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A B S T R A C T

The present study aimed to enhance physico-mechanical properties of poorly soluble drug Diacerein (DIA) using
crystal engineering approach. Fumaric acid (FMA) was competent enough to generate a novel solid form of DIA
by acetone assisted grinding method and was fully characterized. A lower melting depression and maximum
enthalpy of fusion resulted from phase diagram and Tammann's triangle of binary system revealed the formation
of eutectic mixture with molar ratio of 1: 2 (DIA: FMA). It was further confirmed by PXRD and FT-IR spectra. The
topographical differences were observed in case of eutectic by SEM analysis imparting its better flow and
packability. Pharmaceutical behaviors in terms of solubility, dissolution, tabletability, compressibility and sta-
bility suggested superior functionality of eutectic compared to DIA alone. Pharmacokinetic study of eutectic
demonstrated 1.77 times greater bioavailability. Thus, the concept of crystal engineering was successful to
prepare DIA-FMA eutectic as a potential way for improving material functionality.

1. Introduction

Biopharmaceutical classification system (BCS) has become an im-
portant system to categorize active pharmaceutical ingredients (APIs)
based on their aqueous solubility and membrane permeability. Major
portion of the candidates from the drug development pipeline exhibit
the bioavailability constraint and fall under class II (70%) and class IV
(20%) categories. In context to this, drug candidates despite having
desired pharmacological activity face various difficulties in the devel-
opment and commercialization phase due to their unfavorable solubi-
lity, bioavailability, stability toward thermal and humidity stress,
flowability, manufacturability and pharmacokinetics parameters and so
on [1]. Development of a successful solid dosage form is the result of
the comprehensive knowledge about the aforementioned pharmaceu-
tical properties of APIs and making use of this knowledge to formulate a
tailor-made technique to optimize these parameters for an individual
API [2,3].

Now a days, crystal engineering has served as the trailblazer ap-
proach in the development of stubborn APIs with poor pharmaceutical
relevant properties into a classic product without changing the efficacy
[4]. The detection of the best solid state form adopting the principle of
crystal engineering approach has extensively been employed in

supramolecular chemistry [5]. It mainly associates the formation of
novel salt, polymorphs, solvate, hydrate, cocrystal, eutectic, solid so-
lution, amorphous, and co-amorphous system. Perhaps, salt formation
can modify the pharmaceutical properties of ionisable APIs through
covalent bonding while remaining multi-component solid forms can
effectively improve the aforesaid properties of non-ionisable or poorly
ionisable APIs with counter molecule/coformer using non-covalent in-
teraction such as hydrogen bonding, π-π stacking, dipole interaction or
van der waals forces [6].

In line to this discussion, a eutectic mixture, conglomerate of solid
solutions, is a multi-component crystalline adduct which undergoes
melting at a lower temperature than that of the individual components.
Though, eutectic systems have been shown to yield better pharma-
ceutical behaviour of APIs, a very few studies incorporated use of a
eutectic system [7]. In our previous study, we have investigated the
formation of eutectic to improve the functionality of nimesulide with
nicotinamide as a coformer [8]. Further, literature search revealed
some interesting studies on improvement in diverse pharmaceutical
properties of APIs using eutectic system as the core approach such as
enhancement in biological efficacy of hesperetin by preparing highly
soluble eutectics [9], improvement in physicochemical and pharma-
cokinetic behavior of α-eprosartan by formation of eutectic [10], better
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solubility profile of curcumin was achieved through eutectic formation
approach [11], Bansal and his team showed that the microstructure of
aspirin-paracetamol eutectic system presented superior compressibility,
tabletability, and compactibility of the system [12]. Various other drug-
drug eutectics such as simvastatin-aspirin [13], etodolac with para-
cetamol and propranolol hydrochloride [14], hydrochlorothiazide-ate-
nolol [15], and felodipine-nicotinamide [9] have also been studied for
their improved pharmaceutical properties.

Diacerein (DIA) and its active metabolite rhein are anthraquinone
derivatives that have been used for the treatment of osteoarthritis [16].
DIA entirely converts into rhein before reaching the systemic circula-
tion [17]. DIA is a crystalline yellow powder with a melting point
255.2 °C, molecular weight of 368.3 g/mol, and LogP of 2.4. DIA shows
poor solubility (3.197 mg/L) and belongs to BCS class II which creates
the problem in the oral bioavailability (35–56%) [18]. Moreover, DIA
exhibits poor mechanical characteristic with respect to flow and com-
pressibility [19]. Various formulation approaches such as nano-sus-
pension [20], solid dispersion [21], complexation [19], nanoparticles
[22], and nanofiber [23] were reported to improve the pharmaceutical
performance of DIA, and however, to the best of our knowledge there
are no studies available on eutectic form of DIA.

In the light of above background, the present study was designed to
prepare a novel eutectic of DIA with fumaric acid (FMA) as a coformer.
FMA is listed as a Generally Recognized as Safe (GRAS) coformer and
the presence of the aliphatic carboxylic acid group makes it a good
melting point modulator [24]. The study was extended to explore the
effect of prepared eutectic on the biopharmaceutical performance of
DIA alone and in the tablet dosage form.

2. Materials and methods

2.1. Materials

DIA (API) was generously provided by Ami Lifesciences Pvt. Ltd.
(Baroda, India) with batch no. DSN/40400615. FMA (Coformer) was
purchased from Sisco Research Laboratories Pvt. Ltd. (Mumbai, India).
Fig. 1 depicts chemical structures of DIA and FMA. Rhein (Active me-
tabolite of DIA) was procured from Yucca Enterprises (Wadala,
Mumbai). Acetone and acetonitrile (HPLC grade) were obtained from
Merck Pvt. LTD. (Mumbai, India). All other chemicals and solvents used
were of chromatographical or analytical grade. Water was purified
using Milli-Q water purification system (Merck Millipore Pvt. Ltd.,
India).

2.2. Preparation and determination of eutectic point

Binary mixtures of DIA/FMA in various mole fractions ranging from
0 to 1 (corresponding to the molar ratios of 1:3, 1:2, 1:1, 2:1 and 3:1)
were manually grounded for 20 min in an agate mortar pestle (nearly
200 mg batch scale) with periodically addition of few drops of acetone
(≈200 μL). The resulted dried mass was sieved through a 100 mesh
sieve (ASTM standard) and placed in the desiccator containing silica
gel. The obtained materials were subjected to thermal analysis by
Differential Scanning Calorimetry (DSC) for ascertaining the formation
of multi-component solid forms. The obtained solidus and liquidus
melting points from DSC curves were used to construct the phase

diagram for elucidating the molar ratio of the binary system [25]. As
the molar ratio for the binary composition was still unclear, Tammann's
triangle was generated by plotting values of eutectic melting enthalpy
against the various mole fractions of drug to confirm the optimum
eutectic composition [26,27].

2.3. Solid state characterization

2.3.1. Thermal analysis
Thermal analysis was performed with help of DSC (DSC 60,

Shimadzu, Japan). A precise amount of weighed samples (2–3 mg) were
sealed in aluminium pans using an empty pan as a reference and ana-
lyzed from 40 to 300 °C at a scan speed of 5 °C/min under inert con-
ditions maintained by purging nitrogen gas at a flow rate of 100 mL/
min. The recorded data was collected and analyzed using Shimadzu TA
60 software.

2.3.2. X-ray powder diffraction (PXRD)
The PXRD study was performed on an X'Pert PRO Multi-Purpose

Diffractometer (PANalytical Diffractometer, Netherlands) with Cu-Kα
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 in-
strument was operated over 2θ range of 10–40° at a scan rate of
0.0499°/s.

2.3.3. Fourier transform infrared (FTIR) spectroscopy
FT-IR spectroscopy (Cary-630, Agilent Technologies, USA) was

employed for collecting the IR spectra of the grounded samples. The
spectra were recorded using the ATR technique (Diamond ATR crystal,
Agilent Technologies, USA) and collected by the Lab solution software.
The IR spectrum was acquired over the range of 400–4000 cm−1 with 4
accumulative scans having resolution of 4 cm−1.

2.3.4. Scanning electron microscopy (SEM)
The SEM images of pure components and the prepared samples were

taken on a SEM (JSM-6380, Jeol, Japan) operating at 10 kV with image
analyzer. Briefly, the samples were dispersed on an aluminum stub with
double-faced adhesive tape. The mounted samples were made elec-
trically conductive by coating the powder with a thin layer of gold
using sputter coater instrument. Thus prepared stubs were placed in the
microscope and the images were observed and recorded at the magni-
fication range of 1,000 X to 10,000 X.

2.4. Powder characterization

2.4.1. Kawakita and Kuno's analysis
Kawakita and Kuno's analysis address the powder packability and

degree of volume reduction. Prior to analysis, all the samples were
sieved through 100-mesh sieve to reduce the possible effect of particle
size. Briefly, bulk and tapped densities of powder samples were calcu-
lated from the change in volume of powder level into a 100 mL mea-
suring cylinder, recorded after 100, 300, 500, 750, 1200 to 2000 taps in
a tap density tester USP (Electrolab, ETD-1020, India). The packability
was estimated using modified Kawakita equation as follows (Eq. (1)).

= +n
c

n
a ab

1
(1)

where, n = tap number; c = volume reduction; c can be calculated
according to Eq. (2).

= −c V V
V

n0

0 (2)

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 total degree of volume
reduction for the bed of particles at infinite applied pressure and ‘1/b’Fig. 1. Chemical structures of Diacerein (DIA) and Fumaric acid (FMA).
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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 [28]. The data

produced in Kawakita equation was analyzed by Kuno's equation (Eq.
(3)):

ln(qt – qn) = - Kn + ln (qt – q0) (3)

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 re-
presents rate of packing process. The packability of powder expresses
by evaluating a, 1/b, and Kn. Additionally, Rearrangement index (ab
index) accesses the evaluation of particle rearrangement during com-
pression which is derived from the Kawakita constants ‘a’ and ‘b’. The
ab index was calculated as the reciprocal of the intercept of the extra-
polated part of the Kawakita plots [29].

2.4.2. Heckel plot
The Heckel plot illustrates the force and displacement data to a

linear relationship for the powders undergoing compaction. The com-
pacts were prepared by adding a small amount of 2% w/w micro-
crystalline cellulose-102 (MCC) as binder to the pure drug and eutectic
sample with accurately weighing 200 ± 5 mg for each sample. The
prepared powders manually filled into 10-mm flat-faced punch in KBr
press (Techno-search Instruments, India) and compressed under various
compression force ranging from 1 to 9 tons (9.8 × 103 to
88.26 × 103 N) by keeping 1 min dwell time. The punch and die were
lubricated using 1% w/v suspension of magnesium stearate in acetone
prior a compaction process [30]. True density was considered as mass
per volume of the compact at a maximum applied force in tons (Here, 9
tons) [31].

⎡
⎣⎢ −

⎤
⎦⎥

= +ln
D

KP A1
(1 ) (4)

Here, D (= ρA/ρT) is the relative density of compacts at applied pressure
P; ρA and ρT are the density at pressure P and true density, respectively;
1-D indicates the porosity (ε) of powder; K (slope) and A (Y-intercept)
are the Heckel constants obtained by plotting the graph of ln [1/(1-D)]
Vs P curve i.e. Heckel plot. Reciprocal of K denotes mean yield pressure
(Py) and A expresses the densification of powder bed at low pressure.
Yield strength (σ0) represents the material ability to undergo de-
formation or fragmentation. It can be calculated by 1/3 K.

2.4.3. Powder tabletability
Powder tabletability was evaluated by plotting tensile strength (T,

Kg) of the compacts as a function of compaction pressure [32]. The
prepared compacts in the Heckel analysis were subjected for the tensile
strength measurement as follows (Eq. (5)).

= ×
×

T P
D T

0.0624
(5)

where, diameter (D) and thickness (T) were measured using a digital
vernier caliper (Mitutoyo, Japan) after 24 h of compaction, and a
crushing strength (P) was measured with the help of digital hardness
tester (Electrolab Pvt. Ltd., India). The elastic recovery was performed
for determining the retained energy during the compression process
and released after compression process. The elastic recovery can be
calculated using the thickness before (Hc) and after (He) being stored
for 24 h using Eq. (6) [33].

= ⎡
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− ⎤
⎦⎥

× = ⎡
⎣⎢
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×ER H H
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% 100 %ER    (H H )
H

   100e c

c

e c

c

(6)

2.5. Formulation and evaluation of directly compressible tablets

Tablets of raw DIA and DIA-FMA samples were formulated using
direct compression method and manufacturing formulae of the pre-
pared tablets are given in Table 1. The specific amounts of sieved pure
DIA and prepared sample were mixed separately with sufficient por-
tions of pharmaceutical excipients to prepare approximately 40 tablets
from each batch. The individual blends were introduced manually into
the die and compressed by 12 mm round and concave faced punch
using eight-station rotary tablet machine (Karnawati Engineering Ltd.,
India). The tablets were ejected and stored in screw-capped bottles for
24 h, to allow for possible hardening and elastic recovery. The tablets
were also sampled for in-process and finished product evaluation tests.
Weight variation test was carried out by weighing 20 tablets in-
dividually and then calculating the average weight. Thickness of the
tablets was obtained by Mitutoyo caliper. Hardness and friability of
tablets were measured with the help of digital hardness tester and
Roche friabilator (EF-2, Electrolab Pvt. Ltd., India), respectively. Dis-
integration 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 in accordance with the Indian Pharmacopoeia 2010
[34].

2.6. High performance liquid chromatography (HPLC) method development

Drug and conformer were quantified using HPLC system (Shimadzu
Corporation, Japan) which consisted of a LC-20AD solvent delivery
system, a DGU-20A5R vacuum degasser, a CTO-20AC thermostated
column oven and SIL20AC autosampler, and coupled with a SPD-M 20A
PDA detector. The Lab solution software (version 5.53 SP3C) was used
for the analysis of the data. Phenomenex Gemini C18 column
(250 mm × 4.6 mm, 5 μ) placed in thermostated column oven at 40 °C
was used for chromatographic separation. The mobile phase, com-
prising 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 details of the developed HPLC method are de-
scribed in Table S1, see in supplementary data.

2.7. Drug content determination

Drug content of DIA in the prepared eutectic was estimated by
dissolving 10 mg of the prepared samples in 1 mL of DMSO and further
diluted up to 10 mL with ACN. After appropriate dilution, the samples
were analyzed using HPLC method as mentioned above. Content de-
termination of drug in each sample was performed in triplicate and the
average and standard deviation were calculated.

2.8. Solubility measurement of various molar compositions

Solubility of DIA and different molar ratios (1:1, 1:2, 1:3, 2:1, 3:1) of

Table 1
Manufacturing formulas for the preparation of directly compressible tablets.

Ingredients Amount per tablet (mg)

DIA DIA-FMA Eutectic

Diacerein IP 50 81.6 (equivalent to 50 mg DIA)
Lactose monohydrate 115 103.4
Microcrystalline cellulose-102 (MCC) 25 5
Aerosil-200 25 25
Sodium starch glycolate 25 25
Magnesium stearate 5 5
Talc 5 5

Total weight of tablet 250 250
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DIA-FMA samples was measured in distilled water using shake flask
method. Approximately 50 mg of DIA (corresponding to, for DIA-FMA
samples) were placed in a flask containing 200 mL distilled water. The
resultant dispersions were kept in a shaker-incubator equipped with a
temperature controlling system (Tempo Instruments and Equipments
Pvt. Ltd., India) at 37 ± 0.5 °C with a speed of 150 rpm for 24 h to
allow saturation. Sample aliquots (5 mL) were taken from the disper-
sion at the predefined time intervals (5, 10, 15, 30, 45, and 60 min),
and replaced by equal volume of distilled water. The resulting samples
were filtered through 0.45 μm syringe filter (Millex-HV, Millipore) and
the filtrate was suitably diluted and analyzed by HPLC method for the
quantification of drug in all samples as per section 2.6.

2.9. In-vitro drug release profile

In-vitro drug release profiles of pure DIA and DIA-FMA prepared
samples (USP type-I apparatus) and their formulations (USP type-II
apparatus) were performed using USP dissolution test apparatus (USP
Electrolab TDT-06P, India). The dissolution profiles of all the samples
were evaluated in dissolution vessels containing 900 mL of citrate
buffer (pH 6) at 75 rpm maintained at 37 ± 0.5 °C [34]. Aliquots
(5 mL) were withdrawn from the vessels at the scheduled intervals and
the dissolution media was replenished with equal volume of fresh
media to maintain sink condition. The samples were filtered im-
mediately through 0.45 μm syringe filter and drug concentration of
each sample was estimated using HPLC method as described in section
2.6. The evaluation parameters of dissolution profile were achieved by
plotting the cumulative amounts of drug dissolved as a function of time.
The results were analyzed to ascertain dissolution percent at 5 min (%
DP5 min) and time to release 50% of the drug (t50%). Overall dissolution
efficiency (% DE) was measured as the area under curve (AUC) up to a
certain time ‘t’ (here, 60 min) expressed as percentage of the area of the
rectangle described by 100% dissolution in the same time as presented
in Eq. (7) [35].

∫ ∫= × = ×DE y dt
y t

% . 100 %DE
y . dt
y t

100
t

0 100 0

t

100 (7)

2.9.1. Statistical analysis of the dissolution profiles
Model independent mathematical approach was employed for the

statistical analysis of resulted dissolution profiles [36]. The similarity
factor f2 was measured to evaluate similarity in the percentage dis-
solution between two dissolution curves as expressed in Eq. (8).
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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. A value of 100% for the similarity factor (f2) re-
commended that test and reference profiles are identical. The value
between 50 and 100 indicates that the dissolution profiles are similar
whereas smaller value expresses an increment in dissimilarity between
release profiles.

In order to understand difference in dissolution rate of pure drug
and the prepared samples, in vitro mean dissolution time (MDT in vitro)
was calculated (Eq. (9)). The same calculations were also applied for
the prepared dosage forms.

=
∑

∑
=

=
MDT

t ΔM
ΔMin vitro

i
n

mid

i
n

1

1 (9)

Here, i is dissolution sample number; n is number of dissolution times at

time t; tmid is time at the midpoint between times ti and ti-1; ΔM is
amount of drug dissolved (μg) between times ti and ti-1.

2.10. Pharmacokinetic study

2.10.1. Animals
Sprague-Dawley rats (either sex) weighing 200–250 g, were housed

at 24 ± 2 °C and 50–60% relative humidity (RH). The animals were
kept 12 h light/dark conditions for acclimatization for one week and
fasted overnight with free access to water prior the experiment. The
standard food and filtered water was supplied ad libitum. The animal
protocol was duly approved by the Institutional Animal Ethics
Committee (IAEC), Saurashtra University, India (IAEC/DPS/SU/1609;
dated 12th December 2016).

2.10.2. Experimental protocol
Healthy Sprague-Dawley rats were randomly distributed in two

groups, each including twelve animals (n = 12). Group I and II were
administered pure DIA and the prepared eutectic suspension orally in
water containing 0.2% w/v sodium carboxymethyl cellulose as sus-
pending agent at a dose equivalent to 30 mg/kg body weight of DIA,
respectively. Blood samples were collected into heparinized tubes 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 after oral administration. The plasma samples were
harvested by centrifugation (Centrifuge 5418R, Eppendrof AG,
Germany) at 10,000 rpm for 20 min and stored at−20 °C until analysis.
A simple protein precipitation method was used for the extraction of
drug from the plasma samples. Briefly, 500 μL of each plasma sample
was mixed with 50 mL IS, p-Aminobenzoic acid (100 μg/mL) and
vortexed for 30 s. A 500 μL volume of ACN as extraction solvent was
added into it and vortexed for 10 min. The resulting mixture was
centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant was
collected and dried it at 60 °C at oven and the dried residues were
reconstituted with mobile phase (100 μL) and vortexed it for 5 min
prior to the injection in HPLC system.

2.10.3. HPLC analysis for determining drug concentration in the rat plasma
Owing to the metabolic transformation from DIA into rhein, only

rhein was detected in rat plasma to evaluate the pharmacokinetics after
oral administration [17]. The HPLC procedures followed as described in
section 2.6 with slight modification. Briefly, ACN (A) and ammonium
acetate buffer (10 mM; pH 3; B) were eluted through the gradient
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 flow rate and ana-
lytical run time were set at 0.8 mL/min and 18 min respectively. Ab-
sorbance was detected at 254 nm and sample injection was 20 μL. The
concentration range was as 0.2–20 μg/mL with correlation coefficient
(r2), 0.999.

2.11. Stability study

The prepared samples (powder and tablet formulation) were eval-
uated for accelerated stability condition for a period of six months.
Samples 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 accessed for the dissolution profiles and solid
state stability by DSC, FT-IR, and PXRD analysis.

3. Results and discussion

Co-crystallization experiment is a unique supramolecular reaction
to form multi-component solid forms. Understanding the development
of a cocrystal or a eutectic mainly depends on several factors such as
supramolecular synthons, heteromeric/homomeric interactions, func-
tional group deposition and complementarity, interaction strength, and
packing efficiency [37,38]. Here DSC technique is employed, as the
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main study method to investigate the binary phase diagram. The en-
dothermic events from DSC curves determine the formation of multi-
component system [39]. Liquid assistant grinding experiment with its
advantages of reduced time and efficient atomic reaction over neat
grinding was used as a preliminary screening method to identify any
interaction between drug and coformer and also to determine their
stoichiometry [40]. The solvent selection was made on the basis of at
least the partial solubility of drug and coformer in that particular sol-
vent. The partial solubility of both the components was required to
initiate the interaction between each other. Here, the catalytic amount
of acetone was added to enhance the reaction process which readily
evaporates during process itself with no leftover starting materials.

3.1. Binary phase diagram and Tammann's triangle

The DSC overlay of pure DIA, FMA, and their DIA-FMA co-ground
mixtures at various mole ratios are represented in Fig. 2. The thermal
properties of the pure and co-ground samples are given in Table 2. The
DSC scan of DIA and FMA depicted that their melting behaviors agreed
with the literature data [22,41]. It was observed that all the five ratios
consistently demonstrated at the same melting behavior nearer to
233 °C, indicating as solidus temperature (TSolidus/°C) in the binary
phase diagram. Liquidus event (TLiquidus/°C) was recognized at the
higher temperature representing the complete melting of the excess
participating components either drug or coformer. The binary phase
diagram of DIA-FMA system with the solidus and liquidus points is
shown in Fig. 3 (A). For such kind of transition, the peak position al-
most all mole fractions were observed very near to each other. More-
over, only single peak was shown in all the endothermic events. As can

been seen, the resulting phase diagram exhibits the “V”-type pattern
which is the characteristic of the eutectic formation. The mole fraction
of DIA-FMA in 1:2 showed very near solidus and liquidus points along
with melting point depression at 232.97 °C. To avoid any confusion,
molecular interaction was further confirmed using Tammann's triangle
graph as depicted in Fig. 3 (B). From Tammann's graph, it was found
that the mole fraction of DIA at 0.33 which is nothing but a molar ratio
of 1:2 showed maximum ΔHfus value. It was confirmation of eutectic
formation at 1:2 M ratio of DIA [26]. Furthermore, the ΔHfus of eutectic
was estimated theoretically using Eq. (10) and this was employed to
determine the excess ΔHfus as compared to experimental values de-
scribed in Eq. (11) [42].

ΔHfus (calculated) = (XDIA * ΔHfus (DIA)) + (XFMA * ΔHfus (FMA)) (10)

where.
XDIA and XFMA are the mole fraction of DIA and FMA, respectively

and ΔHfus (DIA) and ΔHfus (FMA) are the enthalpy of fusion of DIA and
FMA, respectively.

ΔHfus (excess) = ΔHfus (experimental) - ΔHfus (calculated) (11)

From Eq. (10), the ΔHfus (calculated) of eutectic was found to be
1547.70 J/g and from the DSC curves the ΔHfus (experimental) of eutectic
was observed as 672.93 J/g. Further excess enthalpy of fusion (ΔHfus

(excess)) was calculated from Eq. (11) which is - 906.67 J/g. The negative
value of the ΔHfus (excess) of eutectic indicates that the prepared system
was eutectic rather than physical mixture.

3.2. PXRD analysis

PXRD study is the discriminative technique to determine crystalline
powder material through the unique characteristic diffraction pattern
of the crystal lattice. The diffractograms did not show characteristic
peaks at 2θ values more than 40°. Thus, the powder XRD patterns of
DIA, FMA, DIA-FMA eutectic and physical mixture were recorded in the
range of 10–40° and revealed high intensity with characteristic sharp
peaks at 2θ scattered angles indicating the sign of crystalline nature as
displayed in Table 3. The characteristic diffraction peaks of DIA and
FMA were still noticeable in the prepared eutectic with minor and non-
significant alterations in the position of the peaks (Fig. 4). It is inter-
esting to note that all the characteristic peaks of the participating
components were preserved in the diffraction pattern of eutectic with
lower intensity than the physical mixture. This might be due to re-
duction in the crystallinity of drug [43]. PXRD patterns of the resulting
samples are in harmony with the results of DSC, which excluded the

Fig. 2. Overlay of DSC enthotherms of DIA and FMA at various molar ratios.

Table 2
Thermal properties of the pure and co-ground samples at various mole fractions
of DIA.

XDIA* Tsolidus/°C Tliquidus/°C Tonset (pure compounds)/°C ΔHfus (J/g)

1.00 – – 255.17 96.68
0.75 232.71 243.38 343.26
0.67 233.02 242.67 465.57
0.50 233.47 240.41 543.57
0.33 232.97 235.16 672.93
0.25 234.74 243.00 486.76
0.00 – – 289.48 2310.00

Temperature of solidus, Tsolidus and temperature of liquidus, Tliquidus, obtained
from DSC heating runs of co-ground mixtures of DIA and FMA; mole fraction of
DIA, XDIA.
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existence of co-crystal and confirmed the eutectic formation [7,44].

3.3. FT-IR study

FTIR analysis is the complementary study to investigate any pos-
sible intermolecular interaction between drug and coformer in the solid
state. FT-IR spectra and the assignment of major bands of pure DIA,
FMA and DIA-FMA eutectic mixture are depicted in Fig. 5 and Table S2.
FT-IR study of DIA-FMA eutectic expressed the summation of the
characteristic vibration bands correspond to individual components
without any considerable shifting reflecting the absence of significant
chemical interaction. The results highlight the predominance of cohe-
sive (homomeric; drug-drug/coformer-coformer) interaction between
the components of each species in the mixture relative to adhesive

(heteromeric; drug-coformer) force between the components of dif-
ferent species. This can also be due to shape/size misfit between the
interacting molecules, thus restricting FMA molecule to establish any
new supramolecular network with DIA. In addition, a ‘V’-shape pattern
in the binary phase diagram and no deviation in the diffraction peaks
concluded the formation of eutectic rather the cocrystal [7,44].

3.4. SEM analysis

The morphological evaluation of raw DIA, FMA and DIA-FMA eu-
tectic was done using SEM analysis as shown in Fig. 6. DIA (Fig. 6 (A))
powder was appeared acicular shaped crystalline particles with rough
in surface textures which might have retarded its flowability. The SEM
images of eutectic sample (C-1 & C-2) indicated platy shaped crystals
with smooth surface texture compared to DIA particles. The distinct
morphology of DIA-FMA eutectic with micrometer sizes represents the
eutectic as a separate entity from the pure drug molecule which might
be resulted in the improved processing parameters as compared to raw
DIA [45].

3.5. Powder characterization

3.5.1. Kawakita and Kuno's analysis
Values of Kawakita constants ‘a’ and ‘1/b’ for pure drug and pre-

pared sample are listed in Table 4 and the plot is presented in Fig. 7 (A).
In this analysis, a linear relationship was monitored throughout the
whole range of tapping with correlation coefficient of more than 0.99. It
has been seen that the decreased value of ‘a’ and increased value of ‘1/
b’ of prepared eutectic compared with the value of the pure DIA was an
indication of the improvement in packability of the DIA-FMA sample.
DIA-FMA eutectic exhibited higher values of ‘Kn’ (Kuno's constant),
which imparted a superior packability as compared with DIA alone
[28]. Furthermore, the value of ab index in case of eutectic mixture was
lower compared to DIA which was a sign for the requirement of less
number of tapping for the particle rearrangement for the prepared
eutectic [29].

3.5.2. Heckel plot study
Heckel analysis explains the densification process by plastic de-

formation of the powder under applied pressure following first order
kinetics. Raw DIA by appearance was fluffy powder and also revealed
by a lower true density when compared to prepared eutectic as shown
in Table 4. Fig. 8 (dash line) illustrates the Heckel plot and its derived
parameters are summarized in Table 4. Higher values of ‘K’ and ‘A’ of
prepared eutectic over the pure DIA have better plastic behavior and
increased propensity of material fragmentation which led to play sig-
nificant role in void filling reflecting increased relative density in the

Fig. 3. Binary phase diagram (A) and Tammann's triangle graph (B) for the investigated DIA-FMA system.

Table 3
Characteristic diffraction peaks of raw materials and their prepared samples.

Sample 2 Theta (Degrees)

DIA 10.46, 17.39, 21.46, 21.90, 25.07, 27.87
FMA 22.77, 28.75, 29.38, 37.93
DIA-FMA physical mixture 10.51, 17.42, 27.93, 28.82, 37.94
DIA-FMA eutectic 22.79, 22.93, 27.93, 28.79, 29.40,

Fig. 4. Overlay of powder XRD patterns of DIA; FMA; DIA-FMA physical mix-
ture and DIA-FMA eutectic.
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prepared eutectic. Another observation was made from the Heckel plot
that the initial curvature in the graph was not appeared. It was a sign of
a fragmentation behavior of the material. Pure DIA shows a fragmen-
tation with very low brittleness index. Due to which a lamination was
observed with even at very low compression force applied during
Heckel analysis. A small amount of 2% w/w MCC as binder was added
with pure drug and prepared sample followed by the Heckel study at
various ascending pressures. The slope ‘A’ of all the Heckel curves
showed that the fragmentation and formation of new surfaces was
greater in the prepared eutectic compared to DIA which resulted in
greater compressibility of the eutectic sample [30]. The yield strength
(σ0) and yield pressure (Py) were derived using linear regression por-
tion of the Heckel plot (R2 > 0.98 in all the samples). The lower value
of Py and σ0 of eutectic sample as compared to pure drug was an in-
dication of high degree of densification imparting good fragmentation
and easy compaction property. Compressibility of the samples could be
measured on the basis of porosity as a function of applied pressure as
represented solid line in Fig. 8. The values of porosity attained after 9
ton force was about 9.4% and 1.5% for DIA and prepared eutectic,
respectively. The above result reveals that the prepared material has

become more suitable for the tablet manufacturing using direct com-
pression technique as compared to the pure drug [46]. This outcome
closely correlates with the results obtained from the ‘a’ values of Ka-
wakita plots.

3.5.3. Powder tabletability
Fig. 7 (B) depicts the higher tensile strength of prepared samples

over pure drug at all compression forces. The utmost tensile strength
was noticed for the compact of eutectic at 9 ton force as shown in
Table 4. It indicates that eutectic material is more suitable for table-
tabilty as compared to pure drug [32]. Simultaneously, % elastic re-
covery of DIA compacts was greater compared to prepared eutectic
suggesting the lamination behavior of DIA (Table 4). By comparing
elastic recovery of drug and prepared eutectic, it was clearly demon-
strated that the prepared eutectic is more plastic in nature than the pure
drug leading to the inter-particulate bonding which can be attributed to
the presence of non-covalent intermolecular interaction [46].

Fig. 5. FT-IR spectra of DIA; FMA; DIA-FMA physical mixture and DIA-FMA eutectic.
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3.6. Post compression evaluation of directly compressible tablets

Improved powder characteristic of prepared eutectic may promote
to formulate the direct compressible tablets. Here, tablets formulation
of pure drug formula required 10% w/w of MCC compared to DIA-FMA
eutectic formula where only 2% w/w of MCC was required. It notice-
ably indicated that packability, compressibility, and compactibility of
the prepared eutectic were better than the pure DIA. Evaluation para-
meters of directly compressible tablets of pure DIA and DIA-FMA eu-
tectic were carried out and listed in Table 5. All parameters were in
good accordance with acceptance criteria [47]. The findings conclude
that the physico-mechanical parameters of tablets prepared from eu-
tectic mixture were improved compared to tablets prepared from pure
DIA.

Fig. 6. SEM images of DIA (A); FMA (B) and DIA-FMA eutectic (C-1 & C-2).

Table 4
Powder characteristics of DIA and prepared eutectic.

Parameters Pure DIA DIA-FMA Eutectic

Kawakita plot, a (=1/slope) 0.553 0.475
1/b = intercept/slope 37.08 69.31
Kuno's constant, K 0.8696 1.0630
Rearrangement index (ab) 0.258 0.069
True density (g/cc) 1.0620 1.4195
Heckel plot constant, K 0.161 0.352
A 0.986 1.210
Yield pressure, Py 6.212 2.841
Yield strength, σ0 2.070 0.947
Tensile strength (kg/cm2)* 6.55 ± 0.35 13.08 ± 1.27
% Elastic recovery* 2.4778 ± 1.15 1.4089 ± 0.78

*Indicates data shown as mean ± SD, (n = 3).

Fig. 7. Kawakita analysis (A) and powder tabletability (B) of DIA and DIA-FMA eutectic.
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3.7. HPLC method development

DIA shows pH dependent solubility due to the weak acidic nature,
which enhances solubility at higher pH and reduces solubility at lower
pH. Furthermore, it has been reported that the buffer solutions at
pH≥ 5 represented the quantification of DIA in the form of Rhein [48].
Thus, HPLC method was developed for the quantification of DIA and
Rhein in presence of FMA in the prepared sample. The HPLC chroma-
togram demonstrated retention time (Rt) for standard solutions of DIA,
FMA and Rhein to be 10.5, 4.1, and 11.6 min, respectively. (Fig. S1, see
in supplementary data).

3.8. Drug content determination

Drug content of produced eutectic was found to be 87.14 ± 2.57%
which showed satisfactory results. This drug content was indicated
good recovery of the drug after eutectic formation.

3.9. Solubility measurement of various molar compositions

The solubility measurement was carried out for pure DIA and the co-
ground mixtures of DIA with FMA at various ratios corresponding to
50 mg of DIA in each sample. The results of solubility profile of DIA-
FMA system are illustrated in Fig. 9. As can be seen, pure DIA exhibited
very slowly being dissolved within 60 min. At the same time, the so-
lubility of the co-ground mixtures of DIA-FMA revealed significant
(P < 0.05) improvement in all molar ratios. By comparing the kinetic
solubility profiles of all the molar ratios with each other (within) and
with the drug (between), it was found that molar ratio 1:2 (DIA: FMA)
revealed highest kinetic behavior among the other ratios. The incre-
ment of kinetic solubility of 1:2 ratio compared to pure drug after
60 min was almost 3.15 folds. During the solubility experiment, FMA
molecules diffused in the water faster than the parent DIA because the
molecular weight is lesser than that of DIA as well as FMA exhibits a
strong affinity towards the water molecules. Consequently, the less
soluble DIA molecules become supersaturated in the solution as an
amorphous phase resulting the greater solubility of prepared eutectic as
compared to pure DIA [49,50].

3.10. In-vitro drug release profile

In-vitro drug release profile of powder samples exhibited that pre-
pared eutectic showed greater drug release (71.71%) compared to raw
DIA (41.70%) after 1 h (Fig. 10 (A)). The same kind of behavior was
also noticed in the case of tablets prepared from pure DIA and DIA-FMA
eutectic as shown in Fig. 10 (B). The quantitative analysis of dissolution
profiles was estimated by calculating overall % DE, % DP5min and t50 as
expressed in Table 5. The dissolution behavior of DIA and its tablets
revealed its erratic and slow drug release characteristics as reflected
from the evaluation parameters of dissolution profile and hence, t50
could not be measured (Table 3). Such type of dissolution performance
is not satisfactory for the immediate release formulation. There was a
significant enhanced dissolution capacity of DIA-FMA eutectic as in-
dicated by dissolution parameters (P < 0.05; Table 3). The results
obtained from statistical analysis suggested that there was no similarity
(f2 < 50) between dissolution profiles of DIA and prepared eutectic
(powder as well as tablets). Moreover, lower value of MDT for prepared
eutectic compared with pure DIA demonstrated the enhancement in
solubility and in vitro dissolution of powder and its tablet formulation.
The promising enhancement in dissolution can be attributed to the
presence of hydrophilic nature of coformer (FMA) which facilitates the

Fig. 8. Heckel plot analysis (dash line) and Compressibility study (solid line) of
DIA and DIA-FMA eutectic.

Table 5
Evaluation and post dissolution parameters of directly compression tablets of
pure DIA and prepared sample.

Parameters Pure DIA DIA-FMA Eutectic

Weight variation (mg)* 250.2 ± 2.43 249.8 ± 1.91
Thickness (mm)* 3.39 ± 0.07 3.36 ± 0.09
Hardness (kg/cm2)* 4.9 ± 0.31 5.1 ± 0.30
Friability (% loss)* 0.36 ± 0.08 0.30 ± 0.07
D.T.(sec)* 65.33 ± 2.52 60.67 ± 4.72

% DP5 min Powder 28.62 40.37#

Tablet 23.42 38.83#

% DE Powder 36.93 54.75#

Tablet 27.50 47.54#

t50 (min) Powder Could not detect 15.44#

Tablet 16.32#

f2 Value Powder – 29.16
Tablet – 35.41

MDT, min Powder 21.70 11.29
Tablet 24.84 12.77

*Indicates data shown as mean ± SD, (n = 3).
#Implies p < 0.05, as compared to pure DIA.

Fig. 9. Solubility measurement in various molar compositions.
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ease of solubilisation of drug molecule in media. Moreover, melting
point depression of eutectic mixture suggests the weakening of inter-
molecular bonds which modulates the thermodynamic functions (i.e.
enthalpy, entropy, and free energy) [50,51].

3.11. Pharmacokinetic study

In accordance with the improved dissolution profiles, the eutectic
system developed herein should be suitable further to screen the in-vivo
performance of drug. Various pharmacokinetic parameters were cal-
culated using trapezoidal rule as summarized in Table 6 and the
average plasma concentration-time curves of pure drug and prepared
eutectic after single oral dose administration in Sprague-Dawley rats
are shown in Fig. 11. The results of pharmacokinetic evaluation sug-
gested the superior oral bioavailability of prepared eutectic as com-
pared to pure drug. The obtained Cmax and AUC0–24 h of prepared eu-
tectic were increased nearly 2 and 1.5 folds, respectively and the time
to reach maximum plasma concentration was diminished from 2.5 h to
2 h as compared to parent drug. Also, DIA-FMA eutectic demonstrated
greater relative bioavailability (Frel = AUCtotal-eutectic/AUCtotal-drug) of
1.77 indicating more oral bioavailable than the DIA [52]. The study
signifies the predominance of non-covalent derivative i.e. eutectic
mixture augment the biopharmaceutical behaviors of DIA.

3.12. Stability study

Physical and chemical stability study of DIA-FMA eutectic was in-
vestigated for six months under accelerated conditions (40 °C/75% RH).
From the statistical analysis, the dissolution profiles of prepared eu-
tectic (powder as well as tablet) were estimated to be similar (f2 > 50)
before and after study. Also, DSC, PXRD and IR data of eutectic showed
all the characteristic peaks with no deviation in melting behavior as
compared to fresh sample suggesting the stable nature of eutectic (Figs.

S2, S3 and S4, see in supplementary data). Hence, the stability issue
should not obstruct the commercialization of the prepared eutectic.

4. Conclusion

DIA is a BCS class II drug with poor physicochemical and pharma-
cokinetic parameters. In the present investigation, a eutectic system of
DIA-FMA in the molar ratio of 1:2 was prepared by acetone assistant
grinding technique and fully characterized. The obtained material ex-
hibited significant enhancement in its physicochemical and powder
characteristics compared to DIA alone. Additionally, this novel eutectic
had superior plastic nature and good tabletability profiles than the
parent drug, which was resulted in directly compressible tablets.
Pharmacokinetic parameters were remarkably improved in case of the
eutectic solid form along with its stable nature. The present study
concluded that multi-component system can make a favorable candi-
date for the pharmaceutical industry with simultaneously enhanced
physico-mechanical properties of poorly aqueous soluble and com-
pressible drugs using direct compression technique.

Fig. 10. In-vitro drug release profiles of raw DIA and DIA-FMA eutectic in powder (A) and directly compressible tablet (B).

Table 6
Pharmacokinetic parameters of DIA and prepared eutectic after single oral dose
administration to Sprague-Dawley rats.

Parameters* DIA DIA-FMA eutectic

Cmax (μg/mL) 35.54 ± 5.72 70.58 ± 4.46
Tmax (h) 2.5 ± 0.92 2 ± 0.82
AUC0–24 h (μg.h/mL) 249.91 ± 152.43 453.11 ± 289.70
AUCtotal (μg.h/mL) 298.60 ± 141.19 528.05 ± 262.63
Frel 1 1.77

*Indicates data shown as mean ± SD, (n = 6).

Fig. 11. Mean plasma concentration-time curves of DIA and DIA-FMA eutectic.
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