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a b s t r a c t

A multi-component system of diacerein (DIA) with 2, 4 – dihydroxybenzoic acid (DHA) as coformer at
various molar compositions was formulated to simultaneously improve solubility, compressibility and
bioavailability of DIA by applying acetone assistant grinding technique. Various evaluation parameters
pertaining to measure physicomechanical properties were conducted. Thermal analysis revealed a ‘V’-
shaped binary phase diagram along with single melting event as a possibility of eutectic formation
between drug and coformer. It was further confirmed PXRD and FT-IR. Equidimensional shape with platy
nature of eutectic material was observed in SEM images imparting its better flow and compressibility.
Solubility and dissolution study showed 2 and 1.8 folds enhancement respectively compared to pure
DIA and control batch. Pharmacokinetic study proved 2.1 times higher bioavailability in case of prepared
eutectic compared to DIA along with its stable nature. Hence, the multi-component system can become a
potential way for the improvement of material characteristics.
� 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Drug molecules with limited aqueous solubility and dissolution
are becoming common in the research and development portfolios
of discovery focused on pharmaceutical industries. It is estimated
that more than 70% of potential drug molecules in the develop-
ment pipeline are poor in their physicochemical properties. More-
over, drug candidates in spite of desired pharmacological activity
face numerous difficulties in development and commercialization
due to their unfavourable solubility, dissolution rate, mechanical
properties, stability, manufacturability and so on [1].

It is not worth for manufacturing of solid orals if only physico-
chemical properties improvement is focused. If the material
improves mechanically also along with physicochemically then
and then the purpose of the pharmaceutical industry is served
[2,3]. In recent times, manipulating of solid-state properties adopt-
ing the principle of crystal engineering approach has extensively
been employed in the pharmaceutical research field as a new strat-
egy to diversify notably the multi-component solid forms [4]. They
can lead to improving the physical attributes including their solu-
bility, bioavailability, stability toward thermal and humidity stress,
flowability, manufacturability and pharmacokinetics parameters
without changing the efficacy of the drug [5]. Fig. 1 illustrates
the formation of new salt [6], polymorphs [7], solvate [8], hydrate
[9], cocrystal [10], eutectic [11], solid solution [12], and co-
amorphous system [13]. Among these, salt formation can modify
the pharmaceutical properties of ionisable APIs through covalent
bonding while remaining multi-component solid forms can effec-
tively improve the aforesaid properties of non-ionisable or poorly
ionisable APIs with counter molecule/coformer using non-
covalent interaction such as hydrogen bonding, p-p stacking,
dipole interaction or Van der Waals forces [14].

The multi-component solid formation is the result of molecular
association between similar materials (homomolecular) or distinc-
tive materials (heteromolecular) interactions. In the case of strong
adhesive (hetero) interactions between participating molecules
predominate the cohesive (homo) interactions of constituent com-
ponents, and then cocrystals are generated. In contrast, if the cohe-
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Fig. 1. Schematic illustration of multi-component solid forms.

Fig. 2. Chemical structures of Diacerein (DIA) and 2,4 – Dihydroxy benzoic acid
(DHA).
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sive (homo) interactions dominate between isomorphous materi-
als, solid solutions are produced whereas for non-isomorphous
materials, resulting eutectics formation as can be defined the
multi-component system having a lower melting point than the
individual components [15,16].

Eutectic formation of poor functionality API in presence of
coformer has been reported for improving biopharmaceutical per-
formance. Sangamwar et al. investigated for the eutectic mixture of
a-eprosartan with p-hydroxybenzoic acid in 1:3 stoichiometry
ratio which exhibited improved physicochemical and pharmacoki-
netic behaviour compared to parent drug [17]. Patel et al. explored
the formation of a eutectic mixture through the temperature-
composition binary diagram to improve the functionality of
nimesulide with nicotinamide [11]. Vasisht et al. prepared highly
soluble eutectics with enhanced biological efficacy of hesperetin
[18]. Dalvi and Sathisaran generated the eutectic system for
curcumin-salicylic acid system with better solubility than pure
drug [19]. Bansal et al. studied that the microstructure of aspirin-
paracetamol eutectic system presented superior compressibility,
tabletability and compactibility as compared with the physical
mixture of that system [20]. Various other APIs and their eutectics
like felodipine-nicotinamide [21], etodolac with paracetamol and
propranolol hydrochloride [22], hydrochlorothiazide-atenolol [23]
and simvastatin-aspirin [24] have been reported for their improved
properties.

Diacerein (DIA, Fig. 2) chemically called 4,5-bis(acetyloxy)-9,1
0-dihydro-9,10-dioxo-anthracene-2-carboxylic acid, is a chon-
droprotective agent used for the treatment of osteoarthritis with
mild analgesic, antipyretic and anti-inflammatory activity, metab-
olized to active rhein [25]. DIA belongs to BCS class II drug with
poor solubility (3.197 mg/l) which limits its oral bioavailability
(35–56%) [26]. DIA is a crystalline yellow powder with pKa of
3.01, shows pH-dependent solubility. Moreover, DIA exhibits very
poor mechanical characteristic in concern with flow properties
[27]. Formulation approaches such as self nanoemulsion, solid dis-
persion, complexation, nanofiber and nanoparticles [28–32] have
been attempted to improve the physicochemical and pharmacoki-
netic properties.

In the majority studies which have been published so far, are
lacking in explaining the way how to formulate binary phase dia-
gram using results obtained from differential scanning calorimetry
(DSC) study. The present investigation has been performed to
explore the applicability of the binary phase diagram, the way of
its formation to young researchers. In this work, solvent assistant
grinding method has been employed because it imparts high
molecular mobility for the reaction between drug and coformer.
Apart from being a simple method, detection of the multi-
component system can be made using least quantity without any
significant wastage [18]. Finally, the prepared material was con-
verted into tablets using direct compression technique.
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2. Materials and methods

2.1. Materials

DIA (Pure drug) was procured as a gift sample from Ami Life-
sciences Pvt. Ltd. (Baroda, India) with batch no. DSN/40400615.
Rhein (Active metabolite of DIA) was purchased from Yucca Enter-
prises (Wadala, Mumbai). 2,4-Dihydroxybenzoic acid (DHA) as
coformer was procured from Sisco Research Laboratories Pvt. Ltd.
(Mumbai, India) and used as received. Lactose monohydrate and
Microcrystalline cellulose 102 (MCC) were procured from Sisco
Research Laboratories Pvt. Ltd. (Mumbai, India) and Yarrow Chem
Products (Mumbai, India). All other chemicals and solvents used
were of chromatographical or analytical grade. Distilled water
was generated from a Millipore Direct-Q water purification system
(Merck Millipore Pvt. Ltd., India).
2.2. Preparation and prediction of multi-component solid form by
constructing DIA-DHA phase diagram

Binary mixtures of DIA/DHA in % molar compositions of 100/0,
90/10, 80/20, 70/30, 60/40, 50/50, 40/60, 30/70, 20/80, 10/90,
0/100 combined (Approx 200 mg batch scale) were subjected to
manual grinding for 30 min using an agate mortar pestle by adding
few drops (� 200 ml) of acetone to aid mixing between compo-
nents. The obtained mass was scratched out, dried in an oven
(40 �C) for 2 h followed by gentle trituration before sieving through
a 100 mesh (ASTM standard) before further analysis. The resulting
products were subjected to DSC for ascertaining the formation of
multi-component solid forms. A phase diagram was constructed
by taking solidus and liquidus temperatures of various grounded
mixtures [33]. The remaining products were stored in the glass
vials inside a desiccator. The same procedure was followed for drug
alone by omitting the coformer DHA (Control batch). DIA-DHA
physical mixture was prepared by gently blending of both the com-
ponents in the optimized molar composition in agar mortar pestle
without use of acetone immediately before the use.
2.3. Solid-State characterization

2.3.1. Thermal analysis
Thermal analysis of the grounded samples was performed with

help of DSC (DSC 60, Shimadzu, Japan) previously calibrated for
temperature and heat flow accurately using indium metal stan-
dard. Accurately weighed samples (2–3 mg) were placed in her-
metically sealed aluminium pans and analyzed from 40 to 300 �C
at a scan speed of 5 �C/min using a sealed aluminium empty cru-
cible as reference. An inert atmosphere was maintained by purging
nitrogen gas at a flow rate of 100 ml/min.
2.3.2. Powder X-ray diffraction analysis (PXRD)
The PXRD patterns of pure drug, control batch and prepared

samples were collected on PANalytical diffractometer system
(X’Pert pro Multi-Purpose Diffractometer, Philips, India) with
Cu-Ka X-radiation at voltage 40 kV and current 30 mA. X’Pert
HighScore Plus software was used to collect and plot the diffraction
patterns. The instrument was operated over 2h scale with an angu-
lar range of 10–40� at a scan rate of 0.0499�/s.
2.3.3. Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectroscopy (Cary-630, Agilent Technologies, USA) was

used for recording the IR spectra of the samples. The spectra were
recorded using the ATR technique (Diamond ATR crystal, Agilent
Technologies, USA) and collected by the Lab solution software.
All the spectra were acquired in the region of 400–4000 cm�1 with
4 accumulative scans having a resolution of 4 cm�1.

2.3.4. Scanning electron microscopy (SEM)
The shape and surface morphology of the samples was analyzed

using SEM (JSM-6380, Jeol, Japan) operating at 10 kV with an
image analyzer. The powder samples were dispersed on an alu-
minium stub with double-faced adhesive tape. The mounted sam-
ples were prepared electrically conductive by coating the powder
with a thin layer of gold by using the sputter coater instrument.
The prepared stubs were placed in the microscope and the images
were observed and recorded at the magnification range of 2500�
to 10,000�.

2.3.5. Hot stage microscopy (HSM)
The HSM was done on Linkam Scientific Instruments Ltd pro-

vided hot stage and TMS 94 temperature controller, fitted on an
optical Microscope (NIKON) with Q imaging camera to capture
the images. The sample was focused under the microscope at
10X zoom with the images collected every second during the heat-
ing process wherein the samples are heated from 50 �C to 100 �C at
10 �C/min, followed by heating to 250 �C at 5 �C/min, and finally to
300 �C at 10 �C/min.

2.4. Physicochemical and mechanical parameters

2.4.1. Flow characterization
The flowability of the powder was determined by measuring

Angle of repose, Carr’s Index (CI) and Hausner’s ratio. The angle
of repose was estimated by fixed funnel method using Eq. (1). CI
and Hausner’s ratio were calculated from bulk and tapped densi-
ties of the powder. Tapped densities of the samples (20 gm) were
measured in a 100 ml measuring cylinder using a tapped density
machine (ETD-1020, Electrolab, Mumbai, India) [34].

h ¼ tan�1 h
r

ð1Þ

where h = angle of repose; h = height of the pile; r = radius of the
base pile

Carr0sindex ¼ btapped density� bulk density
tapped density

c � 100 ð2Þ

Hausnarratio ¼ btapped density
bulk density

c ð3Þ
2.4.2. Analysis of packability, compressibility and compactibility
2.4.2.1. Packability study. To minimize the effect of different parti-
cle size among pure drug, control batch and prepared samples,
all the samples were sieved through a 100-mesh sieve. Packability
study was explored by Kawakita analysis using a tap density tester
USP (Electrolab, ETD-1020, India). Briefly, bulk and tapped densi-
ties of powder samples were estimated by calculating the change
in volume of powder level into a 100 ml measuring cylinder was
recorded after 100, 300, 500, 750, 1200 to 2000 taps in tap density
tester.

For Kawakita equation

n
c
¼ n

a
þ 1
ab

ð4Þ

where, n = tap number; C = volume reduction; C can be calculated
according to the following equation.

C ¼ V0 � Vn

V0
ð5Þ



Table 1
Manufacturing formulas and post compression evaluation parameters for the
preparation of directly compressible tablets.

Ingredients Amount per tablet (mg)

Pure drug Control
batch

DIA-DHA prepared
sample

Diacerein IP 50 50 112.8 (equivalent
to 50 mg DIA)

Lactose monohydrate 115 115 77.2
Microcrystalline

cellulose (Avicel PH-
102)

25 25 5

Aerosil-200 25 25 20
Sodium starch glycolate 25 25 25
Magnesium stearate 5 5 5
Talc 5 5 5

Total weight of tablet 250 250 250
Weight variation (mg)* 250.2 ± 2.43 249.4 ± 3.12 248.7 ± 2.58
Thickness (mm)* 3.39 ± 0.07 3.34 ± 0.08 3.44 ± 0.15
Hardness (kg/cm2)* 4.9 ± 0.31 5.1 ± 0.25 5.6 ± 0.36
Friability (% loss)* 0.36 ± 0.08 0.35 ± 0.07 0.30 ± 0.06
D.T.(sec)* 65.33 ± 2.52 58.00 ± 2.65 47.33 ± 2.08

* Indicates data shown as mean ± SD (n = 3).
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where V0 and Vn are the powder bed volumes at initial and nth

tapped state, respectively. a and b are the Kawakita constants; ‘a’
defines as initial porosity of the powder which explains the total
degree of volume reduction for the bed of particles at infinite
applied pressure and ‘1/b’ expresses pressure needed to compress
the powder to one half of the total volume.

The values of ‘a’ and ‘b’ were calculated from the slope and
intercept of the kawakita plot of n

c Vs n, respectively [35]. The data
produced in Kawakita plot was analysed using Kuno’s equation:

lnðqt � qnÞ ¼ � Kn þ ln ðqt � q0Þ ð6Þ
where, q0, qn and qt are the initial density, density at ‘nth’ taps and
density at infinite taps, respectively; Kn is the Kuno’s constant rep-
resents the rate of packing process. a, b and Kn are the constants
assess the packability of powder was assessed by comparing the
constants. Rearrangement index (ab index) expresses the evaluation
of particle rearrangement during compression which is derived
from the Kawakita constant ‘a’ and ‘b’. The ab index was calculated
as the reciprocal of the intercept of the extrapolated part of the
Kawakita plots [36].

2.4.2.2. Heckel study. Compactibility and compressibility were
addressed by measuring tensile strength and Heckel analysis of
the compact. The compacts of pure drug, control batch and eutectic
sample were prepared by accurately weighing 200 ± 5 mg of each
sample and manually filled into 10-mm flat-faced punch in KBr
press (Techno-search Instruments, Mumbai, India). During the
experiment, it was found that the compacts were laminated imme-
diately upon ejection from die. This problemwas solved by adding a
small amount of 2% w/w MCC as a directly compressible excipient
to each sample. The sampleswere compressed under different com-
pression force ranging from 1 to 9 tons (9.8 � 103 to 88.26 � 103

Newton) by keeping 1 min dwell time. The punch and die were
lubricated using 1% w/v dispersion of magnesium stearate in ace-
tone before compaction process [37]. True density was considered
as mass per volume of the compact at a maximum applied force
in tons [38] (Here, 9 tons). Eq. (7) represents the compression beha-
viour of prepared samples as parameters of Heckel equation.

ln
1

1� Dð Þ
� �

¼ KP þ A ð7Þ

where D (=qA/qT) is the relative density of compacts at applied pres-
sure P; qA and qT are the density at pressure P and true density,
respectively; e (=1-D) is the porosity of powder; K is the slope
and A (Y-intercept) are regression coefficients of linear plot of ln
[1/ (1-D)] Vs P curve i.e. heckle plot. Reciprocal of K denotes mean
yield pressure (Py) and A expresses the densification of powder bed
at low pressure. Yield strength (r0) represents the material ability
to undergo deformation or fragmentation. It can be calculated by
1/3 K.

2.4.2.3. Tensile strength and elastic recovery measurement. The com-
pacts prepared from Heckel analysis were subjected to the tensile
strength measurement. The diameter (D) and thickness (T) were
measured using a digital vernier caliper (Mitutoyo, Japan) after
24 h, and a crushing strength (P) was measured with the help of
a digital hardness tester (Electrolab Pvt. Ltd., India). The tensile
strength (T, Kg) of the compacts was calculated using Eq. (8) [39].

T ¼ 0:0624� P
D� T

ð8Þ

The elastic recovery was performed for determining the
retained energy during the compression process and released after
the compression process. The elastic recovery can be calculated
using the thickness before (Hc) and after (He) being stored for
24 h using Eq. (9) [40].
% ER ¼ He� Hcð Þ =Hc½ � X 100 ð9Þ
2.4.3. Formulation and evaluation of directly compressible tablets
Tablets of pure drug, control batch and prepared samples were

formulated using direct compression technique. The manufactur-
ing formulas and post evaluation parameters of the prepared
tablets are given in Table 1. The specific amounts of sieved pure
drug, control batch and prepared samples were mixed separately
with sufficient portions of excipients to formulate around 40
tablets from each batch. The individual blends were introduced
manually into the die and compressed by 12 mm round and con-
cave faced punch using eight-station rotary tablet machine (Kar-
nawati engineering Ltd., India). The tablets were ejected and
stored in screw-capped bottles for 24 h before using, to allow for
possible hardening and elastic recovery. The tablets were also
taken for in-process and finished product evaluation tests. Weight
variation test was carried out by weighing 20 tablets individually
and then calculating the average weight. The thickness of the
tablets was obtained by digital vernier caliper (Mitutoyo, Japan).
Hardness and friability of tablets were measured with the help of
digital hardness tester (Electrolab Pvt. Ltd., India) and Roche fri-
abilitor (EF-2, Electrolab Pvt. Ltd., India), respectively. Disintegra-
tion test was performed for six tablets using disintegration test
apparatus (ED2, Electrolab Pvt. Ltd., India) at 37 ± 1 �C in 900 ml
of distilled water according to the Indian Pharmacopoeia 2010
[40].

2.4.4. High performance liquid chromatography (HPLC) method
development

Quantification of drug in prepared sample was analyzed using
the HPLC system (Shimadzu Corporation, Japan) which consisted
of a CTO-20AC thermostated column oven and SIL20AC autosam-
pler, and coupled with a SPD-M 20A PDA detector. Data acquisition
and processing were performed using Lab solution software (ver-
sion 5.53 SP3C) from Shimadzu Corporation, Japan. Chromato-
graphic separations were achieved on a Phenomenex Gemini C18
column (250 mm � 4.6 mm, 5 m pore size) placed in thermostated
column oven at 40 �C. The mobile phase, comprising of acetonitrile
(ACN; A) and ammonium acetate buffer (10 mM; pH 3; B), was
eluted through the gradient system as follows: 80% ? 30% B at
0.0–8.0 min; 30% ? 60% B at 8.0–12.0 min; 60% ? 80% B at
12.0–14.0 min. The flow rate and sample injection volume were
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set at 0.8 ml/min and 5 ml, respectively. Analytical run time was
14 min and absorbance was detected at 254 nm.

2.4.5. % Yield and drug content
The % yield of the prepared sample was determined using Eq.

(10). Drug content of DIA in the produced sample was estimated
by dissolving 10 mg of prepared sample in 1 ml of DMSO and fur-
ther diluted up to 10 ml with ACN. After appropriate dilution, the
samples were analyzed using HPLC method as described above.
Content determination of drug was performed in triplicate and
the average and standard deviation were calculated.

%Yield ¼ Total weight of prepared sample
Total weight of drug and coformer

� 100 ð10Þ
2.4.6. Kinetic solubility measurement
Kinetic solubility of pure DIA and DIA-DHA samples was esti-

mated in different buffer solutions in triplicate, namely pH 1.2
(Hydrochloric acid buffer), pH 4.5 (Acetate buffer), and pH 6.8
(Phosphate buffer) as buffers were prepared using the standard
pharmacopoeial method as recommended by IP. An equivalent
amount of powder materials corresponding to 50 mg of DIA were
dispersed to a flask containing 200 ml mentioned buffers sepa-
rately. The resultant suspension was kept in a shaker-incubator
equipped with a temperature controlling system (Tempo Instru-
ments and Equipments Pvt. Ltd., India) at 37 ± 0.5 �C with an agi-
tation speed of 150 rpm for 24 h to allow saturation. The
samples (5 ml) were withdrawn at the predefined time intervals
(5, 10, 15, 30, 45, 60, 120, 180, 240, and 1440 min), and the equal
volume of aforementioned buffers was supplemented. The result-
ing samples were filtered through a 0.45 mm PVDF syringe filter
(Millex-HV, Millipore) and the filtrate was suitably diluted and
analyzed by HPLC method for the quantification of the drug in all
samples as mentioned in Section 2.4.4.

2.4.7. In-vitro drug release profile
Powder dissolution measurements of DIA, control batch, DIA-

DHA physical mixture and prepared samples were performed using
dissolution apparatus USP type-I (Electrolab TDT-06P, USA). First,
the starting powder materials were sieved through 100-mesh
sieves (ASTM) to ensure the particle size less than 150 mm. Each
sample, equivalent to 50 mg DIA was filled in hard gelatine capsule
(size 0) in triplicate and placed in dissolution vessels containing
900 ml different dissolution media, namely distilled water, pH
1.2 (Hydrochloric acid buffer), pH 4.5 (Acetate buffer), and pH 6
(Citrate buffer) at 100 rpm maintained at 37 ± 0.5 �C. Whereas,
tablet dissolution profiles of DIA, control batch and prepared sam-
ples were performed using dissolution apparatus USP type-II (Elec-
trolab TDT-06P, USA). The tablets were placed in dissolution
vessels containing 900 ml of citrate buffer (pH 6) at 75 rpm main-
tained at 37 ± 0.5 �C [41]. 5 ml of aliquot was withdrawn from dis-
solution basket at the specific time intervals up to 2 h and replaced
with fresh above mentioned dissolution media to maintain sink
condition. The samples were filtered immediately and subjected
to HPLC analysis as mentioned in Section 2.4.4. The independent
model was applied to evaluate the dissolution profiles of powder
and tablet on basis of their dissolution percent (% DP), dissolution
efficiency (% DE), difference factor f1, similarity factor f2 and MDT
in vitro [42].

The difference factor f1 and similarity factor f2 were measured to
evaluate in the percentage dissolution between two dissolution
curves as expressed in Eqs. (11) and (12).

f 1 ¼
Xn
t¼1

ðRt � TtÞ
 !

=
Xn
t¼1

Rt

 !" #
� 100 ð11Þ
f 2 ¼ 50� log 1þ 1
n

� �Xn
t¼1

wt Rt � Ttð Þ2
 !�0:5

� 100

2
4

3
5 ð12Þ

where Rt is the percentage dissolved of reference at the time point t;
T is the percentage dissolved of test at the time point t; n is the
number of withdrawal points. For the dissolution profiles to be con-
sidered similar, f1 values should be close to 0, and f2 values should
be close to 100. Generally, f1 values up to 15 (0–15) and f2 values
greater than 50 (50–100) indicates that the dissolution profiles
are similar whereas smaller value expresses an increment in dis-
similarity between release profiles.
2.5. Pharmacokinetic study

2.5.1. Animals
Sprague-Dawley rats weighing 200–250 g, were housed in

polypropylene cages under the standard conditions of temperature
(25 ± 1 �C), relative humidity (55 ± 10%) cycle and standard food
and filtered water were supplied ad libitum. The animals were kept
12 hrs light/dark cycles for acclimatization for one week and fasted
overnight with free access to water prior the experiment. The ani-
mal protocol was approved by the Institutional Animal Ethics Com-
mittee (IAEC), constituted as per guidelines of the Committee for
Purpose of Control and Supervision of Experiments on Animals
Government of India (IAEC/DPS/SU/1609; dated 12th December
2016).
2.5.2. Experimental protocol
Twenty four Sprague-Dawley rats were randomly distributed in

two groups (n = 12). Group I and II were administered with pure
DIA and prepared samples orally in water containing 0.2% w/v
sodium carboxymethyl cellulose as a suspending agent at a dose
equivalent to 30 mg/kg body weight of DIA, respectively. Serial
blood samples were collected from the retro-orbital plexus of the
rats at 0 (predose), 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 12, and 24 h plastic
tubes containing heparinized saline as an anticoagulant. Plasma
samples were harvested by centrifuging (Centrifuge 5418R, Eppen-
dorf AG, Germany) the blood at 10,000 rpm for 20 min at 4 �C and
stored at �20 �C before analysis. A simple protein precipitation
method was employed for the extraction of drug from the rat
plasma and quantified using HPLC analysis. Briefly, 500 ml of each
plasma sample was mixed with 50 ml internal standard (IS), p-
Aminobenzoic acid (100 mg/ml) and vortexed for 60 sec. A 500 ml
volume of ACN as extraction solvent was added and vortexed for
10 min. The resulting mixture was centrifuged at 10,000 rpm for
10 min at 4 �C. The supernatant (500 ml) was collected and dried
it at 60 �C for 2 h. The dried residues were reconstituted with
mobile phase (100 ml) and vortexed it for 5 min prior to the injec-
tion in the HPLC system.
2.5.3. HPLC analysis for quantification of drug in rat plasma
When DIA enters into the blood circulation, it converts into its

active metabolic form rhein. Hence, the HPLC method was devel-
oped for the detection of rhein in blood plasma of rat [25]. The pro-
cedure followed as described in Section 2.4.4 with slight
modification. The mobile phase, comprising of ACN (A) and ammo-
nium acetate buffer (10 mM; pH 3; B), was eluted through the gra-
dient system as follows: 80%? 30% B at 0.0–8.0 min; 30%? 60% B
at 8.0–10.0 min; 60% ? 80% B at 10.0–18.0 min. The analytical run
time and sample injection volume were modified to 18 min and
20 ml, respectively. The concentration range of the standard curve
was kept 0.2 to 20 mg/ml of rhein with correlation coefficient (r2),
0.999.



Table 2
Theoretical prediction of multi-component adduct using DpKa rule.43

No. Drug/Coformers pKa (acidic) pka (basic) DpKa When DIA as a acid Inferance

1 Diacerein 3.01 – – –
2 Nicotinamide 13.39 3.63 0.62 may form cocrystal/ salt
3 4-Aminobenzoic acid 2.38 4.85 1.84 may form cocrystal/ salt
4 Glutaric acid 3.76 4.34 1.33 may form cocrystal/ salt
5 Nicotinic acid 2.2 4.8 1.79 may form cocrystal/ salt
6 Oxalic acid 1.25 4.14 1.13 may form cocrystal/ salt
7 2,4-Dihydroxybenzoic acid 3.33 �5.8 �8.81 may form cocrystal
8 Salicylic acid 3.01 �6.3 �9.31 may form cocrystal
9 Succinic acid 3.55 4.25 1.24 may form cocrystal/ salt
10 Urea 15.73 �2.4 �5.41 may form cocrystal
11 L-Aspargine 2.02 8.8 �0.99 may form cocrystal
12 Aspartic acid 2.09 9.82 �0.92 may form cocrystal
13 Acetamide 16.75 �1.3 �4.31 may form cocrystal
14 p-Aminosalicylic acid 3.58 2.21 �0.8 may form cocrystal
15 Aceclofenac 3.44 �2.1 �5.11 may form cocrystal

Fig. 3. Overlay of DSC scan for screening the multi-component solid form of different molar compositions of DIA and DHA.

Table 3
Temperatures of solidus, liquidus, melting points of components and DHfus for binary phase diagram system.

DIA:DHA Tsolidus/�C Tliquidus/�C Tm (DHA)/�C DHfus (J/g) (DHA) Tm (DIA)/�C DHfus (J/g) (DIA)

100:00 – – – – 255.17 96.68
Control – – – – 249.02 151.96
90:10 191.65 249.10 195.89 1.73 246.84 44.33
80:20 192.73 248.24 197.25 6.03 244.21 80.45
70:30 196.90 251.32 201.60 6.26 248.27 64.45
60:40 193.31 242.84 199.14 8.64 236.34 38.54
50:50 198.54 240.62 205.20 75.37 236.03 51.69
40:60 195.68 246.01 202.25 60.69 231.48 20.99
30:70 199.13 222.88 204.39 82.94 217.87 27.62
25:75 201.53 206.94 – – – 364.67
20:80 198.38 208.30 – – – 254.52
10:90 195.87 216.66 208.04 474.79 233.17 4.22
00.100 – – 222.05 598.80 – –

Temperature of solidus; Tsolidus, temperature of liquidus; Tliquidus, melting temperature; Tm and heat of fusion; DHfus obtained from DSC heating runs of mixtures of DIA and
DHA.
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2.6. Stability study

Prepared DIA-DHA samples (powder and tablet formulation)
were assessed to accelerated stability study as per International
Council for Harmonisation (ICH) guideline for six months. Sam-
ples were put in screw-capped glass bottles separately at
40 �C/75% RH in the stability chamber (SC-16 PLUS, Remi, India).
At the end of the study, samples were evaluated by comparisons
of dissolution profiles and characterized by DSC, FT-IR and PXRD
analysis.



Fig. 4. Binary phase diagram of DIA-DHA system (The temperatures of solidus are
shown in open square and the temperatures of liquidus are shown in close square).

Fig. 5. PXRD patterns of DIA (a); Control batch (b); DHA (c);
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3. Results and discussion

DIA is a weakly acidic drug with pKa of 3.01 and has functional
groups (Fig. 2) which are found to have propensities to generate
multi-component adducts through hydrogen bond interaction. A
very simple DpKa rule (DpKa = pKa of conjugated acid of the base
(coformer) - pKa of acid (DIA)) was applied to predict the appropri-
ate coformers that may form a cocrystal or a salt. If the DpKa < 0
may result in a cocrystal, DpKa > 3 often gives a salt and DpKa
between 0 and 3 may form either a cocrystal or a salt [43]. The
pka and DpKa values of the selected coformers for the theoretical
prediction of multi-component adduct using DpKa rule as listed
in Table 2.

In this context, SAG method with its advantages of reduced
time and efficient atomic reaction over neat grinding was
applied as a preliminary screening method to identify any inter-
action between drug and coformer and also to determine their
stoichiometry [44]. Here, a solid form screening was investigated
in a 1:1 and occasionally 1:2 stoichiometric ratio of drug with
fourteen coformers. Each sample was prepared by addition of
DIA-DHA physical mixture (d) and DIA-DHA eutectic (e).



Fig. 6. ATR-FTIR spectra of DIA (a); Control batch (b); DHA (c); DIA-DHA physical mixture (d) and DIA-DHA eutectic (e).
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few drops of different polarity organic solvents such as acetone,
methanol, ethanol, and ACN into the physical mixture of drug
and coformer in the various molar ratios followed by trituration
for 30 min (Table SI1 given in supplementary information). The
solvent selection was made based on at least the partial solubil-
ity of drug and coformer in that particular solvent. The partial
solubility of both components was required to initiate the inter-
action between each other.
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3.1. Solid-state characterization

3.1.1. Thermal analysis
DSC thermograph of DIA and control batch depicted a sharp

endothermic melting point at 255.17 �C (DHfus = 96.68 J/g) and
249.02 �C (DHfus = 151.96 J/g), respectively which indicated their
crystalline nature [32]. Control batch showed slight depression in
melting peak due to trituration in presence of solvent [45]. DHA
showed a broad endothermic region nearly 213 to 228 �C with a
melting peak at 222.05 �C (DHfus = 598.80 J/g). The DSC overlay
of pure DIA, control batch, pure DHA and DIA-DHA binary mixtures
are represented in Fig. 3. It was observed that from the molar com-
positions 90:10 to 10:90, the melting point of drug and coformer
Fig. 7. Scanning electron micrographs of DIA (A-1 & A-2); Control batch
showed significant depression which is mentioned in Table 3.
DSC thermograms of 30:70 and 20:80 M compositions revealed
the peak positions of drug and coformer in very close proximity.
It might be a sign of positive interaction between the components
towards the formation of eutectic or cocrystal. Looking at such
peak position, a molar composition of 25:75 (the intermediate
composition of DIA: DHA) was prepared and studied for its thermal
behaviour. A single sharp endothermic melting peak appeared at
201.53 �C (DHf = 364.67 J/g) which was a sign of positive interac-
tion between both the components. A phase diagram was con-
structed by drawing solidus and liquidus temperatures of pure
components and various molar compositions (Fig. 4). All the points
showing liquidus temperature were connected to draw the phase
(B-1 & B-2); DHA (C-1 & C-2) and DIA-DHA eutectic (D-1 & D-2).



Fig. 8. Hot stage microscopy images of DIA-DHA eutectic showing the melting behaviour (A-1, before melting; A-2, 3, 4, starting to melt; A-5, melting at 200 0C and A-6, fully
melted).

Table 4
Flow characteristic parameters of pure DIA, control batch and DIA-DHA eutectic.

Powder Density (g/cc) Carr’s Index* Hausner’s ratio* Flow Character# Angle of repose* Flow Character#

Bulk Tapped

Pure DIA 0.3092 0.4562 32.22 ± 1.98 1.48 ± 0.08 Very poor 47.12 ± 1.21 Poor
Control batch 0.3158 0.4599 31.33 ± 1.34 1.46 ± 0.04 Very poor 44.73 ± 1.64 Passable
DIA-DHA eutectic 0.3846 0.4649 17.27 ± 0.8 1.21 ± 0.04 Fair 39.83 ± 1.28 Fair

* Indicates data shown as mean ± SD, (n = 3).
# As per US Pharmacopeia general chapter 1174.

Table 5
Comparison of packability, compatibility and compressibility study of pure DIA,
control batch and DIA-DHA eutectic.

Parameters Pure DIA Control batch DIA-DHA
eutectic

a = 1/slope 0.585 0.513 0.432
1/b = intercept/slope 37.08 43.65 95.35
Kuno’s constant, Kn 0.869 0.8851 1.812
Rearrangement index (ab

index)
0.258 0.214 0.105

True density (g/cc) 1.062 1.2310 1.6040
Heckel plot constant, K 0.161 0.164 0.417
A 0.986 1.175 1.274
Yield pressure, Py 6.212 6.097 2.398
Yield strength, r0 2.070 2.033 0.799
Tensile strength (kg/cm2)* 4.59 ± 1.50 6.06 ± 2.17 12.59 ± 4.37
% Elastic recovery* 2.4778 ± 1.15 1.8527 ± 2.04 0.8706 ± 0.67

* Indicates data shown as mean ± SD, (n = 3).
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diagram. The diagram showed a ‘V’-shaped pattern which might be
an indication for the formation of eutectic and not a cocrystal at
the molar composition 25:75 [46,47].
3.1.2. PXRD study
The obtained diffractogram patterns of DIA, control batch, DHA,

DIA-DHA eutectic and physical mixture are shown in Fig. 5. The
powder XRD pattern of DIA revealed high intensity with character-
istic sharp peaks at 2h scattered angles of 10.5�, 17.4�, 21.9� and
27.9� which suggested the crystalline nature of drug [32]. In the
case of DHA, characteristic intense peaks obtained at 13.5�, 26.8�
and 28.4� (2h) [33]. The characteristic diffraction peaks of pure
drug, control batch crystal and coformer were still noticeable in
the physical mixture as well as prepared sample also. It was further
noticed that the intensity of diffraction peaks was much lower in
the case of prepared sample compared to the diffraction peaks of
pure components (Fig. 5). This might be due to reducing the drug’s
crystallinity [48]. This observation with almost no deviation in the
diffraction peaks confirmed that the prepared sample was eutectic
only [15].

3.1.3. ATR-FTIR analysis
IR spectra and the assignment of major bands of pure DIA, con-

trol batch, pure DHA, DIA-DHA physical mixture, and DIA-DHA
eutectic sample are shown in Fig. 6 and Table SI2 (See in supple-
mentary information). The IR spectrum of DIA revealed a broad
O-H stretching band of –COOH group at wave number
3069 cm�1, two carbonyl stretching strong bands at 1785 cm�1

(ester groups) and 1679 cm�1 (ketone group). The characteristic
absorption spectra of DHA showed the wave number at
3490 cm�1, 3560 cm�1 and 2900–3600 cm�1 (broad stretching
vibration of carboxylic acid and hydroxyl group) and 1791 cm�1

(stretching vibration of carbonyl function group). It has been
observed that FT-IR spectra of DIA-DHA eutectic described the
summation of characteristic vibration bands corresponds to DIA
and DHA molecules without any considerable shifting (Fig. 6(e)).
Unchanged vibrational spectra exclude the formation of significant
chemical interactions between drug and coformer. Moreover, a ‘V’-
shaped pattern in the binary phase diagram and no deviation in the
diffraction peaks concluded the formation of eutectic rather the
cocrystal [15,46].

3.1.4. SEM
The SEM study was executed to identify and compare the mor-

phological characteristic among DIA, control batch, DHA and pre-
pared eutectic as presented in Fig. 7. The SEM images of DIA (A-1



Fig. 9. (A) Kawakita plot and (B) Heckel plot of DIA; Control batch and DIA-DHA eutectic.

Fig. 10. (A) Tabletability and (B) Compressibility study of DIA; Control batch and DIA-DHA eutectic.
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& A-2) and control batch (B-1 & B-2) were exhibited as acicular
shaped crystalline particles which might be responsible for their
poor flow properties. Crystals of eutectic sample (D-1 & D-2)
showed platy shaped crystals with broadness in its shape along
with shortening length compared to DIA and control batch crystals.
It was further confirmed by measuring the aspect ratio (AR) of DIA
crystals (AR = 4.9), control batch crystals (AR = 4.3) and eutectic
crystals (AR = 1.2). This morphology of eutectic crystals imparted
its role in the improvement of flow and compression property [49].

3.1.5. HSM study
The images from HSM study are shown in Fig. 8. Fig. 8(A-1) was

an image of before melting of the eutectic sample. Various melting
phases were observed by keeping the heating rate 10 �C/min from
A-1 to A-2 as to achieve near to the melting point of the sample.
From A-2 to A-6, the heating rate was reduced to 5 �C/min in order
to observe the melting phases in a very careful manner. It was
observed that the eutectic sample started melting at 190 �C and
complete melting appeared at 230 �C which was purely in the coor-
dination of DSC results of the eutectic sample [50].

3.2. Physicochemical and mechanical parameters

3.2.1. Flow characterization
The derived values of flow parameters obtained for pure drug,

control batch and prepared eutectic are listed in Table 4. These
results suggested that pure drug and control batch showed very
poor flow characteristics with higher values of all measured
parameters (Angle of repose, CI and Hausner’s ratio), which could
be attributed to the acicular shape and fluffy texture of pure drug
and control batch resulted in high electrostatic charge [51].
Whereas, there was observed a noticeable improvement in flow
characteristics of eutectic powder as compared to original
drug. This could be ascribed to the reduction in aspect ratio of
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the powder which imparted an equidimensional shape to the pre-
pared eutectic sample [52].
3.2.2. Analysis of packability, compressibility, and compactibility
3.2.2.1. Packability study. Results of packability study could be
expressed in terms of Kawakita and Kuno’s constants. Values of
Kawakita constants ‘a’ and ‘1/b’ for pure drug, control batch and
prepared sample are listed in Table 5 and the plot is represented
in Fig. 9(A). In this investigation, a linear relationship was observed
throughout the whole range of tapping with a correlation coeffi-
cient of more than 0.99. Kawakita equation explained that the
decreased values of ‘a’ (total compressibility of material or extent
of densification due to tapping) and increased values of ‘1/b’ (cohe-
sive property of powder or how fast/easily the final packing state
was achieved) compared with the values of the pure drug and con-
trol batch was an indication of the improvement in packability of
the prepared sample. Prepared eutectic showed increased values
of Kn (Kuno’s constant), which imparted a greater packability as
Fig. 11. Kinetic solubility measurements of DIA and DIA-DHA eutectic at pH 1.2, p
compared with DIA and control batch [53]. The value of ab index
in case of the eutectic sample was lower compared to pure drug
and control batch which was an indication for the requirement of
less number of tapping for the particle rearrangement for the
eutectic sample [36].
3.2.2.2. Heckel study. The pure drug by appearance was fluffy pow-
der and also revealed by a lower true density when compared to
the prepared sample as listed in Table 5. The Heckel plot parame-
ters in which increased value of ‘K’ of prepared sample as com-
pared to pure drug and control batch have greater plastic
behaviour of the powder. Furthermore, a higher value of ‘A’ over
the pure drug which led to the increased propensity of material
fragmentation and particle rearrangement. This fragmentation of
larger particles produces small particles which played a significant
role in void filling resulting in increased relative density in the pre-
pared sample. The yield strength (r0) and yield pressure (Py) val-
ues were calculated from the linear portion of the Heckel plot
H 4.5 and pH 6.8 during the first 4 h and throughout 24 h of the experiment.



Fig. 12. In-vitro drug release profile of powder formulation in (A) pH 1.2; (B) pH 4.5; (C) pH 6 and (D) Distilled water.

Fig. 13. In-vitro drug release profile of tablet formulation of DIA; Control batch and
DIA-DHA eutectic in pH 6.
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(R2 > 0.98 in all prepared samples). Heckel analysis depicted the
lower Py and r0 values for the prepared sample as compared to
pure drug was a sign of better compression property as shown in
Fig. 9 (B). Another observation was made from the Heckel plot that
the initial curvature in the graph was absent. It was an indication
of the fragmentation behaviour of the material. Pure drug shows
fragmentation behaviour with very low brittleness index. Due to
which lamination was resulting with even at very low pressure
during Heckel analysis, a small amount of 2% w/w MCC was added
with pure drug, control batch and eutectic sample followed by the
Heckel study at various ascending pressures. From the slope ‘A’ of
all the Heckel curves, it was observed that the fragmentation and
formation of new surfaces were greater in the eutectic sample
compared to pure drug and control batch. The above result reveals
that the prepared material has become more suitable as compared
to the pure drug and control batch as far as the tablet manufactur-
ing is concerned using direct compression technique [54].

3.2.2.3. Tensile strength and elastic recovery measurement. Tensile
strength of all powders increased with compression pressure
Fig. 10 (A). However, the prepared sample showed higher tensile
strength over pure drug at all compression pressures. Thus, the
powder of prepared sample is more suitable for tabletability as
compared to pure drug and control batch [55]. As shown in
Fig. 10(B), the porosity of material was reduced with an increase
in the compression pressure. Moreover, this tendency was intensi-
fied in the case of eutectic sample which was an indication of
improved compressibility behaviour of eutectic sample [39]. By
comparing the elastic recovery of drug, control batch and prepared
sample, it was clear that the prepared sample is more plastic in
nature than the parent drug (Table 5). These results can be well
correlated with the studies by Rowe and Roberts (1987) [56].

3.2.3. Evaluation of directly compressible tablets
Tablet formulation of pure DIA and control batch formulas

required 10% w/w of MCC compared to the eutectic formula where



Table 6
Values %DP10 min, % DE10 min, MDT, f1 and f2 for powder and formulation in different dissolution media.

Parameters Distilled water pH 1.2 pH 4.5 pH 6

P P P P T

Pure DIA %DP10 min 13.55 2.34 4.71 33.05 29.71
% DE10 min 1.55 1.09 1.26 8.05 6.19
MDT – – – 21.70 23.84
f1, f2 – – – – –

Control batch %DP10 min 15.18 2.66 5.42 34.54 32.62
% DE10 min 1.73 1.31 1.78 8.83 7.04
MDT – – – 20.93 22.11
f1, f2 – – – 8.47, 69.55 15,35, 70.56

Physical mixture %DP10 min 18.09 3.12 5.58 39.69 –
% DE10 min 2.16 1.39 2.54 9.10 –
MDT – – – – –
f1, f2 – – – – –

Prepared eutectic %DP10 min 25.34 6.83 9.36 58.91 53.46
% DE10 min 5.87 3.80 4.91 11.82 10.33
MDT – – – 12.19 13.05
f1, f2 – – – 77,50, 25.39 83.30, 24.65

*Buffer: Hydrochloric acid buffer (pH 1.2); Acetate buffer (pH 4.5); Citrate buffer (pH 6).
MDTin vitro, f1 and f2 values of powder and tablet formulation of pure DIA, control batch and prepared eutectic have evaluated in citrate buffer (pH 6).
Tablet dissolutions of pure DIA, control batch and prepared eutectic were only evaluated in official media (pH 6).
P – Indicates powder dissolution; T – Indicates tablet dissolution.

Fig. 14. Mean plasma concentration-time curves of DIA and DIA-DHA eutectic.

Table 7
Pharmacokinetic parameters of DIA and prepared eutectic after single oral dose
administration to Sprague-Dawley rats.

Parameters* DIA DIA-DHA eutectic

Cmax (mg/ml) 35.54 ± 5.72 83.43 ± 4.57
Tmax (h) 2.5 ± 0.92 2 ± 0.66
AUC0-24h (mg h/ml) 249.91 ± 152.43 542.02 ± 202.93
AUCtotal (mg h/ml) 298.60 ± 141.19 621.27 ± 389.41
T1/2 (h) 9.8 ± 2.39 8.02 ± 1.87
VD (l) 21.22 ± 4.01 15.10 ± 2.94
CL (l/h) 0.74 ± 0.26 0.65 ± 0.19
AUMC (mg h2/ml) 1174.28 ± 308.50 2348.56 ± 653.13
MRT (h) 3.93 ± 1.53 4.68 ± 2.04
Frel 1 2.08

* Indicates data shown as mean ± SD, (n = 6).
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only 2% w/w of MCC was required. It indicated that the eutectic
sample could be compressed more easily in the form of tablet com-
pared to pure drug and control batch. The manufacturing formulas
and evaluation parameters of directly compressible tablets of all
materials are shown in Table 1. All evaluation parameters were
shown in good accordance with acceptance criteria [57].
3.2.4. HPLC method development
DIA showed pH-dependent solubility due to the weakly acidic

nature, which enhances solubility at higher pH and reduces solu-
bility at lower pH. Furthermore, it has been seen that the buffer
solutions at pH � 5 represented the quantification of DIA in the
form of rhein as all DIA converted to its active metabolite rhein
form [27]. A simple HPLC method was developed and validated
for the estimation of DIA and rhein in the prepared samples as
per ICH guideline Q2(R1) [58]. The detailed HPLC parameters of
DIA, DHA and rhein were tabulated in Table SI3, see supplementary
information. The HPLC chromatogram depicted the retention time
(Rt) for the standard solution of DIA, DHA and rhein to be 10.5, 6.6,
and 11.6 min, respectively (Fig. SI1, see supplementary
information).

3.2.5. % yield and drug content
% Yield and drug content of DIA-DHA eutectic were found to be

94.55 ± 0.81 and 85.89 ± 2.43 respectively which showed satisfac-
tory results. The drug content of the prepared eutectic indicated
good recovery of the drug after eutectic formation.

3.2.6. Kinetic solubility measurements
Kinetic solubility of DIA and DIA-DHA eutectic in different buf-

fer solutions were explored and quantification of the drug was
done by HPLC as depicted graphically in Fig. 11. The kinetic solubil-
ity profiles of DIA in pH 1.2, pH 4.5, and pH 6.8 at 4 h exhibited
8.33, 15.27, and 229.13 mg/ml respectively and subsequently
reached a plateau (Fig. 11). These values indicated that DIA showed
pH-dependent solubility. For the data of DIA-DHA eutectic, the sol-
ubility in pH 6.8 at 4 h achieved maximum values 345.76 mg/ml
while the solubility measurements in pH 1.2 and pH 4.5 were
found to be 21.02 and 29.63 mg/ml respectively at 4 h. At the differ-
ent buffer solutions, the prepared eutectic revealed the improve-
ment in solubility with 2.5, 1.9 and 1.5 folds at pH 1.2, pH 4.5
and pH 6.8, respectively as compared to pure DIA. From 4 to
24 h, the concentration of DIA in pH 1.2, pH 4.5, and pH 6.8 solu-
tions increased a mere 8.5%, 9.9% and 9.6% and reached an appar-
ent solubility of 9.10, 15.33 and 238.86 mg/ml, respectively. For
the prepared eutectic, the apparent solubility in pH 1.2, pH 4.5,
and pH 6.8 solutions were enhanced 2.4, 1.9, and 1.5 times respec-
tively, compared to the pure DIA. Additionally, the apparent solu-
bility was also estimated in pH 6 solution and was found to be
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2.0 times higher than the pure drug (Data not shown). The results
of solubility measurement were shown that all the prepared eutec-
tic also exhibited pH-dependent solubility. It has been reported
that multi-component adduct comprised of poorly soluble API with
more soluble coformer will be ascribed by solubilization of cofor-
mer in the solution which might exhibit the enhancement of solu-
bility. During the solubility experiment, DHA molecules diffused in
the buffer solution faster than the parent DIA because the molecu-
lar weight is smaller than that of DIA as well as DHA exhibits a
strong affinity towards the water molecules. Consequently, the less
soluble DIA molecules become supersaturated in the solution as an
amorphous phase which may result in the improvement in the
kinetic solubility of prepared eutectic as compared to pure DIA
[59].

3.2.7. In-vitro drug release profile
As shown in Figs. 12 and 13, the powder and tablet dissolution

of DIA-DHA eutectic was improved a greater extent compared to
pure DIA, control batch and physical mixture samples. The statisti-
cal parameters for the comparison of dissolution profile of all the
samples in various dissolution media are summarized in Table 6.
The possible mechanism behind the enhancement in dissolution
rate of powder and tablet prepared from eutectic was attributed
to the release of ultrafine crystals into the dissolution media. Fur-
thermore, the excess of coformer in the solution modulates ther-
modynamic stability (i.e. dissociation) in context to crystal
packing, molecular mobility and intermolecular interaction
[60,61]. Restricted solubility of DIA in the lower pH range, which
ultimately leads to poor bioavailability, at the same time prepared
eutectic showed an enhancement in dissolution in all pH ranges.

3.3. Pharmacokinetic study

The average plasma concentration-time curves of pure drug and
prepared eutectic after single oral dose administration were esti-
mated in SD rats as shown in Fig. 14 and the pharmacokinetic
parameters are summarized in Table 7. The maximum plasma con-
centration (Cmax) achieved was nearer 2.3 times higher for pre-
pared eutectic and also the time to reach maximum plasma
concentration was decreased from 2.5 h to 2 h as compared to par-
ent DIA. This result suggests the improved rate of absorption with
the administration of prepared eutectic. It is manifested that each
time point the plasma concentration of prepared eutectic was
remarkably higher than those administrated with the pure DIA.
Relative bioavailability (Frel) was calculated as the ratio of AUCtotal

(eutectic) to AUCtotal (DIA). This finding suggested that prepared
eutectic exhibited 2.08 folds more orally bioavailable than the pure
DIA. An enhancement in the pharmacokinetic parameters of the
novel eutectic form of DIA was the indication for improvement in
the oral bioavailability of pure drug [62].

3.4. Stability study

The dissolution profiles of prepared eutectic (both powder and
tablet) were evaluated in pH 6 and found to be similar before and
after study. The statistical data were also attested similarity
between two dissolution profiles which were found f2 = 70.32 for
powder and f2 = 76.86 for tablet formulation before and after study
(Graph not shown here). Moreover, the physical changes of sam-
ples were investigated using DSC and PXRD analysis. The charac-
teristic peaks of the eutectic samples in the PXRD pattern and IR
spectra were still evident as well as DSC thermograms remained
unchanged as compared to the initial samples (Data shown in sup-
plementary Figs. SI2, SI3 and SI4). Hence, the prepared eutectic
sample bestows stability advantages and found to be stable in
nature.
4. Conclusion

The present investigation was done to explore the way how to
detect and interpret the multi-component system using binary
phase diagram by taking DIA as BCS class II drug. A eutectic mix-
ture of DIA with DHA in the molar composition of 1:3 was formu-
lated using acetone assistant grinding technique. The resulting
eutectic proved significant improvement in its physicochemical
as well as mechanical properties compared to pure drug and con-
trol batch. The equidimensional shape of the particles with its
platy nature imparted good flow and compressibility to the eutec-
tic solid form. The drug and coformer have interacted with each
other (intermolecular) which was not possible in case of the phys-
ical mixture. This could change the entire functionality of the pure
drug. Bioavailability was greatly enhanced in case of the eutectic
solid form along with its stable nature. The present study con-
cluded that the multi-component system can become a potential
way to simultaneously improve physicochemical and mechanical
properties of poorly water-soluble and compressible APIs and can
be used commercially for the development of directly compress-
ible solid orals.
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