative intensities of their PXRD
pattern were also varied. The almost similar reflection patter
of the two cocrystals might suggest the phase purity of the
new phases.

DSC is a rapid screening tool for cocrystal characteriza-
tion. The energy needed to overcome attractive forces which
holds the crystal structure is its melting point (43,44). Figure 2
depicts the DSC curves of ACE, DMU, and cocrystals C1 and
C2. The DSC curve of ACE and DMU showed a single
endothermic peak at 156.43°C and 107°C, respectively, while
ACE-DMU cocrystals (C1 and C2) showed single endother-
mic peaks at 88.30°C and 94.84°C, respectively, which is lesser
than either of its starting materials, signifying the formation of
cocrystals. It has also been observed that the cocrystals are
not undergoing any phase transitions before and after the
single endothermic peak over the entire temperature range
which denotes lack of polymorphism.

As per reported data on cocrystals, only half of the
cocrystals have shown the melting point between the initial
components, and 39% of the reported cocrystals have melting
points lower than their initial components. Also, the melting
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Table II. Comparison of Micromeritic Properties of ACE and C1

Micromeritic property ACE C1

Bulk density (g/cm3) 0.29±0.019 0.34±0.016
Tapped density (g/cm3) 0.38±0.021 0.41±0.011
Angle of repose 40.25°±0.43 22.12±0.32
Hausnerʼs ratio 1.65 1.32
Carr’s index (%) 36.48 10.36
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point of cocrystals depends on the melting points of the
selected coformer (14).

The difference in melting points of the two cocrystals
from the starting materials may reflect the change in crystal
lattice, of the cocrystals as evident from SEM images (Fig. 4)
which in turn be responsible for difference in their physico-
chemical properties like solubility and dissolution (45). The
changes in these parameters may refer to the alteration in the
thermodynamic stability. Crystals with greater hydrogen
bonding or molecular symmetry tend to show higher melting
points (44). Else ways better dissolution could be displayed
by low melting point cocrystals.

The FTIR spectrum for the ACE, DMU, C1, and C2 was
recorded in the spectral range of 400–3500 cm−1 as illustrated
in Fig. 3. In the IR spectra of ACE, a number of peaks were
observed at different prominent places showing the presence
of functional groups. The peak found at 1579.45 cm−1 was due
to C–C stretch, whereas peaks at 1250, 1500, and 1716.59
were due to C=O stretching, which indicated the presence of
carboxylic group and keto functional groups. The infrared
band appearing at 3333.23 cm−1 in ACE and at 3329.45 cm−1

in DMU was assigned to NH2 functional group. The presence
of these peaks confirms the purity of drug sample. Whereas
cocrystals C1 and C2 showed a distinctive spectrum,
especially the peaks attributed to C=O stretch of the
carboxylic acid has been shifted to 1163, 1568, and 1728
cm−1, respectively, whereas the peak assigned to NH2

functional group has appeared at 3380.41 cm−1 in

comparison to the starting components. The shift in the
position and intensity of these peaks could be attributed to
the formation of new hydrogen bonding pattern in cocrystals.
However, the IR spectrum of PM resembled that of pure
DMU and ACE.

The shape and surface morphology of ACE, DMU, and
the cocrystals C1 and C2 are presented in Fig. 4. The SEM
microphotographs showed that pure ACE and DMU exists in
large crystals, while C1 was needle-shaped aggregates while
C2 were aggregates. The difference in morphology has
resulted by the solvent assisted grinding. This change may
influence the nature of bulk particle such as flow properties,
bulk density, compressibility and dissolution behavior of the
cocrystal (46).

Intrinsic Dissolution Rate

IDR is a promising tool that can be used to assess the
dissolution-mediated absorption of the recently developed
APIs (47). Moreover, IDR has shown to be in direct
proportion to the solubility of the drug, ignoring the
complicating factors in powder dissolution studies like
particle size, rate of wetting, disintegration, and clumping.
Therefore, the solubility can be predicted from the slope of
dissolution curve. In context to this, the IDR studies were
conducted to determine the influence of cocrystallization on
the dissolution behavior of newly synthesized cocrystals.
Figures 5 and 6 describe the dissolution profile of C1, C2,
ACE, and PM in 0.1N HCl, pH 1.2, and phosphate buffer, pH
7.4. As ACE exhibits pH-dependent solubility and dissolu-
tion, the above media were selected to closely relate the pH
conditions of GIT, also to study the effect of cocrystallization
on dissolution behavior at different pH. The IDR (from 0 to
1000 min) of C1 was 0.08 mg/cm2 min, and C2 was 0.05 mg/
cm2 min in 0.1 N HCl, pH 1.2, which was ~eight- and
~fivefold higher in comparison to ACE (0.01 mg/cm2). The
PM also displayed gradual rise in IDR (0.026 mg/cm2 min)
which was found to be ~2.6 times higher than ACE. Likewise,
the IDR (from 0 to 30 min) displayed by C1 and C2 in
phosphate buffer, pH 7.4, was 6.717 mg/cm2 min and 3.78 mg/
cm2 min, respectively, which was ~ 3.42-fold and ~1.92-fold
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Table III. Physical Parameters of Formulations Prepared from F1
(C1), F2 (PM), and F3 (ACE) (n=6)

Parameters F1 F2 F3

Weight (mg) 200±0.13 200±0.51 200±0.26
Thickness (mm) 4±0.2 4±0.1 4±0.5
Diameter (mm) 9±0.6 9±0.3 9±0.1
Breaking force (N) 196±3 83.1±1.3 34±1.6
Disintegration time (min) 3 2 5
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higher as compared to ACE (1.96 mg/cm2 min), whereas the
IDR of PM (2.36 mg/cm2 min) was found to be ~ 1.20-fold
higher than ACE.

In our present study, the ACE-DMU exhibited higher
dissolution in both acidic and basic media. This was observed
in good correlation with the hydrophilic nature of the DMU
(water solubility 765 g/ml at 25°C). The pH-dependent
changes in the IDR pattern displayed by the cocrystals could
be further explained by the changes in the microenvironmen-
tal pH of the cocrystal system at the dissolving solid liquid
interface (48). The modification of the microenvironmental
pH was imparted by the highly water soluble coformer,
DMU, which upon ionization in the dissolution medium,
presented changes in the pH of the system favoring the
dissolution of nonionizable drug. DMU imparted more basic
microenvironment to ACE-DMU cocrystal making it even
more soluble in the acidic medium (49). The difference in the

IDR of cocrystals might be related to the effect of crystal
morphology as shown by SEM (Fig. 4).

Micromeritic Properties/Tableting Performance

The micromeritic properties of ACE and C1 have been
described in Table II. The improvement in these properties
was observed in cocrystals as compared to the ACE.

The cocrystals exhibited improved micromeritic proper-
ties in contrast to ACE. The bulk and tapped densities were
higher for C1 than ACE which indicated the low porosity of
the powder and imparts high compressibility to cocrystal.
Lower values of Hausnerʼs ratio and angle of repose for C1 in
comparison to ACE reflected good flow characteristics. The
suitability of cocrystal powder for direct tableting was also
suggested by low Carrʼs index values in contrast to ACE.
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A significant parameter by which the mechanical
properties of cocrystals can be determined is the mea-
surement of their tensile strength. In the present work, we
studied the tabletability of C1. The impact of compression
pressure on the cocrystal tensile strength was more
prominent as compared to that on the ACE. The high
tensile strength of cocrystal compact subjected to the same
compression pressure as ACE compact is evident from
Fig. 7. The ~threefold increase in tensile strength of the
cocrystal as compared to the pure ACE may be attributed
to high plasticity due to the presence of slip mechanism
(50,51). The increase in the tensile strength of cocrystal at
low compression pressure, i.e., 1 and 2 MPa, may be
attributed to larger bonding area between the adjacent
cocrystal particles which in turn be responsible for higher
tabletability (50). However, the tensile strength of the
cocrystal compact was continued to rise with rise in
pressure and levelled off gradually which represents the
characteristic behavior of plastic materials. Thus, ACE in
the form of cocrystal is more suitable for tableting. In
case of the pure ACE compact, there was slight increase
in tablet tensile strength at 3 MPa. The decline in tensile
strength was observed at 4 MPa by increasing the
compaction pressure, owing to the low plasticity as well
as more elastic recovery of the material. On the other
hand, DMU showed a minor linear increase in tensile
strength with increasing compaction pressure resembled
the characteristic behavior of brittle material.

Evaluation of Formulated Tablets

The tablet formulations based on cocrystal C1 (F1), PM
(F2), and ACE (F3) were evaluated in terms of average
weight, thickness, diameter, and breaking force as described
in Table III. All these parameters were appropriate. The
tablet disintegration time of all the formulations was found to
be within official limits (B.P).

In Vitro Performance of Tablets

ACE-DMU cocrystals were formulated into tablets by
employing direct compression approach without the addition
of any binder due to plastic deformation imparted by
cocrystallization. The comparison of the pharmaceutical
attributes and key parameters of all tablet formulations is
shown in Table III. The dissolution studies were conducted in
acidic and basic media. Cocrystal C1 was given the formula-
tion code F1 manifested enhanced dissolution profile in both
media. The dissolution in 0.1 N HCl was more embolden.
More than 50% of the drug was released from F1, within
400 min which was greater than F2 which released only 30%
of ACE and F3 manifested only 20% release. This rapid
dissolution in the acidic medium could be credited to altered
microenvironment pH of the dissolving cocrystal system
conferred by the ionizable coformer. There was more than
100% release of ACE from F1 within 30 min in phosphate
buffer as compared to the F2 which released 60%, while F3

Table IV. Results of Preliminary Stability Studies of F1 and F3 (n=6)

Formulation Initial 25 °C/60 % RH (3 months) 40 °C/75%RH (3 months)

F1 (%content) 98.90 ± 1.37 97.65 ± 0.56 96.23 ± 1.90
F3 (% content) 98.78 ± 1.10 97.66 ± 0.34 94.50 ± 1.43
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demonstrated only 45% release. In F3 formulation, starch
powder was added as diluent which acts as disintegrant. The
results revealed that in spite of adding disintegrant in F3, the
formulation F1 worked well for disintegration and dissolu-
tion. The enhanced dissolution in acidic medium may shorten
the residence time of the drug in the gastric environment
leading to retard the irritant effects of ACE (Figs. 8 and 9).

Preliminary Stability Studies

The cocrystal formulation (F1) and pure ACE formula-
tion (F3) were subjected to preliminary stability studies for
the period of 3 months. The results of stability study are
depicted in Table IV. The % contents of ACE were within
official limits (95–105%) suggesting the stability of ACE
cocrystal tablets under accelerated conditions.

In Vivo Performance of ACE-DMU cocrystals

Bioavailability study of powdered sample of cocrystal C1
and pure drug was conducted in rabbit model. Cocrystal C1
was selected on the basis of enhanced dissolution profile as
shown in Figs. 5 and 6, respectively. The plasma concentra-
tion vs. time data of ACE and the selected cocrystal was
depicted in Fig. 10. The mean pharmacokinetic parameters
calculated after the single dose in rabbit model are presented
in Table V. The mean AUC0-∞ (37.87±1.3 μgh/ml) and Cmax

(6.94±2.94 μg/ml) presented by the cocrystal was significantly
enhanced than AUC0-∞ (11.01±1.6) and Cmax of ACE (4.25
±2.05), based on the Mann-Whitney test (p < 0.05) and were
found to be 3.43- and 1.63-fold, respectively, higher than
ACE. However, it has been observed that the Cmax (6.94
±2.94 μg/ml) of ACE-DMU cocrystals was also found to be
~1.85-fold higher than Cmax (3.75±0.28 μg/ml) of ACE
nanocrystals (33). This could be credited to the enhanced
dissolution profile and increase in the extent of absorption of
ACE-DMU cocrystals.

The cocrystal and the drug were peaked at 1.5 h, showing
no significant change in the time for maximum concentration.
The above finding indicated that both rate and extent of
absorption of ACE were increased in the form of cocrystal as
compared to the drug. The ACE-DMU cocrystal showed
significantly better AUC0-∞ than pure drug which translates

the extent of absorption of the cocrystal. In fact the increase
in the plasma concentration up to 12 h of the cocrystal as
compared to the pure drug could be ascribed to the improved
IDR and in vitro dissolution of the cocrystals. The increase in
Cmax may also be credited to decrease in elimination of drug
from the cocrystal. The increase in t1/2 was supported by low
clearance values of cocrystals as clearance is credited as an
indicator of metabolism. Consequently, the low clearance
value for the cocrystal (0.306±0.74 (μg/ml)/h) also supports
the above finding. The prolonged half-life may also benefit
the anti-inflammatory activity of the drug. However, the low
Vd values of cocrystals suggested high plasma concentration
of drug in blood rather than in the tissues. Mean residence
time, calculated by non-compartmental approach, is a deter-
minant for drug persistence in the body. The MRT of
cocrystal was observed with low clearance value, suggesting
the presence of drug for a longer period of time in the body.
The cocrystal exhibited 4.09-fold enhanced relative bioavail-
ability than the pure ACE. These results are significant due to
enhancement in AUC and significant decrease in clearance
which may suggest reduction in dose and the avoidance of the
side effects. It was evident from the in vitro dissolution of the
cocrystal tablet formulation that the cocrystal helped in fine-
tuning the dissolution behavior of poorly soluble API and in
turn enhanced its bioavailability.

CONCLUSION

A cocrystal of ACE with DMU was successfully devel-
oped in 1:2 molar ratio, by mechanochemical approach. The
cocrystals manifested improved IDR and mechanical behav-
ior. Tablet formulation of the cocrystals was developed by
direct compression approach and was found to be stable after
3 months under accelerated conditions. The superior in vitro
behavior of the cocrystal was also reflected in enhancement of
in vivo bioavailability. The combination of the above
advantages could make the cocrystallization as a promising
alternative for drug product development.
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