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ABSTRACT: The present study illustrates the formation and character-
ization of three different cocrystals of ezetimibe using methyl paraben as a
coformer, employing three different processes, namely, solution crystal-
lization, liquid assisted grinding, and reaction crystallization. Thermal analysis
by differential scanning calorimetry (DSC) and thermogravimetric analysis
were used as a primary analytical tool, followed by spectroscopic and
crystallographic study as a confirmatory analytical tool. Equilibrium aqueous
solubility studies were performed for all cocrystals taking ezetimibe as the
control. The ideal solubility of drug and cocrystals was also calculated using data obtained from DSC (heat of fusion, ΔH, and
transition melting temperature, Tm). The equilibrium aqueous solubility of ezetimibe was enhanced by about 2-fold in the case of
cocrystal prepared by solution crystallization. Cocrystals prepared via reaction crystallization showed solubility that was almost
the same as that of pure ezetimibe. The dissolution profile of all cocrystals, with pure ezetimibe as a control, was studied for 2 h
in defined biorelevant media. Cocrystal II, prepared by a liquid assisted grinding method, showed significant improvement in
solubility at 45 and 120 min, indicating a good dissolution profile. The study demonstrates that pharmaceutical cocrystallization
of ezetimibe with methyl paraben can be a possible and potential alternative and effective approach for improving its solubility.

■ INTRODUCTION

The efficacy of active pharmaceutical ingredients (APIs)
dramatically depends on the physical properties of their solid
form. Dissolution rate, solubility, hygroscopic nature, and
chemical stability are some of the most important factors that
must be considered.1 API can be polymorphic,2 meaning that it
can exist in two or more crystallographic forms. This may
include solvation or hydration products (also known as pseudo
polymorphs) and amorphous forms.3 Cocrystals are like
polymorphic solids, crystalline in nature and composed of
two or more compounds in the same crystal lattice.
Nevertheless, cocrystallization influences the same before
mentioned properties, just like for different polymorphs.4,5 A
large range of intermolecular interactions including electrostatic
interactions (ion−ion, ion-dipole, and dipole−dipole inter-
actions), coordinate bonding (metal−ligand), hydrogen bond-
ing, halogen bonding, π−π stacking, and van der Waals forces
can be responsible when cocrystallization occurs.6 While the
intramolecular interactions bond the atoms in a molecule, the
intermolecular forces minimize the energy of the molecules in
the crystal and are primarily responsible for the formation of
organic crystals.7 The major attractive interactions in most
pharmaceutical crystals are hydrogen bonds and van der Waals
interactions.8 The arrangement of molecules in a crystal
determines its physical properties and, in some cases, its
chemical properties also.9 The physicochemical properties of
the solid drug can affect its performance. Thus, an under-
standing of the crystalline state leads to an understanding of the

drug properties, which is crucial for preformulation and
formulation in the pharmaceutical industry.
This class of pharmaceutical cocrystals has gained large

interest over the past few years since they offer the potential to
eliminate undesirable physicochemical properties without
covalent modification of the API. Moreover, unlike salt forms
of APIs, cocrystal formation is not restricted to an ionizable
(acidic or basic) center on the API and can simultaneously
address multiple functional groups on the API. A relatively large
number of nontoxic compounds with hydrogen bonding
functionalities exist on the generally regarded as safe (GRAS)
list that may act as cocrystal formers in comparison to the
limited number of salt forming counterions in use.10

The presence of multiple functional groups inherent to APIs
affords the opportunity for the design of pharmaceutical
cocrystals. In fact an analysis of the top 100 prescription
drugs11 reveals that 39% of pharmaceutically active ingredients
contains at least one alcohol, and 30% contain at least one
carboxylic acid; this is also consistent with the percentage
alcohol and carboxylic acid moieties in the Merck Index.12

Consequently addressing the ability of these functional groups
to form supramolecular synthons would be of great interest.
The crystal engineering approach for APIs based upon the use
of reliable supramolecular heterosynthons is exemplified by
several series of cocrystals involving carbamazepine (CBZ),13,14

Received: April 23, 2014
Revised: July 11, 2014
Published: July 17, 2014

Article

pubs.acs.org/crystal

© 2014 American Chemical Society 4475 dx.doi.org/10.1021/cg500560w | Cryst. Growth Des. 2014, 14, 4475−4486

pubs.acs.org/crystal


ibuprofen,15 iracetam,16 fluoxetine hydrochloride,17 and itraco-
nazole.18

Ezetimibe (EZE) is a modern hypocholesterolemic drug used
both as monotherapy and adjunctive therapy to diet for the
reduction of elevated total cholesterol (total-C), low density
lipoprotein cholesterol (LDL-C), and apoprotein B (apo B) in
patients with primary hypercholesterolemia (heterozygous
familial and nonfamilial).19 However, this API as per
Biopharmaceutics Classification System, class II drug,20 has
poor water solubility (0.012 mg/mL at 25 °C),21 which leads to
its limited dissolution resulting in poor bioavailability (35−
65%).22

Several researchers have reported the improvement in
solubility/dissolution properties of ezetimibe by complexation
with cyclodextrin,23 solid dispersion,24 and preparing liquid−
solid compacts.25 From the literature, it has been found that a
cocrystal technique is an alternative approach to manipulate the
physicochemical properties of the drug such as solubility,
dissolution rate, stability, and compressibility and to improve
overall performance of APIs without affecting the pharmaco-
logical properties. Ezetimibe has rarely been investigated for its
cocrystallization tendencies. This motivated us to explore the
potential of ezetimibe to cocrystallize in order to improve its
solubility.
The present study is aimed at enhancing the solubility of

ezetimibe by the cocrystal engineering technique. After a
suitable coformer was selected, cocrystals of EZE were prepared
by solution crystallization method (CI), liquid assisted grinding
(LAG) method (CII), and reaction crystallization method
(CIII). The product thereof was characterized by differential
scanning calorimetry (DSC), thermogravimetric analysis
(TGA), Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, and powder X-ray diffraction (PXRD).
After that, the cocrystals were subjected to a solubility and
dissolution study.

■ EXPERIMENTAL SECTION
Materials. Ezetimibe was obtained as a gift sample from Dr.

Reddy’s Laboratory Ltd. Hyderabad, India. Methyl paraben (99%) was
purchased from CDH, New Delhi, India, and the solvents used for
crystallization including methanol were of HPLC grade (Rankem,
India). Analytical chemicals such as acetonitrile and potassium
dihydrogen ortho phosphate were purchased from Rankem, India.
All of these were used as received.
Sample Preparation. Selection of Coformers. Various coformers

such as benzoic acid, salicylic acid, L-proline, valine, glycine, and
methyl paraben were selected from the GRAS list generated by the
U.S. FDA (generally regarded as safe additive chemicals by the Food
and Drug Administration)26

Cocrystal Preparation and Preliminary Screening. Solution
crystallization,27,28 and slurry29 methods were opted to prepare
cocrystals. The first hand information about the existence of new
solid phases was obtained by melting point, as it is a fundamental
physical property of a compound. Digital melting point apparatus
(OPTIMELT, SRS, Germany) was used to determine the melting
points of pure API, coformer, and the solid phase obtained.
The following three methods were used to prepare cocrystal of

ezetimibe with the selected coformer (from the preliminary screening
based on melting point).
Solution Crystallization Method (CI). This is the simplest

technique for air stable samples. Solution crystallization can yield
large, well-formed single crystals, from which one may easily evaluate
crystal habit and surface features. Analysis of the diffraction pattern of
a single crystal is typically the best means of obtaining an absolute
crystal structure determination.30 A molar ratio of 1:1 mixture of
ezetimibe (204.7 mg, 0.5 mmol) and methyl paraben (76.075 mg, 0.5

mmol) was dissolved in a 10 mL solution of methanol in a 20 mL
conical flask. The resulting solution was placed in a water bath (REMI
RSB-12) maintained at a temperature of 35 °C for slow evaporation.
After 2 days, white, very fine needle-shaped crystals were recovered,
filtered, and air-dried.27,28 The crystal size was not sufficient for single
crystal X-ray diffraction analysis.

Liquid Assisted Grinding (LAG) Method (CII). This is a solvent-free
solid state grinding method where the relative solubility of ingoing
component in a particular solvent is not a concern unlike in the case of
the solution crystallization method. Further, the absence of solvent
makes this an inherently “green” approach to form cocrystals by
eliminating large volumes of solvent waste; the minimization of excess
crystallization solvent could help achieve corporate green chemistry
targets.30 A mixture of a 1:1 molar ratio of ezetimibe and methyl
paraben at a total of 1 g was placed in the grinding jar (45 mL) in a
planetary micromill (Fritsch, Germany) with 10 stainless steel balls (5
mm dia). A total of 50 μL of methanol was added in the mixture and
milled for 30 min at an operating frequency of 600 rpm.31

Reaction Crystallization Method (CIII). This is a method for rapid
generation of cocrystals at microscopic and macroscopic scale at
ambient temperature, where nucleation and cocrystallization are
initiated by the effect of the cocrystal components on reducing the
solubility of the molecular complex to be crystallized.31 The saturated
solution of the lesser soluble component (drug) was made in 10 mL of
methanol and filtered, and then the more soluble component (methyl
paraben) was added in an amount just under its solubility limit. The
goal was not to have any excess drug or coformer in the starting
solutions that could be confused as a cocrystal. Furthermore, by not
exceeding the solubility limits of the components, the cocrystal that
precipitated out of solution was pure. Solution concentrations were
monitored by HPLC throughout the crystallization process to evaluate
whether the solid observed appeared to be a complex of the reactants
(cocrystals). The solid precipitate was also collected and analyzed by
HPLC to determine the stoichiometry of the complex. If the solid
appeared to be a cocrystal based on the HPLC results, it was further
characterized by DSC, TGA, and PXRD.32

Differential Scanning Calorimetry (DSC). DSC of all the
samples were conducted using DSC Q10 (TA Instruments, USA)
which was calibrated for temperature and enthalpy using indium.
Samples (3−5 mg) were crimped in nonhermetic aluminum pans and
scanned from 25 to 200 °C at a heating rate 10 °C/min under a
continuously purged dry nitrogen atmosphere (flow rate 50 mL/
min).The data were managed by TA Explorer software.

Thermogravimetric Analysis (TGA). TGA was performed by a
DTG-60 (Shimadzu, Japan) analyzer. The samples (approximately 5
mg) were placed into aluminum pans and heated from 25 to 500 °C at
the rate of 10 °C/min under nitrogen purge at a flow rate of 50 mL/
min. The data were managed by TA-60WS acquisition software.

Fourier Transform Infrared Spectroscopy (FTIR). A FTIR-
8400 S spectrophotometer (Shimadzu, Japan) was employed to collect
the infrared spectrum of drug, coformer, and cocrystals. The IR
absorption spectra of samples were measured over the range of 4000−
600 cm−1. A few milligrams of sample was mixed with 10 times of its
weight of potassium bromide (KBr) and pressed to form a pellet. The
data were analyzed using IR solution software.

Raman Spectroscopy. Raman spectra of pure drug, coformer, and
cocrystals were obtained using a Raman spectrometer (Renishaw plc.)
with 514 nm stabilized diode laser excitation. The laser power at the
sample was approximately 10 mW. A 50× objective lens was used,
giving a laser spot diameter (footprint) of 2 μm at the sample. Spectra
were obtained for a 10 s exposure of the argon detector in the region
3200−100 cm−1 using the extended scanning mode of the instrument.

Powder X-ray Diffraction (PXRD). PXRD patterns were collected
on Bruker AXS D8 Advance Diffractometer system with a Cu Kα
radiation (1.5406 Å). The tube voltage and current were set at 40 kV
and 35 mA, respectively. Each sample was placed on an aluminum
sample holder and measured by a continuous scan between 3 and 80°
in 2θ with a step size of 0.020° and step time 31.2 s. The experimental
PXRD patterns were refined using Diffrac plus software.
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Scanning Electron Microscopy (SEM). The surface morphology
and topography of all three cocrystals were evaluated by scanning
electron microscopy (JSM-6390LV, Jeol, Japan). Before examination,
the samples were mounted onto stubs using double-sided dried
adhesive carbon tape and vacuum coated with gold palladium film
(thickness 2 nm) by sputter coater (Edward S-150, U.K.) to make
them electrically conductive. Representative sections were photo-
graphed.
Solubility Studies. Determination of Cocrystal Stoichiometry.

Stoichiometry via PXRD. The stoichiometry of ezetimibe and methyl
paraben were calculated from the X-ray diffractograms of CI, CII, and
CIII. The peaks with highest intensity of ezetimibe and methyl
paraben were identified. Peaks of cocrystals were fitted with Gaussian
line shapes, and the area under the peak at their respective 2θ value
(highest peak intensity of the virgin crystals) was calculated by
integration.33

Stoichiometry via HPLC Results in the Case of CIII. In the case of
cocrystal prepared through reaction crystallization method (RCM),
the stoichiometry was calculated through analysis of the solid
precipitate left after attainment of equilibrium position [transition
concentration (Ctr)] in the RCM experiment.
Determination of transition concentration (Ctr): Transition

concentration (Ctr) is the solution concentrations ([drug]tr and
[ligand]tr) which separates the region where either the solid cocrystal
or drug are thermodynamically stable.34−39

The measurement of cocystal Ctr values was performed by
precipitating cocrystal as a result of stirring excess solid coformer in
a presaturated drug solution wherein cocrystal occurs though RCM.
A saturated solution of drug (ezetimibe) was prepared in methanol

and to it a known excess amount of coformer (methyl paraben) was
added. The amount of coformer added was based on its solubility limit
in methanol. The solution was stirred on a water bath shaker,
maintained at a temperature of 25 °C for 24 h, and checked for
precipitation of cocrystals. The solid precipitate so obtained was
separated and dried.
Stoichiometry calculation: For calculating, the stoichiometry, a

known concentration (5 μg/mL) of the solid was prepared in
methanol, and the concentration of both the drug and the coformer
was measured by HPLC. The concentrations were determined in
molality units, and their ratio gave the stoichiometry of the cocrystal.
The whole process was performed in triplicate.
Theoretical Calculations. For cocrystal AαBβ, where A is drug and

B is ligand, solubility is described by the chemical equilibrium of solid
cocrystal with solution and the corresponding equilibrium constant
given by40,41

α β⇋ +α βA B A B(solution) (solution)

=
α β

α β

K
a a

a
A(solution) B(solution)

A B (s)

Defining solid cocrystal activity as unity (aAαBβ(s) = 1) and assuming
the activity coefficients (γ) of A and B equal unity for low solute levels,
the above equation reduces to

= α βK [A] [B]sp (1)

where Ksp is the solubility product of the cocrystal. The cocrystal
solubility (SAαBβ

) is given as

α β= α β
α β

α β+S K /A B sp (2)

The saturation solubility of pure drug (ezetimibe), CI, CII, and CIII in
water was determined by suspending an excess amount of material in
water. The solutions were shaken on a water bath shaker at a
temperature of 25 ± 2 °C for approximately 24 h. Samples were then
filtered using a 0.2 μm nylon filter (AXIVA) and analyzed by HPLC. If
necessary, samples were diluted in methanol prior to analysis.
Ezetimibe and methyl paraben solubility was also measured as a

control. The solubility of the cocrystals was calculated using eqs 1 and
2.

High Performance Liquid Chromatography (HPLC). Solution
concentration of ezetimibe and methyl paraben was analyzed by
HPLC (Waters USA) equipped with a UV/vis detector. A C18 Nova-
Pak column 4 μm, 4.6 × 150 mm (Waters, USA) at ambient
temperature with a flow rate of 1 mL/min was used to separate
ezetimibe and methyl paraben. An isocratic method with water (pH
3.0) and acetonitrile mixed in a ratio of 55:45(v/v), respectively, was
opted for quantitative determination of ezetimibe and methyl paraben,
at an optimum wavelength of 248 nm. Sample injection volume was 20
μL. Empower software from Waters was used to collect and process
the data. All concentrations are reported in molality.

Determination of Ideal Solubility from Thermal Behavior. For an
ideal solution, the solute solubility, x (mole fraction), is a function of
the heat of fusion (ΔHm or ΔHs

ideal), melt temperature (Tm), solution
temperature (T) and universal gas constant (R). It is expressed by the
following equation42

χ =
−Δ −H

R
T T

T T
ln

( )
solute
ideal m m

m (3)

where

Δ ≅ ΔH Hm s
ideal

Melting temperature and enthalpy of all the samples including drug
and coformer were obtained from DSC data and put into the above
equation to get the ideal solubility value. To determine the ideal
solubility of cocrystals using the same equation, the melting enthalpy
was first normalized by the cocrystal stoichiometry. The enthalpy of
melting of the cocrystals was the measured value divided by the
number of moles of reactant per mole of cocrystal.

Dissolution Study. The dissolution studies were conducted in 500
mL of 0.45% sodium lauryl sulfate (SLS) in 0.05 M acetate buffer (pH
4.5) in a USP type II dissolution apparatus (Electrolab, India). Paddle
rotation speed was 50 rpm. Ten micrograms of drug or its equivalent
amount of cocrystal was added to the dissolution medium. Time
points were collected for 2 h, and the concentrations of ezetimibe were
analyzed by HPLC. The dissolution profile of the cocrystals was then
statistically analyzed by applying one-way ANOVA followed by
Tukey’s post hoc test.

■ RESULTS AND DISCUSSION

Cocrystal Preparation. The detailed methodology opted
for preparing cocrystals of ezetimibe using selected coformers,
along with the results obtained, is presented in Supporting
Information (Table S1).
A total of nine formulations were prepared, using seven

coformers. It was observed that the melting point of
multicomponent solid form of ezetimibe prepared with methyl
paraben was 109.97 °C, indicating a lower melting point than
either ezetimibe or methyl paraben. The chemical structure of
ezetimibe and methyl paraben is given in Figure 1. The
multicomponent solid form of ezetimibe with L-proline
displayed a melting point of 173.1 °C, which was in agreement
with the findings of Scott et al. (2012).19 These observations
clearly indicated the formation of stable interaction between
ezetimibe and the coformer. After an analysis of 50 cocrystalline
samples, it was documented earlier that 51% cocrystals had
melting points between the API and coformer, 39% were lower
than either the API or coformer, 6% were higher, and 4% had
the same melting point as either the API or coformer.43 The
altered melting points in multicomponent solid forms might be
attributed to noncovalent bonding interaction between API and
coformers, altered packing arrangements, and change in
crystallinity of molecules in the cocrystals. Therefore, methyl
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paraben was selected as a coformer for preparing cocrystals of
ezetimibe by different methods.
Ezetimibe Cocrystal Preparation with Methyl Paraben

As a Coformer. The melting points of CI, CII, and CIII
prepared by solution crystallization, liquid assisted grinding,
and reaction crystallization were 109.97, 111.27, and 109.12 °C,
respectively. In all three cases, a melting point lower than that
of pure ezetimibe or methyl paraben was obtained. Ghosh et al.
reported that the cocrystals of sulfamethazine/3,4-dichloroben-
zoic acid (1:1), sulfamethazine/fumaric acid/acetonitrile
(2:1:1), sulfamethazine/1-hydroxy-2-napthoic acid (1:1), and
sulfamethazine/3-hydroxy-2-napthoic acid (1:1) had a melting

point lower than the melting point of pure drug and respective
coformers.44 In another recent report, Bucar et al. obtained
different cocrystals of caffeine having a lower melting point than
that of pure drug and respective coformers.45

Thermal Analysis (DSC and TGA). Thermal analysis by
DSC and TGA are the primary analytical tools for getting first-
hand information about the existence of a new solid phase. The
DSC thermograms of pure ezetimibe, methyl paraben, and the
cocrystals (CI, CII, and CIII) are shown in Figure 2. The
corresponding TGA patterns of the same are depicted in Figure
3.
The DSC thermograms of pure ezetimibe and methyl

paraben showed single melting endotherm (Tm) at 164.36 and
127.34 °C, respectively. In all three cocrystals, melting
endotherm was lower than that of either drug or cocrystal.
From the TGA study of methyl paraben, it was observed that a
negligible mass loss (2.66%) was obtained in the range of 25−
130 °C, followed by a major mass loss of 96.99% in the range of
130−200 °C. This major mass loss was due to its degradation.
CI showed a single and sharp melting endotherm at a

temperature of 109.97 °C. Further, negligible mass loss
(3.51%) was observed in the TGA scan of CI in the range of
25−130 °C, suggesting that there was no degradation; rather it
was only phase transformation. So it may be concluded that it is
an anhydrous and pure cocrystal phase.
CII showed two melting endotherms at 81.1 and 111.27 °C,

where first peak was broadened with very less intensity. From
TGA study, a negligible mass loss (2.70%) in the range of 30−
100 °C does not correspond to mass loss due to solvent.
Another negligible mass loss (1.84%) seen in the range of 100−
130 °C does not correspond to any degradation of cocrystal
suggesting phase transformation. To check whether two
endotherms correspond to two different polymorphic crystals,

Figure 1. Chemical structure of ezetimibe and methyl paraben.

Figure 2. DSC scans of ezetimibe, methyl paraben, cocrystal I, cocrystal II, and cocrystal III.
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the cocrystal (CII) was heated at 10 °C/min up to 125 °C and
then cooled at 10 °C/min up to ambient temperature then
again reheated up to 250 °C at a same heating rate as shown in
Supporting Information (Figure S1). One exothermic peak
corresponding to recrystallization was observed at 72.73 °C
during cooling cycle. However, in the reheating cycle, the first
endotherm disappeared (81.1 °C) but the second endothermic
peak appeared at the same temperature. It is clear that the
exothermic peak observed at 72.73 °C is not due to the
recrystallization of the polymorphic form I; rather it is due to
the recrystallization of polymorphic form II. Upon heating
polymorphic form I transforms to polymorphic form II as
confirmed by the endothermic peak during reheating cycle.
Similar findings were reported in the case of sulfamethazine/
hydroxy benzoic acid cocrystal and ethenzamide/gentisic acid
cocrystal (solvent system was toluene-acetonitrile 1:1) by
Ghosh et al. and Aitipamula et al., respectively.44,46

CIII showed a single and sharp melting endotherm at 109.12
°C free of any eutectic melting, thus establishing the existence
of pure cocrystal phase. A very negligible mass loss confirmed
the phase transformation of cocrystal.
The heat of fusion (ΔH) of all cocrystals (Figure 2) was less

than that of pure ezetimibe as well as methyl paraben, which
indicates the probability of increased entropy and subsequent
higher solubility of all cocrystals compared to pure ezetimibe.
The mass loss occurred in all cocrystals in two stages. The first
mass loss at a range of 130−200 °C was 19.69%, 22.06%, and
16.24% for CI, CII, and CIII, respectively, which is similar to
mass loss pattern of methyl paraben. The second mass loss at a
range of 250−380 °C was 54.86%, 54.59%, and 24.90% for CI,

Figure 3. TGA of curve of ezetimibe, methyl paraben, cocrystal I,
cocrystal II, and cocrystal III.

Figure 4. (a) FTIR spectra (1500−3900 cm−1) obtained for ezetimibe, methyl paraben, and cocrystals. (b) FTIR spectra (600−1500 cm−1) obtained
for ezetimibe, methyl paraben, and cocrystals.
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CII, and CIII, respectively, which is also similar to the mass loss
pattern of ezetimibe. So, it is clear that the amount of ezetimibe
present in CIII is less as compared to other cocrystals, which
may be reflected in stoichiometric ratio calculation by PXRD.
Fourier Transform Infrared Spectroscopy (FTIR).

Vibrational spectroscopy is an excellent technique to character-
ize and study cocrystallization. The characteristic peaks and
their shift of pure ezetimibe, methyl paraben, CI, CII, and CIII
are tabulated in (Supporting Information (Table S2). The
FTIR spectra of ezetimibe, methyl paraben, CI, CII, and CIII in
the regions of 3900 to 1500 and 1500 to 600 cm−1 are
presented in Figure 4 panels a and b, respectively.
A comparison of spectra reveals that there were several band

shifts occurring between the starting components and CI. The
FTIR spectra for pure ezetimibe and methyl paraben in the
starting material have bands at 3261.74 and 3292.00 cm−1,
corresponding to υ(O−H), respectively. The bands at 1716.70
and 1678.13 cm−1, corresponding to υ(CO), was for
ezetimibe and methyl paraben, respectively. In the case of CI,
bands corresponding to υ (O−H) of both molecules, shifted to
3275.24 cm−1. The band corresponding to υ(CO) of methyl
paraben shifted to 1681.98 cm−1, indicating the formation of
the hydrogen bond between the phenolic hydroxyl group and
carbonyl group (lactum) of ezetimibe with the p-hydroxy group
of methyl paraben.47 The peak at 1435.09 cm−1 (υ(C−O)
enolic) of methyl paraben and the peak at 1444.73 cm−1 of
ezetimibe shifted and then merged with the peak at 1448.73
cm−1 of CI with a relatively higher intensity. The peak at

1444.73 cm−1 [υ (C−N)] of ezetimibe shifted to 1448.59 cm−1,
which is likely due to charge transfer interaction between
tertiary nitrogen of ezetimibe with methyl paraben molecule.
These peak shifts strongly indicated the formation of hydrogen
bond and other weak interactions between ezetimibe and
methyl paraben.
During formation of ezetimibe-methyl paraben cocrystal via

the liquid assisted grinding method (CII), the OH band of
ezetimibe and methyl paraben shifted to a higher wavenumber
by 47 and 16 cm−1, respectively, which was a very significant
shift clearly depicting participation of OH group of both
molecules in hydrogen bond formation. This peak was found to
be sharper than the pure ezetimibe peak. Further, the band at
1354.07 cm−1, corresponding to β(O−H) of pure ezetimibe,
shifted to 1361.79 cm−1. The FTIR spectrum of pure ezetimibe
has strong bands at 1716.70 cm−1, which correspond to υ(C
O) lactam. During crystallization, its intensity was drastically
reduced. In CII, the C−F stretching band shifted to a higher
wavenumber by 13 cm−1, which indicates that the fluorine (F)
atom might be also engaged in formation of a hydrogen bond.
The cocrystal (CIII) of ezetimibe and methyl paraben

prepared by the reaction crystallization process showed the
maximum number of significant changes in FTIR spectrum.
The FTIR spectrum of pure ezetimibe showed a broad peak at
3261.74 cm−1 of strong intensity, corresponding to stretching
of OH group. This peak became narrow and weak in intensity
with a shift toward a higher wavenumber by 18 cm−1. Further,
the carbonyl group (lactam) of ezetimibe and the carbonyl

Table 1. Assignments of Major Bands of Raman Spectra of Ezetimibe, Methyl Paraben, and Their Cocrystal Productsa

ezetimibe methyl paraben cocrystal I cocrystal II cocrystal III assignment48−52

1760.22m 1761.43m 1761vw 1761.38vw υ(CO) lactam
1716.28m 1715.45w 1716.7vw 1716.38vw υ(CO) lactam
1613.64s 1676.15 1675.31 1675.47 1675.47 υ(CO)

1606.83s 1611.09s 1611.63vs 1610.61s υ(CC)ar chain vibrations
1588.92s 1588.92s 1587.16m 1588.18s υ(CC)

1510.56m 1517.7m 1510.56m 1510.12m 1509.09w υ(C−O) phenolic
1431.84s 1432.72vw 1431.2m 1434.33vvw υ(C−N)
1403.55w 1404.43s 1402.95s 1402.95vvw δ(CH2)
1370.64w 1369.75 1370.37 1369.32 (O−H) i.p. bend
1341.11w 1338.42vvw 1342.94vw 1341.88vw β(O−H)
1316.83m 1311.42m 1311.42w 1312.22w 1311.16m υ(C−O)c
1292.43m 1292.02 1287.76 (CC)ar

1281.54s 1281.54vvw 1281.36w 1282.43m υ(C−O)
1272.46w 1272.83w 1272.83w υ(C−O)

1234.12w 1232.29w 1232.15w 1234.3w υ(C−O)
1214.85s 1214.85w 1214.96s 1216.03vw υ(C−F)
1183.49w 1182.56w υC−O (H)
1168.66 1167.74
1158.45s 1159.38s 1159.38s 1159.87s 1159.87s υ(CC)ar chain vib.

1121.13w 1118.32vvw 1121.83vvw 1121.83vw υ(C−O−C) asym
948.913m 948.913w 947.62w 949.851vw β(C−H)
860.186s 856.252s 857.236m 857.839m 860.097m υ(C−C)
838.515s 836.54vw 838.622m 837.49vvw υ(C−C)
821.709w 821.709w 821.626m 822.76vvw υ((C−H))

829.624w 828.63w 829.562w
734.886w 734.886vw 737.214vw 734.92vw CH2 rock
699.565m 700.578 700..421 700.421 υ(CC) al. chain vib.
635.413m 636.437m 636.167m 636.167w
397.95m 397.95 397.199 397.199 δ(CC) aliphatic chains

as, strong; m, medium; w, weak; vw, very weak; vvw, very very weak; υ, stretching; β, in plane deformation; δ, bending; ϕ, phenyl; i.p., in plane; ar,
aromatic; asym, asymmetric; vib, vibration; def, deformation.
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group of methyl paraben showed a shift to higher wavenumber
by 14 and 5 cm−1, respectively. It indicates that there is a
electrostatic repulsion between the lone pair of electrons
present in carbonyl group of both the drug and coformer. In
this cocrystal (CIII) only, the band at 1444.73 cm−1

corresponding to υ (C−N) got shifted to 1448.59 cm−1,
which is similar to CI.
Raman Spectroscopy. FTIR and Raman spectroscopy are

complementary techniques for characterizing of solid forms of
drugs.43 Solid samples isolated from screening experiments can
be mixtures and have poor crystal quality. Relying only on one
technique may not provide enough evidence to confirm a
potential hit. However, by comparing data for the screening
samples from spectroscopic tools, a more informed determi-
nation may be achieved. These spectroscopic techniques can
provide evidence for cocrystal formation by evaluating the
intermolecular interactions. Additionally, Raman spectroscopy
may be used in the identification of polymorphism, since
different vibration modes can be associated with modifications
in molecular packing in crystalline solids.43 These differences
are observed mainly in low-frequency, which may arise due to
lattice vibration that is more sensitive to structural changes in
solid state.48 The assignment for the most prominent
vibrational bands of ezetimibe, methyl paraben, CI, CII, and
CIII are listed in Table 1 presented in Figure 5a,b.
The molecular interaction between ezetimibe and methyl

paraben was examined by Raman spectroscopy, and the
vibrational wavenumbers and assignments are listed in Table
1. The Raman spectra of pure ezetimibe in the starting material
have bands at 1760.22, 1716.28, and 1431.84 cm−1,
corresponding to υ(CO) lactam, υ(CO) lactam, and

υ(C−N), respectively. During the cocrystallization of ezetimibe
and methyl paraben, these bands in the cocrystal (CI) were
shifted to 1761.43, 1715.45, and 1432.72 cm−1. A significant
decrease in the intensity was observed in υ(C−N). Similarly,
intensity of υ(CO) lactam also decreased. Further, the peak
of carbonyl stretching in methyl paraben also shifted,
suggesting that CO is participating in hydrogen bonding.
The hydroxyl group also seemed to be participating in
hydrogen bonding. The band for β(O−H) of pure ezetimibe
showed a shift to a lower wavenumber by 4 cm−1.
A comparison of the spectra reveals that there are several

band shifts occurring between the individual components and
the cocrystal (CII). During the formation of cocrystals, the
bands at 1341.11 and 1234.12 cm−1 depicting β(O−H) and
υ(C−O)h shifted to 1342.94 and 1232.15 cm−1, respectively
with decreased intensity. It depicts that the hydroxyl group is
engaged in hydrogen bonding.
CIII, prepared by reaction crystallization, showed the

maximum number of band shifts as compared to other two
cocrystals. It is in agreement with the FTIR results, thereby
giving strong evidence of formation of new supramolecular
synthon in cocrystal. The Raman spectra of pure ezetimibe
showed band at 1431.84 cm−1 of strong intensity corresponding
to stretching of C−N of lactam ring. This band showed a shift
of 3 cm−1 with a significant decrease in its intensity, indicating
possible Coulombic interaction between the nitrogen atom of
ezetimibe and oxygen atom of methyl paraben. The band
corresponding to stretching of C−F in ezetimibe got shifted to
higher wavenumber by 2 cm−1. The peak obtained was very
weak, as compared to strong intense peak in pure ezetimibe,

Figure 5. (a) Raman spectra (1100−1800 cm−1) obtained for ezetimibe, methyl paraben and cocrystals. (b) Raman spectra (600−1100 cm−1)
obtained for ezetimibe, methyl paraben and cocrystals.
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indicating that fluorine is also participating in hydrogen
bonding.
Powder X-ray Diffraction (PXRD). Powder X-ray

diffraction is a fingerprint characterization method for
cocrystals. If the resulting PXRD of the solid product obtained
after cocrystallization experiment is different from that of the
reactants, then it may be inferred that a new solid phase has
formed. PXRD is a powerful technique for determining the
presence of polymorphs, crystal habit modifications in drug
crystals, and/or generation of new crystal form during
cocrystallization process.53

The PXRD pattern of ezetimibe exhibited characteristic
reflections at about 2θ 15.70°, 17.11°, 18.56°, 19.24°, 21.63°,
22.67°, 23.24°, 24.19°, 25.10°, 28.04°, and 32.76°. Similarly, the
PXRD pattern of methyl paraben exhibited characteristic
reflections at about 2θ 21.23°, 23.23°, 25.08°, and 36.56°.
The major peak with 100% intensity had reflections at 2θ of
19.24° and 25.08° in ezetimibe and methyl paraben,
respectively. As shown in Figure 6, unique PXRD patterns of
the cocrystals distinguishable from the host (drug) and the
guest (coformer) were noted.

The PXRD pattern of CI exhibited characteristic reflections
at about 2θ 13.91°, 15.77°, 17.11°, 18.60°, 19.34°, 20.74°,
21.66°, 22.77°, 23.44°, 24.50°, 26.25°, 27.71°, 28.15°, 29.78°,
31.18°, 33.40°, and 36.28°. The most intense peak was at
reflection 2θ 19.34°. These peaks were significantly different
from the parent components, which indicated that CI is a
unique with respect to pure ezetimibe. Major peaks at 25.11°
and 32.76° of pure ezetimibe were missing in the cocrystal
phase, whereas, peaks at 31.18° and 39.31° were observed.
The PXRD pattern of CII exhibited characteristic reflections

at about 2θ 18.99°, 19.33°, 19.79°, 19.80°, 20.63°, 21.04°,
22.60°, and 24.97°, which were significantly different from
either of ezetimibe or methyl paraben. The absence of peaks,
characteristic of pure ezetimibe and methyl paraben in the
PXRD pattern of CII implies it to be pure and homogeneous
cocrystal sample. Newer peaks, with significant intensities were
observed at 18.99° and 20.64°. The most intense peak was
obtained at 19.80°.
The PXRD pattern of CIII exhibited characteristic reflections

at about 2θ 13.70°, 16.50°, 19.15°, 21.14°, 22.71°, 24.90°,
25.92°, 26.86°, 34.90°, 36.12°, 41.39°, and 53.45°. The PXRD
pattern so obtained was very unique compared to the two

earlier cocrystals. The intensities of all the peaks were reduced
drastically. No major peaks were seen except the most intense
peak at 36.12°. The absence of characteristics peaks of
ezetimibe and methyl paraben clearly indicates the cocrystal’s
uniqueness and purity.
It can be seen that the cocrystals exhibited spectra with

different peak positions (patterns) from their respective host
and guest crystals possessing different crystallographic
structures with significant habit modification. Further, the
relative intensities of their PXRD peaks were modified, which
might be attributed to the different crystal habits14 and
arrangement of molecules indicating formation of new crystal
forms. This was also strongly supported by the melting points
observed for the cocrystals, which were completely different
from their respective host and guest crystals as discussed earlier.

Scanning Electron Microscopy (SEM). Figure 7a−c
shows the SEM overview of all the three cocrystal samples
CI, CII, and CIII. The particles of sample CI appear to be
mainly tetragonal and rod-shaped. The particles of CII on the
other hand have no fixed geometry, although it is clear that the
average particle size of the sample CII is quite less than that of
CI. An important point worth noting here is that particles of
both the samples CI and CII have nonspherical geometries and
hence a larger surface compared to spherical particles. This may
be because sample CII was prepared by high energy ball
milling, which is a very high entropy synthesis route, and hence
particles formed are mostly nonspherical and quite small. The
particles of sample CIII are much bigger in size with average
size of about 12 μm. The particle sizes and shapes seen in the
electron micrographs completely complement the results of our
dissolution study. We have determined in our dissolution study
that the rate of dissolution for sample CII is highest, and for the
sample CIII, it is lowest. This can be easily understood by
examining the electron micrographs of CII. The particle size of
CII is the smallest among the all three cocrystals. Further due
to nonsphericity, the surface to volume ratio is much higher
than the sample CIII. Both these factors add up in increasing its
dissolution rate. Further, due to a larger particle size of the
sample CIII, its dissolution rate is lowest among the three
cocrystals.

Solubility Studies. Determination of Cocrystal Stoichi-
ometry. Stoichiometry of Cocrystals via PXRD. The
stoichiometry of ezetimibe and methyl paraben were calculated
from the X-ray diffractograms of CI, CII, and CIII. The most
intense peak of ezetimibe and methyl paraben was obtained at a
reflection of 2θ, 19.24° and 25.08°, respectively. Stoichiometric
(ezetimibe/methyl paraben) ratios were 1.35, 2.70, and 1.0 for
CI, CII, and CIII, respectively, as given in Supporting
Information (Table S3). The amount of ezetimibe present in
CIII is less as compared to other two cocrystals. It may be
confirmed from the mass loss data (24.90%) of CIII in the
range of 250−380 °C, which corresponds to the mass loss of
ezetimibe as shown in TGA data (Figure 3).

Stoichiometry via HPLC Results in the Case of CIII. The
transition concentration values of drug and the coformer
measured at the invariant point where two solid phases (drug
and cocrystal) are in equilibrium with organic solution. The
stoichiometric ratio of ezetimibe and methyl paraben in
cocrystal III was 0.97:1. This result was found to be in good
agreement with the stoichiometry obtained from PXRD
quantification.

Measurement of Equilibrium Cocrystal Solubility. The
equilibrium solubility ([drug]Scc/Sdrug) values of ezetimibe and

Figure 6. PXRD patterns of ezetimibe, methyl paraben, and cocrystals.
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its cocrystals is shown in Table 2. Solubility product of cocrystal
(Ksp), and equilibrium solubility values of cocrystals, that
represent nonionized drug and coformer in solution, was
calculated according to eqs 1 and 2, respectively. Solubility of

cocrystals were multiplied by the stoichiometric coefficient to
provide the associated drug concentration and normalized with
the relevant stable crystalline drug solubility to provide
solubility ratios [drug]Scc/Sdrug. Solubility ratios emphasize the
magnitude of change in solubility achieved by various cocrystals
and facilitate comparisons between different cocrystals.
The cocrystals of ezetimibe and methyl paraben studied

showed a maximum of about a 2-fold increase. The solubility
ratios were 1.78, 1.42, and 0.94 for CI, CII, and CIII,
respectively. The solubility of the cocrystals may be increased
and/or decreased. It depends on the crystal density and
strength of the hydrogen bond synthons. Higher crystal packing
leads to increased stability vis-a-vis lower solubility.54 It was
evident from FTIR and Raman spectra study that stronger
hydrogen bonding occurred in the case of cocrystal III (CIII),
which leads to its lower solubility. Clearly, an enhanced
solubility was seen in all the cocrystals as compared to pure
drug alone except in CIII.

Determination of Ideal Solubility from Thermal Behavior.
Ideal solubility values of cocrystals, derived from the melting
enthalpy and temperature of crystals, are listed in Table 3.
Experimental cocrystal aqueous solubility was not well

correlated with ideal values derived from the melting enthalpy
and temperature of the cocrystals. The ratios of experimental
aqueous solubility to ideal solubility are listed in Table 3 to
emphasize these deviations. In the case of drug and coformer
also, no correlation between ideal and experimental solubility
was observed. Therefore, it can be suggested that crystal fusion
properties are not sufficient for predicting cocrystal solubility.
The solution chemistry of cocrystals appears to be critical for
describing solubility behavior.55 The results further illustrate
that melting properties associated with the breaking of the
crystal lattice are not sufficiently predictive of cocrystal
solubility relations that involve solvent interactions. Ratios of
the ideal cocrystal and ideal drug solubilities listed in Table 3
were on a similar order of magnitude to the solution
measurements, except in CIII, which showed the highest
magnitude.
The thermodynamic ideal solubility seems to more

adequately quantify the relative change between cocrystal and
drug than absolute solubility values. The cocrystal studied
showed that solvent−solute interactions dominate over lattice
energies in water.

Dissolution Study. The solubility advantage of cocrystals has
been shown to correlate with increased dissolution and
bioavailability. Ezetimibe cocrystal solubility was greater than
ezetimibe. Therefore, in order to assess whether this solubility
advantage correlates with increased dissolution, in vitro release
study was performed in biorelevant media at pH 4.5. Table 4
shows the dissolution data of pure ezetimibe and its cocrystals

Figure 7. Scanning electron microscopy images of (a) cocrystal I (CI),
(b) cocrystal II (CII), and (c) cocrystal III (CIII).

Table 2. Cocrystal Component Solubilities and Calculated Cocrystal Ksp Values, Solubilities, and Solubility Ratiosa

cocrystal A:B cocrystal stoichiometry (drug−ligand)
C [drug] (m)
(mean ± S.D.)

D [coformer] (m)
(mean ± S.D.) E Ksp

b
F cocrystal

solubility (m)c

G solubility
ratio

[drug]Scc/
Sdrug

CI 1.35:1 1.84 × 10−6 ± 2 × 10−7 1.13 × 10−10 ± 2 × 10−5 1.53 × 10−11 2.10 × 10−5 1.78
CII 2.7:1 2.36 × 10−6 ± 3 × 10−6 8.04 × 10−12 ± 4 × 10−4 4.17 × 10−18 8.38 × 10−6 1.42
CIII 1.0:1 2.07 × 10−6 ± 2 × 10−7 2.25 × 10−10 ± 9 × 10−6 2.25 × 10−10 1.49 × 10−05 0.94

aSolubility of drug was determined experimentally to be Sdrug = 1.59 × 10−5 (m). bKsp units are in m2.35, m3.7, and m2 for C I, C II, and C III,
respectively. cCalculated using eq 1. Indicated values reflect HPLC measurement of dissolved cocrystals. Calculations: E = [C]A[D]E, F = [E/(AABB)
]1/(A+B), G = (A*F)/ Sdrug.
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in 0.45% sodium lauryl sulfate (SLS) of acetate buffer (pH 4.5)
at 37 ± 0.5 °C. The dissolution curves of pure ezetimibe alone
and cocrystals in 500 mL of 0.45% sodium lauryl sulfate (SLS)
in 0.05 M acetate buffer (pH 4.5) are shown in Figure 8.

The dissolution profiles of all cocrystals, with pure ezetimibe
as a control, were studied for 2 h in defined biorelevant media.
The release data, dissolution efficiency (DE%) (Supporting
Information Table S4) at different sampling times of all
cocrystals were statistically analyzed using one-way ANOVA
followed by Tukey’s posthoc analysis at a significance level of
95% (p < 0.05). The statistical analysis of %CDR values
revealed a significant improvement in dissolution profile of
ezetimibe at 15 min (%CDR15) in all three cocrystals (p <
0.05). Similarity factor of three cocrystals were calculated with a
reference of pure ezetimibe %CDR (Supporting Information
Table S4). The cocrystal CII, prepared by liquid assisted

grinding method, showed significant improvement in dis-
solution at 45 and 120 min, indicating a good dissolution
profile. Moreover, CII showed a release of 85.56% drug in 120
min, highest among all. This result is in good agreement with
the thermal behavior of CII. From the DSC result, it is clear
that CII contains two polymorphic crystals. The peak melting
temperature of one polymorph was at about 81.1 °C. Peak
melting temperature (Tm) is an indicator of thermostability and
generally the higher the value of Tm, the more thermodynami-
cally stable is the molecule and vice versa.46 The release of pure
drug was about 68% in 120 min. CII exhibited enhanced drug
release at each time point than CI, despite having less solubility
than the latter, thus showing some deviation from the solubility
values. CIII, on the other hand, followed a similar pattern of
drug release to that of pure drug after 15 min, which might be
because of rapid transformation to the original crystal of drug.
The faster dissolution of ezetimibe from cocrystals might be
accredited to altered crystallinity pattern, size and shape, and
crystal habit of the cocrystal, which led to improved solubility
of cocrystals in dissolution media. Further, higher association
between ezetimibe and coformers also might have contributed
for enhanced dissolution of drug from CI and CII.

■ CONCLUSION
The present study illustrated the formation and characterization
of three different cocrystals of ezetimibe using methyl paraben
as a coformer, employing three different processes, namely,
solution crystallization, liquid assisted grinding and reaction
crystallization. DSC results show that the entirely different peak
melting temperature was observed in all three cocrystals,
indicating the formation of a new solid phase. FTIR and Raman
spectroscopy study reveals that the new solid form is the result
of weak electrostatic interaction between drug and coformer.
From the PXRD study, it is clear that the crystal habit of both
the drug and the coformer has been modified. Equilibrium
solubility study and dissolution study of the cocrystals reveal
that the cocrystals of ezetimibe and methyl paraben can a
possible and potential alternative and effective approach for
improving its solubility.

■ ASSOCIATED CONTENT
*S Supporting Information
Table S1. Preliminary screening of coformers. Table S2. FTIR
spectral band assignment of ezetimibe, methyl paraben, and
their cocrystal products. Table S3. Stoichiometric calculation
from area under the peak of different cocrystals. Table S4.
Dissolution efficiency percent and similarity factor of CI, CII,
CIII, and pure ezetimibe. Figure S1. Differential scanning
calorimetry of cocrystal II (heating up to 125 °C, then cooling

Table 3. Melt Temperature and Enthalpy Used in Calculation of Ideal Solubility and Comparison with Experimental Solubility
Values

exp aqueous solubility
(m)a

ideal solubility
(m)b Tm (°C)

ΔHm
c

(kJ/mol)
aqueous solubility ratio

(exp/ideal)
ideal cocrystal solubility ratio

(cocrystal/drug)

EZT 1.59 × 10−05 15.75 164.36 38.58 1.01 × 10−06

MP 1.70 × 10−05 9.78 127.34 25.29 1.74 × 10−06

C I 1.84 × 10−06 4.51 109.97 28.47 4.08 × 10−07 0.28
C II 2.36 × 10−06 3.43 111.27 33.96 6.89 × 10−07 0.21
C III 2.07 × 10−06 6.10 109.12 32.92 3.39 × 10−07 0.39
aMeasured solubility for anhydrous samples. bIdeal solubility calculated from eq 3 using melt temperature and heat of fusion. Mole fractions were
converted to molality units in water. cThe enthalpy of melting for cocrystals is normalized by moles of component molecules(drug + coformer) per
mole of cocrystal. All solubility values are expressed in molality units in water.

Table 4. Dissolution Data of Pure Ezetimibe and Its
Cocrystals in Acetate Buffer (pH 4.5) at 37 ± 0.5 °C

%CDR15
a ± SD %CDR45

a ± SD %CDR120
a ± SD

ezetimibe 42.55 ± 1.66 61.64 ± 3.35 68.55 ± 3.25
cocrystal I 60.50 ± 1.65b 64.93 ± 0.59 76.59 ± 2.98
cocrystal II 69.47 ± 1.66b 73.89 ± 0.60b 85.56 ± 2.98b

cocrystal III 51.53 ± 1.66b 61.64 ± 3.34 68.82 ± 3.41
aIndicates ± SD, (n = 3); SD: standard deviation; %CDR15, %CDR45,
%CDR120: percentage cumulative drug released in 15, 45, and 120
min; bSignificant difference compared to pure ezetimibe, i.e.,
significant (p < 0.05).

Figure 8. Dissolution curves of ezetimibe and its cocrystals. CI
(solution crystallization method); CII (liquid assisted grinding
method); CIII (reaction crystallization method).
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up to ambient temperature, and again heating up to 250 °C).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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a b s t r a c t

The aim of this study was to enhance the dissolution and bioavailability of telmisartan (TLM), a poorly
water soluble drug by co-milling approach. Physical mixtures of TLM and poly(vinyl alcohol) (PVA) were
co-milled in a planetary micro mill in a dry condition by varying process parameters such as drug to
polymer weight ratio, ball-to-powder weight ratio, and rotational speed. The co-milled products offered
cumulative percentage dissolution of TLM above 75% in 30 min (CG 1 and CG2). These samples were char-
acterized using field emission scanning electron microscopy (FE-SEM), powder X-ray diffraction (PXRD),
differential scanning calorimetry (DSC) and Raman spectra analysis. Well-dispersed acicular shaped par-
ticles of TLM were observed in co-milled products. A mixture of crystalline and amorphous TLM with a
particle size less than 1 lm was present in CG1. The particle size of TLM observed in CG2 was less than
2 lm. In addition to crystalline and amorphous form of TLM, defective/disordered crystals of TLM were
also present in CG 2. Therefore, CG2 tablets exhibited poor stability. CG 1 tablets were found to be stable
under accelerated stability test conditions. The relative bioavailability of TLM of CG 1 containing tablets
in comparison with Micardis� was 93.92 ± 12.84% (in rabbits). Thus, co-milling of TLM with PVA proves
to be a promising ‘‘alkalinizer free green approach” to ensure the dissolution and bioavailability of poorly
water soluble TLM.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Telmisartan (TLM), an angiotensin II receptor antagonist is
widely prescribed for the treatment of hypertension [1,2]. It is crys-
talline in nature and belongs to biopharmaceutic classification II
(poorly soluble and easily permeable) [3–5]. TLM is available in
its free acid form and is readily ionizable in an alkaline pH. Thus,
incorporation of alkalinizers such as sodium hydroxide, potassium
hydroxide, and meglumine, into the dosage form of TLM (tablets),
ensures its aqueous solubility and enhances its dissolution [6–8].
Most of these alkalinizers are corrosive in nature and can destroy
body tissues on contact [9]. A study conducted by Tran et al.
(2011) reported about the gastrointestinal adverse effect of Micar-
dis� (Boehringer Ingelheim Pharmaceuticals, Inc.) onmale Sprague-
Dawley rats [10]. The results of the study showed that, Micardis�

can cause disruption and degeneration of the duodenal and jejunal
mucosal tissues, due to the presence of corrosive alkalinizer/s in
this formulation. Most of the other techniques reported enhance-
ment of dissolution of TLM are known to utilize organic solvents
and therefore, are not environmental friendly [10–23]. Thus, the

aim of this work was to enhance the dissolution of TLM and thereby
ensure its bioavailability, without the incorporation/use of any of
the alkalinizer and/or organic solvents.

One of the simplest environment friendly approaches to
improve the dissolution of any drug particle is to reduce its particle
size. Particle size reduction increases the surface to volume ratio of
the particle and thereby increases the dissolution rate [24–27].

Particle size reduction of TLM was performed using a planetary
micro mill. The cumulative percentage release (CPR) of TLM from
tablets prepared using milled TLM was 50.11 ± 3.36% at 30 min
and achieved saturation point. This was due to the fact that cluster-
ing/aggregation of particles of milled TLM results in reduction of
effective surface area for dissolution (Supporting information –
Preliminary Study 1 and Figs. S1–S4). Hydrophobicity of its surface
also contributed to poor wettability. Milled TLM also exhibited
poor processing properties (difficult to pour, adhesion to the wall
of the jars during processing, etc.). Co-milling of active pharmaceu-
tical ingredient (API) with hydrophilic polymers can be employed
to overcome the difficulties associated with particle size reduction
of only API and this has been reported for a number of APIs
[28–39]. Zhong et al. reported the use of polymers such as
polyethylene glycol 6000, polyvinyl pyrrolidone k30, poloxamer
188, hydroxy propyl b-cyclodextrin, microcrystalline cellulose
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and chitosan for cogrinding with TLM. From the study, it was con-
cluded that only chitosan can solubilize TLM, owing to its ability to
create an alkaline micro-environmental pH on the surface of the
drug particle [40].

In this study, poly(vinyl alcohol) (PVA), a biocompatible hydro-
philic polymer was selected as a co-milling excipient. PVA exhibits
better hardness in its solid state and resistant to abrasion [41,42]. It
is biodegradable, nontoxic and environmental friendly. The poten-
tiality of PVA as a co-milling excipient for the improvement of the
dissolution of poorly water soluble drug/s has not been reported
till date.

2. Materials and methods

2.1. Materials

Polymorph A of Telmisartan (TLM), 99.7% pure was provided by
Unichem Laboratories Ltd. (Himachal Pradesh, India) as a gift sam-
ple. Physicochemical properties of telmisartan (Polymorph A) are
enlisted in Supporting Information Table. S1. Poly(vinyl alcohol)
(PVA) (87–90% hydrolyzed, average molecular weight 30,000–
70,000) was purchased from Sigma–Aldrich Co., USA. All other
excipients and chemicals utilized in this study were either of phar-
maceutical or of analytical grade and were used as received.

2.2. Methods

2.2.1. Ball milling
Physical mixtures of TLM and PVA were prepared by blending it

in specified drug/polymer (D/P) ratios (12.5/87.5 w/w, 25/75 w/w
and 50/50 w/w) in a mortar. In each case, 2 g of the physical mix-
ture was loaded into a planetary micro mill (Fritsch GmbH Pul-
verisette 7, Idar-Oberstein, Germany), equipped with stainless
steel jar and balls (weight and diameter of the each ball were
500 mg and 5 mm, respectively). The ball to powder weight ratio
(BPR) and rotational speed were varied from 5:1 to 20:1 and 300
to 600 rpm, respectively. The duration of milling was specified in
batch process (between 0.5 h and 9 h). In order to avoid possible
overheating of the container, pause periods of 10 min were given
after every 0.5 h of milling. Milling was performed under normal
atmospheric condition. The TLM and PVA powders were also
milled separately in the same equipment under the same condi-
tions. All the products were stored in a desiccator until used.

2.2.2. Preparation of tablets
Tablets of TLM, milled TLM, physical mixtures (PMs) and co-

milled products (CGs) containing TLM (equivalent to 40 mg) were
prepared by blending it with starch (33% w/w) and directly com-
pressible lactose (33% w/w). Then the powder blend was passed
through 22 mesh screen. The homogeneity was ensured by blend-
ing uniformity study. Tablets were compressed using a rotary
tablet compression machine (Cadmach, Ahmadabad, India). The
diameter of the punch used was 13 mm. The tablet hardness was
adjusted to 4 kg/cm2. Tablet hardness was measured using Mon-
santo hardness tester (Campbell electronics, India).

2.2.3. HPLC analysis of TLM
The amount of TLM in the samples was measured by HPLC

(Knaur, Germany) method. Analysis was performed by Eurospher
100-5, C-18 column (250 mm � 4.6 mm, 5 l) at 1.0 mL/min flow
rate with a mixture of 10 mM phosphate buffer:methanol (35:65
(v/v)) as mobile phase at 296 nm. The same HPLC method has been
developed and validated for the quantitation of TLM (aceclofenac
as an internal standard) from rabbit plasma. Plasma calibration

curve showed excellent linearity with R2 = 0.99 over the range of
20–1000 ng/mL.

2.2.4. Dissolution tests
The dissolution rates of tablets containing PMs (12.5/87.5 w/w,

25/75 w/w and 50/50 w/w) and corresponding CGs were investi-
gated using type II USP dissolution test apparatus (TDT-08L Disso-
lution tester, Electrolab, Mumbai, India), in 900 mL 10 mM
phosphate buffer solution (pH 6.8) at 37 ± 0.5 �C with a rotational
speed of 75 rpm. The dissolution profile of the final products (CG
1 and CG 2 tablets) was compared to the dissolution profile of
the reference product (Micardis�) by model independent mathe-
matical approach as proposed by Moore and Flanner [43]. The sim-
ilarity factor (f2) values and dissolution efficiency (DE %) of tablets
containing CG 1 and CG 2 in comparison with Micardis� tablets
were calculated at 60 min [44]. The dissolution study of CG1 tablet,
CG2 tablet and reference product (Micardis�) was also performed
in 0.1 N HCl and phosphate buffer pH 4.5 for better understanding
of the effect of medium on rate of dissolution.

2.2.5. Characterization of CGs
2.2.5.1. Particle characteristics by field emission scanning electron
microscopy (FE-SEM). The morphology of the TLM, milled TLM, PM
1, CG 1, PM 2 and CG 2 was examined by FE-SEM (Supra 55; Carl
Zeiss, Germany) under different magnifications (5 K, 10 K, 20 K,
40 K and 60 K). The samples were coated with platinum to increase
the conductivity of the electron beam. The operating conditions
were at an accelerating voltage of 4 kV, with a working distance
of 5–6 mm at a spot size of 45. In each case, size of 300 particles
was measured by using ImageJ software (NIH, USA) [45].

2.2.5.2. Optical contact angle (OCA) and surface free energy (SFE)
measurement. Wettability of TLM, milled TLM, PVA, PM 1, CG 1, PM
2 and CG 2 was determined by contact angle measurement, using a
video based contact angle meter OCA 20 (DataPhysics, Germany),
attached to a camera. Before measurement, the samples were pre-
pared by making flat surface compacts of powder. Compacts of
powder were prepared by using a hydraulic press (Technosearch
Instruments, India) at a pressure of 100 kg/cm2 for a time period
of 15 mins. The size of the die used was 13 mm. Millipore� grade
distilled water (liquid surface tension (c1) = 72.8 mJ/m2) was used
as the wetting liquid. The number of replicates was three. The sur-
face free energy (SFE) was calculated using equation of state,
Schultz Method-2, by means of Data Physics SCA20 software (Ver-
sion 2.01).

2.2.5.3. Phase solubility study. The phase solubility study of TLM
from PM 1, CG 1, PM 2 and CG 2 was performed according to the
method described by Higuchi and Connors [46]. Samples were
placed in 100 mL volumetric flask containing 25 mL of phosphate
buffer pH 6.8. The flasks were placed in a water bath-shaker (Remi
Instruments, India) maintained at 37 ± 0.5 �C for 24 h. 5 mL of the
supernatant from each flask was withdrawn and filtered through
0.22 lm nylon membrane filter. These filtrates were then diluted
suitably and the concentration of TLM in each case was analyzed
by HPLC method.

2.2.5.4. Analysis of solid state changes of TLM.
2.2.5.4.1. Powder X-ray diffraction (PXRD). PXRD pattern of TLM,
PVA, PM 1, CG 1, PM 2 and CG 2 (300 mg each) (under size material
of 60 mesh) was recorded to determine the crystallinity changes
and/or polymorphic transformations if any, by using an X-ray
diffractometer (Bruker AXS D8 Advance, Configuration: Vertical,
Theta/2 Theta geometry; Rheinstetten, Germany). X-ray source
was Cu, wavelength 1.5406 Å, detector: Si (Li) PSD. The diffrac-
tograms were recorded at a scanning speed of 2�/min and a chart
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speed of 2�/2 cm per 2 theta and the angular range fixed was from
3� to 80�.
2.2.5.4.2. Thermal analysis. Differential scanning calorimetry (DSC)
of all the samples was performed using a DSC-60 instrument (Shi-
madzu). The thermograms were recorded at a heating rate of 10 �C/
min in the range of 25 �C to 300 �C in a nitrogen atmosphere (flow
rate 20 mL/min) using TA60-WS software (Shimadzu).

Thermo gravimetric analysis (TGA) was performed using a DTG-
60 instrument (Shimadzu) at a heating rate of 10 �C/min from 10 �C
to 550 �C in a nitrogen atmosphere (flow rate 20 mL/min) using
TA60-WS software (Shimadzu).
2.2.5.4.3. Raman spectroscopy. Raman spectra of all the samples
were obtained using a Raman microscope (Renishaw plc) with
785 nm stabilized diode excitation. The lower power at the sample
was approximately 10 mW. A 50� objective lens was used, giving a
laser spot diameter (foot print) of 2 lm at the sample. Spectra were
obtained for 10 s exposure of the argon detector in the region
3200–50 cm�1, using an external scanning mode of the instrument.
2.2.5.4.4. Drug–polymer interaction study by Fourier transform
infrared (FT-IR) spectroscopy. FT-IR spectra of all the samples were
measured using an FTIR-8400S instrument (Shimadzu, Kyoto,
Japan). A small amount of each material was triturated with KBr
(1 weight% drug content) and placed into a sample holder for anal-
ysis. The spectrum was scanned over a range of 400–4000 cm�1 at
a resolution of 2 cm�1 with scan speed of 64 scan/s and was
recorded by using IRSolution software (Shimadzu, Kyoto, Japan).

2.2.6. Stability study
The tablets containing CG 1 and CG 2 were subjected to acceler-

ated stability study as per International Conference on Harmoniza-
tion (ICH) guidelines (Q1E, Step4) at 40 ± 2 �C/75 ± 5% relative
humidity in stability chamber (Thermolab Scientific Equipments,
India) [47]. The CGs were also subjected to stability studies under
the same conditions. The samples were withdrawn after 180 days
and evaluated for different parameters viz; appearance, drug con-
tent and the in-vitro drug release. The DSC study and PXRD study of
the CGs were carried out to check physicochemical stability of TLM
under stressed condition.

2.2.7. Statistical analysis
Statistical test such as Kruskal–Wallis was applied for compar-

ison among various treatment groups in all cases by GraphPad
Prism� software (Version 5.0, GraphPad Inc., USA) [48]. Differences
in rank sum of the means of individual groups were performed
using Dunn’s Multiple Comparison test. A significance level of
p < 0.05 was denoted in all cases.

2.2.8. In-vivo pharmacokinetic study
A single-dose pharmacokinetic study was conducted on white

albino rabbits in accordance with the protocol approved by the
Institutional Animal Ethics Committee (CPCSEA approval No:
621/02/ac/CPCSEA) vide a ref. No: BIT/PH/IAEC/38/2011 dated
December, 2011 at Department of Pharmaceutical Sciences and
Technology, Birla Institute of Technology, Mesra, Ranchi, India.
Group-I and Group-II rabbits were administered TLM suspension
prepared by marketed formulation (Micardis�) and CG 1 tablets
(dose = 1 mg/kg in both cases), respectively by oral gastric intuba-
tion. After the administration, 1.0 mL of blood samples was col-
lected from the marginal ear vein at 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12
and 24 h into K2EDTA vial (Mediquip, India). The pharmacokinetic
parameters (Cmax, Tmax, AUC0–t, AUC0–1, AUMC, kel and t1/2,) were
calculated using Microsoft Office Excel 2010� (Microsoft Corpora-
tion USA) software application. Paired t-test was performed for
all pharmacokinetic parameters at a 95% significance level
(P < 0.05) [49].

3. Results and discussion

3.1. Co-milling

The co-milling of TLM and PVA was carried out as per the
scheme given in Fig. 1. The planetary micro mill used here consists
of two stainless steel jars (drums) with stainless steel balls in it.
Upon working, these jars rotate around the central axis and simul-
taneously around their own axis in an opposite direction (like the
planetary motion around the sun). Such a movement confers high
kinetic energy to balls and this aids to exert high impact and pres-
sure to the loaded material. Thus, hard-brittle materials such as
TLM and PVA are pulverized better in a planetary type ball mill
[50,51].

The primary goal of co-milling of TLM with PVA was to achieve
maximum particle size reduction by avoiding agglomeration of
micronized particles leading to improve dissolution. A cumulative
percent release (CPR) of 75% within 30 min was the target. To
achieve this target, we tried to find out maximum D/P ratio and
minimum process parameters viz; duration of milling, BPR and
rotational speed. The results of the various batches co-milled by
varying the D/P ratio, BPR, rotational speed and duration are shown
in Table 1. From the results obtained, it was unambiguous that D/P
ratio, BPR and rotational speed affect on CPR of TLM. The optimum
parameters were found to be BPR 15:1, rotational speed of 600 rpm
and duration of milling 3 h for achieving the dissolution of TLM
above 75% in 30 min in case of 12.5/87.5 w/w ratio (CG 1). It was
also found that with the same process parameters, 5 h milling
was optimum for 25/75 w/w ratio (CG 2).

The CPR of TLM at 30 min, from CG 1 tablet, CG 2 tablet and the
reference product (Micardis�) was 96.57 ± 2.02, 80.36 ± 5.84, and
91.37 ± 2.07, respectively. The complete release profiles of the final
products and the reference product are shown in Fig. 2. The disso-
lution efficiency is defined as ‘‘the area under dissolution curve up
to a certain time (t), expressed as percentage of area of the rectan-
gle described by 100% dissolution in the same time” [44]. The dis-
solution efficiencies at 60 min (DE %) of CG 1 tablet, CG 2 tablet and
Micardis� were 80.26 ± 3.73, 68.62 ± 3.68 and 73.64 ± 1.51, respec-
tively. The similarity factor (f2) of CG 1 and CG 2 tablets, to Micar-
dis� was 58.23 and 61.93, respectively. The dissolution profiles of
TLM from CG1 tablet, CG2 tablet, and Micardis� in 0.1 N HCl and
phosphate buffer pH 4.5 are given in Fig. S5 and Fig. S6, respec-
tively (Supporting information).

3.2. Characterization of CGs

The assay (by HPLC method) value of TLM (%) in CG 1 and CG 2
which were 99.30 ± 0.24 and 98.89 ± 0.09, respectively, revealed
that there was no considerable degradation of drug. The optical
contact angle (OCA) and the surface free energy (SFE) of PM 1,

Poly (vinyl alcohol) Telmisartan 

Ball Milling 

Tablets

Dissolution in phosphate buffer pH 6.8 

75% dissolution in 30 min YES NO 

Change of D/P ratio 
and/or alteration of 
process parameters viz; 
BPR, Rotational speed 
and Duration of grinding

Analytical  
characterization, 

stability& 
bioavailability studies 

Co-milled mixture 

Fig. 1. Flowchart of the co-milling process.
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PM 2, CG 1 and CG 2 are given in Table 2 (the representative images
of OCA are given in Supporting information – Fig. S7). The differ-
ence in the OCA and SFE between the PMs and corresponding
CGs was not significant, indicating that the wetting action exerted
by PVA in PMs and their corresponding CGs were almost same. The
phase solubility of TLM (in phosphate buffer pH 6.8) from PM 1, CG

1, PM 2 and CG 2 was 5.93 ± 0.22 lg/mL, 43.80 ± 7.57 lg/mL,
5.25 ± 0.24 lg/mL and 21.08 ± 0.44 lg/mL, respectively. There
were no significant differences in phase solubility of the TLM from
PM 1 and PM 2, which indicated that there was no influence of
polymer content on phase solubility of TLM. The phase solubility
of TLM from CG 1 and CG 2 in phosphate buffer pH 6.8 was higher
than that of respective PMs.

FE-SEM images of TLM particles present in CG 1 and CG 2 at
60 K magnification and frequency percentage size distribution
are shown in Fig. 3. (FE-SEM images of CG 1 and CG 2 at lower mag-
nifications are given in Supporting information – Fig. S8.)

It was evident from the FE-SEM images that particle size of TLM
was decreased and the particles were well-dispersed in the co-
milled products. The acicular shape of the TLM crystals (Supporting
information – Fig. S1) was retained in both CGs. Owing to the fact
that, upon milling the crystals of TLM were cleaved at the weakest
lattice plane sides, so along with particle size reduction the shape

Table 1
Description of D/P ratios, process parameters used for the preparation of co-milled mixtures (CGs) and dissolution pattern from the tablets prepared using each CG.

S. No. D/P ratio (w/w) BPR (w/w) RS (rpm) Time (h) Cumulative percentage release (CPR)

15 min 30 min 45 min 60 min

a. Preliminary batches and dissolution pattern from them
1 100/0 – – – 5.55 ± 0.99 5.50 ± 0.19 6.07 ± 0.29 6.10 ± 0.05
2 25/75 5:1 300 3 16.86 ± 4.54 23.28 ± 3.43 27.61 ± 5.08 29.80 ± 6.02
3 25/75 10:1 300 3 21.49 ± 1.25 30.57 ± 2.33 40.68 ± 2.48 44.91 ± 2.66
4 25/75 10:1 600 3 43.81 ± 3.81 56.19 ± 5.56 59.92 ± 2.97 61.66 ± 3.03
5 25/75 15:1 600 3 49.52 ± 1.51 59.34 ± 4.21 62.88 ± 2.82 65.59 ± 2.09
6 12.5/87.5 15:1 600 3 77.86 ± 9.32 96.57 ± 2.02* 98.20 ± 1.16 96.78 ± 6.40
8 50/50 15:1 600 3 17.83 ± 0.77 22.20 ± 0.69 25.00 ± 0.66 27.10 ± 1.26

b. Effect of reduction in duration of grinding on dissolution of CG 12.5/87.5 w/w
9 12.5/87.5 15:1 600 2 53.49 ± 12.10 71.45 ± 14.99 75.62 ± 6.57 78.33 ± 5.08
10 12.5/87.5 15:1 600 1 44.92 ± 8.51 56.74 ± 7.85 63.93 ± 5.56 67.97 ± 3.82
11 12.5/87.5 15:1 600 0.5 34.95 ± 4.41 45.19 ± 4.30 50.91 ± 7.52 52.29 ± 6.01
12 12.5/87.5 – – 0 10.23 ± 1.50 13.10 ± 1.14 16.83 ± 1.88 19.17 ± 1.80

c. Effect of reduction of rotational speed on dissolution of CG 12.5/87.5 w/w
13 12.5/87.5 15:1 450 3 28.35 ± 5.94 45.35 ± 9.51 55.14 ± 7.15 59.69 ± 5.26
14 12.5/87.5 15:1 300 3 25.86 ± 1.05 36.34 ± 0.22 42.97 ± 0.13 44.98 ± 1.27

d. Effect of BPR on dissolution of CG 12.5/87.5 w/w
15 12.5/87.5 20:1 600 3 75.66 ± 7.00 85.93 ± 4.67 88.99 ± 3.22 89.44 ± 1.82
16 12.5/87.5 10:1 600 3 45.98 ± 3.61 65.89 ± 6.44 74.75 ± 4.83 80.75 ± 3.59
17 12.5/87.5 5:1 600 3 19.61 ± 1.81 25.18 ± 2.53 27.67 ± 2.60 29.95 ± 2.57

e. Effect of duration of grinding on dissolution of CG 25/75 w/w
18 25/75 – – 0 5.12 ± 0.42 7.18 ± 0.52 8.59 ± 1.17 9.00 ± 0.52
19 25/75 15:1 600 3 49.52 ± 1.51 59.34 ± 4.21 62.88 ± 2.82 65.59 ± 2.09
20 25/75 15:1 600 4 46.72 ± 7.02 70.44 ± 14.43 71.21 ± 9.42 76.01 ± 6.79
21 25/75 15:1 600 5 62.49 ± 3.49 80.36 ± 5.84* 87.87 ± 3.95 87.49 ± 4.31
22 25/75 15:1 600 7 44.18 ± 9.25 59.22 ± 1.98 70.28 ± 4.55 73.69 ± 1.10
23 25/75 15:1 600 9 46.55 ± 2.85 65.58 ± 0.81 75.29 ± 0.40 83.73 ± 0.70

f. Effect of duration of grinding on dissolution of CG 50/50 w/w
25 50/50 15:1 600 5 30.83 ± 1.31 37.42 ± 3.49 42.46 ± 6.81 43.09 ± 5.79
26 50/50 15:1 600 7 44.15 ± 5.11 57.74 ± 5.58 64.07 ± 5.65 68.40 ± 5.98
27 50/50 15:1 600 9 30.09 ± 1.89 43.42 ± 3.00 53.30 ± 3.43 62.19 ± 2.53

All values are expressed in mean ± SD, n = 3. D/P ratio = drug to polymer ratio, BPR = ball to powder weight ratio, RS = rotational speed.
* Significant (p < 0.05).
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CG 1 CG 2 and Micardis� 40 mg tablet.

Table 2
The optical contact angle (OCA) and surface free energy (SFE) of physical mixtures and
co-milled products.

Sample OCA (�) SFE (mN/m)

PM 1 61.52 ± 1.83 45.15 ± 1.35
CG 1 63.76 ± 0.71 46.87 ± 0.52
PM 2 68.17 ± 1.89 40.75 ± 1.41
CG 2 73.16 ± 1.68 41.11 ± 0.95

All values are expressed in mean ± SD, n = 3. PM 1: physical mixture of TLM and PVA
in D/P ratio of 12.5/87.5 w/w; CG 1: PM 1 milled for 3 h at rotational speed of
600 rpm and BPR 15:1; PM 2: physical mixture of TLM and PVA in D/P ratio of 25/75
w/w; CG2: PM 2 milled for 5 h at rotational speed of 600 rpm and BPR 15:1.
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of the crystals was retained [52,53]. The length of the TLM particles
found in CG 1 was in submicron level (<1 lm), whereas the length
of the particles found in CG 2 was below 2 lm. This difference in
the extent of drug particle size reduction was the primary reason
for difference in dissolution rate between the tablets of CG 1 and
CG 2. There were no shift in IR absorption peaks of either TLM or
PVA in FT-IR study in case of both PMs and CGs, indicated the com-
patibility between drug and polymer (Supporting information –
Fig. S9).

The physical changes of TLM, that might have happened during
high energy milling process, such as amorphization and polymor-
phic transformation if any, cannot be ignored because, these
changes can contribute to alter its pharmaceutical properties such
as dissolution. In order to trace any of such physical changes of
TLM as a result of co-milling with PVA, CG 1 and CG 2 were char-
acterized with the help of PXRD, DSC and Raman spectroscopic
studies in comparison with corresponding PMs (PM 1 and PM 2,
respectively) and pure crystalline TLM. The results of these studies
are presented in Figs. 4–6, respectively.

PM 1 and PM 2 showed a similar phenomenon on PXRD, DSC
and Raman spectroscopic analyses, which were related to both
the crystalline TLM (polymorph A) and semi crystalline PVA. How-
ever, the unsurpassed results obtained in case of CG 1 and CG 2
indicated the unique physical changes that have taken place during
co-milling.

3.3. Physical changes of TLM in CG 1

In the PXRD of TLM, the signature peaks were observed at 2h
6.87� and 14.20�. In case of PM 1, the signature peaks of TLM were

observed at 2h 6.85� and 14.22�. The intensity of these signature
peaks of TLM in CG1 was very less and was not at all traceable
due to high noise level. In order to decrease the noise level, PXRD
of CG1 was performed by increasing the counting time per step. It
was shown from Fig. S10 (Supporting information) that the peaks
of crystalline TLM at the respective 2h were detectable. The reten-
tion of these signature peaks indicated the presence of the crys-
talline TLM in CG 1.

The onset of melting, transition midpoint (Tm) and melting
enthalpy values of TLM derived from DSC thermogram of CG 1
were 214.29 �C, 237.22 �C and 14.22 J/g, respectively. The lower
values of all these parameters when compared to pure TLM or
PM 1 (Table. 3) indicated the presence of TLM particles with
reduced crystallinity and/or particle size in CG1 [53–55]. The sig-
nificantly reduced enthalpy value of the TLM in CG 1 was attribu-
ted to the increased entropy of submicron sized TLM particles (as a
result of the increased surface fraction of atoms in it) [53–55]. CG 1
being produced by high energy milling, it is legitimate to have at
least some amorphous TLM along with it. However, in the DSC
thermogram of CG1, glass transition event corresponding to amor-
phous TLM (�128 �C), was not detected [12]. This non-traceability
of glass transition temperature (Tg) could have also been due to an
excess quantity of PVA in the sample. In order to generate traceable
quantity of amorphous TLM in the co-milled product, TLM and PVA
in same D/P ratio (12.5/87.5 w/w) were co-milled for a longer per-
iod of time (5 h) with same process parameters (BPR 15:1, rota-
tional speed 600 rpm). Upon DSC analysis of this co-milled
sample, a glass transition event was noticed with a Tg of
129.64 �C and Tm of crystalline TLM was hardly detected (Support-
ing information – Fig. S11). This result indicated that the duration
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of co-milling affected the amorphization of TLM. Therefore, the
amorphous content in a sample ground for 3 h (i.e. in CG 1) might
have been less so as to detect it by DSC techniques.

Raman spectra of PM 1 and CG 1 showed all the characteristic
peaks of crystalline TLM. Slight shifts in position of Raman peaks
indicated that the average chemical environment in ‘‘TLM crystal”

Fig. 4. Powder X-ray diffractograms of tested samples. TLM: telmisartan; PVA: poly(vinyl alcohol); PM 1: physical mixture of TLM and PVA in D/P ratio of 12.5/87.5 w/w; CG
1: PM 1milled for 3 h at rotational speed of 600 rpm and BPR 15:1; CG 1 F: CG 1 exposed to high temperature (120 �C) for 24 h; PM 2: physical mixture of TLM and PVA in D/P
ratio of 25/75 w/w; CG2: PM 2 milled for 5 h at rotational speed of 600 rpm and BPR 15:1; CG 2 F: CG 2 exposed to high temperature (120 �C) for 24 h.
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was altered due to high energy mechanical processing. Broadening
of Raman spectral peaks of the TLM in CG 1 than PM 1, indicated
the presence of some amorphous TLM portion also in CG 1
[13,56,57]. All these observations indicated that the CG 1 contained
a mixture of crystalline and amorphous TLM.

3.4. Physical changes of TLM in CG 2

In the PXRD of CG 2, peak positions of TLM were observed at 2h
6.28� and 7.68�, which did not match with the signature peaks of

crystalline TLM (Fig. 4), which indicated the presence of disordered
crystals of TLM [58–61].

The onset of melting, transition midpoint (Tm) and melting
enthalpy values of the TLM in CG 2 was 223.40 �C, 241.89 �C and
76.67 J/g, respectively. Low values of these parameters of CG 2 in
comparison with pure TLM or TLM present in PM 2 (Table 3) indi-
cated the presence of TLM particles of lower size range with
reduced crystallinity [53–55]. However, the decrease in enthalpy
value was not as drastic as that observed in the case of CG1 vs
PM 1. Glass transition of TLM (Tg = 116.15 �C) was also noticed in

Fig. 5. DSC thermograms of tested samples. TLM: telmisartan; PVA: poly(vinyl alcohol); PM 1: physical mixture of TLM and PVA in D/P ratio of 12.5/87.5 w/w; CG 1: PM 1
milled for 3 h at rotational speed of 600 rpm and BPR 15:1; CG 1 F: CG 1 exposed to high temperature (120 �C) for 24 h; PM 2: physical mixture of TLM and PVA in D/P ratio of
25/75 w/w; CG2: PM 2 milled for 5 h at rotational speed of 600 rpm and BPR 15:1; CG 2 F: CG 2 exposed to high temperature (120 �C) for 24 h.
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DSC thermogram of CG 2, which indicated the presence of detect-
able quantities of the amorphous TLM in this sample. An exother-
mic event at 182.55 �C was detected in DSC thermogram of CG 2.
There was no weight loss at this temperature region upon TGA of
CG 2 (Supporting information – Fig. S12), which proved that this
exothermic peak in the DSC thermogram of CG 2 was correspond-
ing to recrystallization of disordered crystals or amorphous form of
TLM.

Though, the Raman spectral observations of CG 2 indicated the
retention of the crystalline nature of TLM, the occurrence of addi-
tional peaks at 1289 cm�1 (C–C chain vibration) and 1626 cm�1

(C@N stretching), further confirmed the presence of disordered
crystals of TLM in it. This assumption was drawn on the basis of
the fact that, the frequency (in the region of 1200–1700 cm�1) of

lattice phonon vibrations of TLM molecules present in the crystal
is very specific and is sensitive to differences in molecular level
packing of it in the crystal [56,57]. From these studies, it was con-
cluded that a mixture of crystals, disordered crystals and amor-
phous form of TLM was present in CG 2.

Further, both CG 1 and CG 2 were subjected to heating at 120 �C
for 24 h in a laboratory furnace and cooled at normal atmospheric
conditions (coded as CG 1 F and CG 2 F, respectively). This experi-
ment was based on the conviction that defective crystals of TLM if
any, in the CGs, shall regain its crystallinity upon exposure to
higher temperature for longer period of time. The process of crystal
growth by Ostwald ripening, may also take place as a result of
exposing it to a higher temperature for a longer period of time [62].

3.5. Thermal behavior, PXRD and dissolution of CG 1 F and CG 2 F

In the DSC thermogram of CG 2 F, no exothermic event was
observed. The onset of melting, Tm and enthalpy of the TLM present
in CG 2 F were 239.45 �C, 254.03 �C and 88.45 J/g, respectively.
These parameters were higher than those of CG 2. In the PXRD of
CG 2 F, the signature peaks of TLM were observed at 2h 6.78�
and 14.25� with good intensity. The rate and extent of dissolution
of TLM from the tablets containing CG 2 F were less than those of
CG 2 (Supporting information – Fig. S13). These results indicated
that the defective crystals of TLM presented in CG 2 had regained
its crystalline nature to a greater extent, when subjected to heat
at elevated temperature for a longer period of time.

In the DSC thermogram of CG 1 F, the onset of melting, Tm and
melting enthalpy values of TLM were 224.29 �C, 239.41 �C and
26.80 J/g, respectively. The marker peaks of TLM were observed
at 2h 6.83� and 14.21�. Though, the CPR from the CG 1 F containing
tablets was decreased, it was not that drastic as in the case of
tablets containing CG 2 F (Supporting information – Fig. S14).
These results indicated that the regained crystallinity of the TLM
in CG 2 F was greater than CG 1 F. These observations also indi-
cated that the rate of the Ostwald ripening process of TLM was
slower in case of CG 1 F in contrast to CG 2 F, where disordered
crystals of TLM were present. It may also be attributed to the fact
that the submicron sized crystals without crystal disorder are more
stable than those of any disordered crystals [61,62]. Thus, CG1 was
more stable than CG2 under elevated temperature.

3.6. Stability study

The stability samples (CG 1 and CG 2 and their tablets), showed
negligible or no changes in different parameters viz; appearance

Fig. 6. Raman spectra of tested samples. TLM: telmisartan; PVA: poly(vinyl
alcohol); PM 1: physical mixture of TLM and PVA in D/P ratio of 12.5/87.5 w/w;
CG 1: PM 1 milled for 3 h at rotational speed of 600 rpm and BPR 15:1; PM 2:
physical mixture of TLM and PVA in D/P ratio of 25/75 w/w; CG2: PM 2 milled for
5 h at rotational speed of 600 rpm and BPR 15:1.

Table 3
Endothermic events of telmisartan in the DSC thermogram of tested samples.

Sample Onset of melting (�C) Tm (�C) Enthalpy (J/g)

TLM 264.85 268.08 102.38
PM 1 261.79 263.63 98.85
CG 1 214.29 237.22 14.22
PM 2 261.05 268.57 99.17
CG 2 223.40 241.89 76.67
CG 1 F 224.29 239.41 26.80
CG 2 F 239.45 254.03 88.45

TLM: telmisartan; PM 1: physical mixture of TLM and PVA in D/P ratio of 12.5/87.5
w/w; CG 1: PM 1 milled for 3 h at rotational speed of 600 rpm and BPR 15:1; CG 1 F:
CG 1 exposed to high temperature (120 �C) for 24 h; PM 2: physical mixture of TLM
and PVA in D/P ratio of 25/75 w/w; CG2: PM 2 milled for 5 h at rotational speed of
600 rpm and BPR 15:1; CG 2 F: CG 2 exposed to high temperature (120 �C) for 24 h.
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and drug content (data not shown). In the case of tablets of CG1
and CG2 subjected to stability study as per ICH guidelines, the
CPR observed at 30 min was 81.22 ± 2.15% and 63.98 ± 5.59%,
respectively (Supporting information – Fig. S15).

In the PXRD of CG 1, signature peaks of TLMwere observed at 2h
6.80� and 14.20�. The onset of melting and Tm and enthalpy of TLM
obtained from the DSC thermogram of CG 1 stability samples were
233.34 �C, 239.65 �C and 24.99 J/g, respectively. In the PXRD of CG
2, the signature peak at 2h 6.70� appeared with more intensity. The
onset of melting, Tm and enthalpy of the TLM in the DSC thermo-
gram of stability sample of CG 2 were 233.94 �C, 253.68 �C and
86.78 J/g. All these observations indicated that, under elevated
temperature and humidity the disordered crystals of TLM present
in the CG 2 regained its crystallinity to a certain extent, and this
was the reason for the decreased CPR from the CG 2 tablets (stabil-
ity samples). (PXRD and DSC of CG 1 and CG 2 stability samples are
given in Supporting information – Figs. S16 and S17.)

Finally, it was concluded that TLM presented in CG 1 was more
stable under accelerated stability test conditions due to its submi-
cron crystalline form in contrast to disordered crystals of TLM pre-
sented in CG 2.

3.7. In-vivo pharmacokinetic study

The plasma concentrations of TLM after the administration of
CG1 tablet and Micardis� were monitored for 24 h and are shown
in Fig. 7. The pharmacokinetic parameters in each case were calcu-
lated by non-compartmental analysis and the results are enumer-
ated in Table 4. The Cmax, Tmax, AUC0–t, AUC0–1, AUMC, kel, t1/2, and
mean residence time (MRT) did not significantly differ from each
other. The tablet containing CG 1 showed a relative bioavailability
(RBA) of 93.92 ± 12.84% in comparison with Micardis�. Thus, the
bioavailability of CG 1 tablet in rabbits is comparable to the
bioavailability of the reference product (Micardis�).

4. Conclusion

Particle size reduction of TLM by neat milling results in cluster-
ing/aggregation of particles. The hydrophobicity of the milled TLM
makes it difficult to dissolve effectively in an aqueous environ-
ment. Co-milling of TLM with PVA, a hydrophilic polymer resulted
in an effective particle size reduction, absence of clustering and
improved the wettability of TLM. The physical changes of the co-
milling product of TLM were found to depend on D/P ratio and
the process parameters used. The dissolution profiles of the final
optimized products (CG 1 and CG 2 tablets) were comparable to
those of dissolution profile of the reference product (Micardis�).
Crystalline and amorphous form of TLM was present in CG1

whereas in CG2 disordered crystals of TLM were present in addi-
tion. Therefore, it was unstable under accelerated stability test
conditions. The bioavailability of CG 1 tablet in rabbits was compa-
rable to that of the reference product (Micardis�). Absence of use of
any of the corrosive chemical agent/s in the formula, ensured the
gastro-environmental friendliness of the product. As well as, co-
milling being a simple and environment friendly particle engineer-
ing feat, this technique has to draw more attention from pharma-
ceutical formulation scientists from around the world who are
striving hard to improve the dissolution of BCS class II drugs by
particle engineering.
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REPORT OF THE WORK DONE 

Objective: To enhance the solubility of ezetimibe by cocrystal engineering technique. 

Abstract:  

The present study illustrates the formation and characterization of three different cocrystals of 

ezetimibe using methyl paraben as a coformer, employing three different processes, namely 

solution crystallization, liquid assisted grinding and reaction crystallisation. Thermal analysis 

by DSC and TGA were used as a primary analytical tool, followed by spectroscopic and 

crystallographic study as a confirmatory analytical tool. Equilibrium aqueous solubility 

studies were performed for all cocrystals taking ezetimibe as control. The ideal solubility of 

drug and cocrystals were also calculated using data obtained from DSC (heat of fusion, ΔH 

and transition melting temperature, Tm). The equilibrium aqueous solubility of ezetimibe was 

enhanced by about two fold in case of cocrystal that prepared by solution crystallization. 

Cocrystals prepared via reaction crystallization showed solubility was almost same as that of 

pure ezetimibe. The dissolution profile of all cocrystals, with pure ezetimibe as a control was 

studied for 2 hours in defined biorelevant media. Cocrystal II, prepared by liquid assisted 

grinding method showed significant improvement in solubility at 45 and 120 min, indicating 

a good dissolution profile. The study demonstrates that pharmaceutical cocrystallization of 

ezetimibe with methyl paraben can be a possible and potential alternative and effective 

approach for improving its solubility. 

Introduction: 

The efficacy of the active pharmaceutical ingredients (API) dramatically depends on the 

physical properties of their solid form. Dissolution rate, solubility, hygroscopic nature, and 

chemical stability are some of the most important factors that must be considered.1 API can 

be polymorphic,2 meaning that it can exist in two or more crystallographic forms. This may 

include solvation or hydration products (also known as pseudo polymorphs) and amorphous 

forms.3 Cocrystals are like polymorphic solids, crystalline in nature and composed of two or 

more compounds in the same crystal lattice. Nevertheless, cocrystallisation influences the 

same before mentioned properties, just like for different polymorphs.4-5 A large range of 

intermolecular interactions including electrostatic interactions (ion-ion, ion-dipole and dipole-

dipole interactions), coordinate bonding (metal-ligand), hydrogen bonding, halogen bonding, 

π-π stacking and Van der Waals forces can be resposible when cocrystallization occurs.6 
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While the intramolecular interactions bond the atoms in a molecule, the intermolecular forces 

minimize the energy of the molecules in the crystal and are primarily responsible for the 

formation of organic crystals.7 The major attractive interactions in most pharmaceutical 

crystals are hydrogen bonds and van der Waals interactions.8 The arrangement of molecules 

in a crystal determines its physical properties and in some cases, its chemical properties also.9 

The physicochemical properties of the solid drug can affect its performance. Thus, an 

understanding of the crystalline state leads to an understanding of the drug properties, which 

is crucial for preformulation and formulation in the pharmaceutical industry. 

This class of pharmaceutical cocrystals have gained large interest over the past few years 

since they offer the potential to eliminate undesirable physicochemical properties without 

covalent modification of the API. Moreover, unlike salt forms of API’s, cocrystal formation 

is not restricted to an ionizable (acidic or basic) centre on the API and can simultaneously 

address multiple functional groups on the API. A relatively large number of non-toxic 

compounds with hydrogen bonding functionalities exist on the GRAS (generally regarded as 

safe) list that may act as cocrystal formers in comparison to the limited number of salt 

forming counter-ions in use.10 

The presence of multiple functional groups inherent to APIs affords the opportunity for the 

design of pharmaceutical cocrystals. In fact an analysis of the top 100 prescription drugs, 11 

reveal that 39% of pharmaceutically active ingredients contains at least one alcohol and 30% 

contain at least one carboxylic acid, this is also consistent with the percentage alcohol and 

carboxylic acid moieties in the Merck Index.12 Consequently addressing the ability of these 

functional groups to form supramolecular synthons would be of great interest. The crystal 

engineering approach for APIs based upon the use of reliable supramolecular heterosynthons 

is exemplified by several series of cocrystal involving carbamazepine (CBZ),13,14 ibuprofen,15 

iracetam,16 fluoxetine hydrochloride,17  and itraconazole.18  

Ezetimibe (EZE) is a modern hypocholesterolemic drug used both as monotherapy and 

adjunctive therapy to diet for the reduction of elevated total cholesterol (total-C), Low density 

lipoprotein cholesterol (LDL-C), and Apoprotein B (Apo B) in patients with primary 

hypercholesterolemia (heterozygous familial and non-familial).19 However, this API as per  

Biopharmaceutics Classification System, class II drug, 20 has poor water solubility (0.012 

mg/mL at 25 °C), 21 which leads to its limited dissolution resulting in poor bioavailability (35-

65%).22 
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Several researchers have reported the improvement in solubility/dissolution properties of 

ezetimibe by complexation with cyclodextrin, 23 solid dispersion, 24 and preparing liquid-solid 

compacts.25 From the literature, it has been found that cocrystal technique is an alternative 

approach to manipulate the physicochemical properties of the drug such as solubility, 

dissolution rate, stability and compressibility and to improve overall performance of APIs 

without affecting the pharmacological properties. Ezetimibe has rarely been investigated for 

its cocrystallization tendencies. This motivated us to explore the potential of ezetimibe to 

cocrystallize in order to improve its solubility.  

The present study is aimed to enhance the solubility of ezetimibe by cocrystal engineering 

technique. After selecting the suitable coformer, the cocrystals of EZE was prepared by 

solution crystallization method (CI), liquid assisted grinding (LAG) method (CII) and 

reaction crystallization method (CIII). The product thereof was characterized by differential 

scanning calorimetry (DSC), thermo gravimetric analysis (TGA), Fourier transform infrared 

spectroscopy (FTIR), Raman spectroscopy and powder X-ray diffraction (PXRD). After that 

the cocrystals were subjected for solubility and dissolution study. 

Experimental Section 

Materials: Ezetimibe was obtained as a gift sample from Dr. Reddy’s Laboratory Ltd. 

Hyderabad, India. Methyl paraben (99%) was purchased from CDH, New Delhi, India and 

the solvents used for crystallization including methanol were of HPLC grade (Rankem, 

India). Analytical chemicals like acetonitrile and potassium dihydrogen ortho phosphate were 

purchased from Rankem, India. All of these were used as received. 

Sample preparation:  

Selection of coformers: Various coformers such as benzoic acid, salicylic acid, L-proline, 

valine, glycine and methyl paraben were selected from the GRAS list generated by the U.S. 

FDA (generally regarded as safe additive chemicals by the Food and Drug Administration)26 

Cocrystal preparation and preliminary screening: Solution crystallization,27,28 and slurry29 

methods were opted to prepare cocrystals. The first hand information about the existence of 

new solid phases was obtained by melting point, as it is a fundamental physical property of a 

compound. Digital melting point apparatus (OPTIMELT, SRS, Germany) was used to 

determine the melting points of pure API, coformer and the solid phase obtained. 
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Following three methods were used to prepare cocrystal of ezetimibe with the selected 

coformer (from the preliminary screening based on melting point). 

Solution crystallization method (CI): This is the simplest technique for air stable samples. 

Solution crystallisation can yield large, well-formed single crystals, from which one may 

easily evaluate crystal habit and surface features. Analysis of the diffraction pattern of a 

single crystal is typically the best means of obtaining an absolute crystal structure 

determination.30 A molar ratio of 1:1 mixture of ezetimibe (204.7 mg, 0.5 mmol) and methyl 

paraben (76.075 mg, 0.5 mmol) was dissolved in a 10 mL solution of methanol in a 20 mL 

conical flask. The resulting solution was placed at water bath (REMI RSB-12) maintained at 

a temperature of 35°C for slow evaporation. After two days, white, very fine needle-shaped 

crystals were recovered, filtered, and air-dried.27,28 The crystal size was not sufficient for 

single crystal X-ray diffraction analysis.   

Liquid assisted grinding (LAG) method (CII): This is a solvent-free solid state grinding 

method where the relative solubility of ingoing component in a particular solvent is not a 

concern unlike in the case of solution crystallization method. Further, the absence of solvent 

makes this an inherently ‘green’ approach to form cocrystals by eliminating large volumes of 

solvent waste; the minimization of excess crystallisation solvent could help achieve corporate 

green chemistry targets.30 A mixture of 1:1 molar ratio of ezetimibe and methyl paraben at a 

total of 1 g was placed in the grinding jar (45 mL) in a planetary micro mill (Fritsch, 

Germany) with 10 stainless steel balls (5 mm dia). 50 µL of methanol was added in the 

mixture and milled for 30 min at an operating frequency of 600 rpm.31 

Reaction crystallization method (CIII): This is a method for rapid generation of cocrystals 

at microscopic and macroscopic scale at ambient temperature, where nucleation and 

cocrystallization are initiated by the effect of the cocrystal components on reducing the 

solubility of the molecular complex to be crystallized.31 The saturated solution of the lesser 

soluble component (drug) was made in 10 mL methanol, filtered, and then the more soluble 

component (methyl paraben) was added in amount just under its solubility limit. The goal 

was not to have any excess drug or coformer in the starting solutions that could be confused 

as a cocrystal. Furthermore, by not exceeding the solubility limits of the components, the 

cocrystal that precipitated out of solution was pure. Solution concentrations were monitored 

by HPLC throughout the crystallization process to evaluate whether the solid observed 

appeared to be a complex of the reactants (cocrystals). The solid precipitate was also 
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collected and analyzed by HPLC to determine the stochiometry of the complex. If the solid 

appeared to be a cocrystal based on the HPLC results; it was further characterized by DSC, 

TGA and PXRD.32 

Differential scanning calorimetry (DSC) 

DSC of all the samples were conducted using DSC Q10 (TA Instruments, USA) which was 

calibrated for temperature and enthalpy using indium. Samples (3-5mg) were crimped in non-

hermetic aluminum pans and scanned from 25°C to 200°C at a heating rate 10°C/min under a 

continuously purged dry nitrogen atmosphere (flow rate 50 mL/min).The data were managed 

by TA Explorer software.  

Thermo gravimetric analysis (TGA) 

TGA was performed by a DTG-60 (Shimadzu, Japan) analyser. The samples (approximately 

5 mg) were placed into aluminium pans and heated from 25°C to 500°C at the rate of 10 

°C/min under nitrogen purge at flow rate of 50 mL/min. The data were managed by TA-

60WS acquisition software. 

Fourier transform infrared spectroscopy (FTIR) 

A FTIR- 8400 S spectrophotometer (Shimadzu, Japan) was employed to collect the infrared 

spectrum of drug, coformer and cocrystals. The IR absorption spectra of samples were 

measured over the range of 4000-600 cm-1. A few milligrams of sample was mixed with 10 

times of its weight of potassium bromide (KBr) and pressed to form a pellet. The data were 

analysed using IR solution software. 

Raman spectroscopy 

Raman spectra of pure drug, coformer and cocrystals were obtained using a Raman 

spectrometer (Renishaw plc.) with 514 nm stabilized diode laser excitation. The laser power 

at the sample was approximately 10 mW. A 50 x objective lens was used, giving a laser spot 

diameter (footprint) of 2µm at the sample. Spectra were obtained for a 10 s exposure of the 

argon detector in the region 3200-100 cm-1 using the extended scanning mode of the 

instrument. 

Powder X-ray diffraction (PXRD) 
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PXRD patterns were collected on Bruker AXS D8 Advance Diffractometer system with a Cu 

Kα radiation (1.5406 Å). The tube voltage and current were set at 40 kV and 35 mA 

respectively. Each sample was placed on an aluminum sample holder and measured by a 

continuous scan between 3 and 80° in 2θ with a step size of 0.020° and step time 31.2 s. The 

experimental PXRD patterns were refined using Diffrac plus software. 

Scanning electron microscopy (SEM) 

The surface morphology and topography of all three cocrystals were evaluated by scanning 

electron microscope (JSM-6390LV, Jeol, Japan). Before examination, the samples were 

mounted onto stubs using double-sided dried adhesive carbon tape and vacuum coated with 

gold palladium film (thickness 2 nm) by sputter coater (Edward S-150, U.K.) to make them 

electrically conductive. Representative sections were photographed. 

Solubility studies 

Determination of cocrystal stochiometry 

Stochiometry via PXRD: The stochiometry of ezetimibe and methyl paraben were 

calculated from the X-ray diffractograms of CI, CII and CIII. The peaks with highest 

intensity of ezetimibe and methyl paraben were identified. Peaks of cocrystals were fitted 

with Gaussian line shapes and the area under the peak at their respective 2θ value (highest 

peak intensity of the virgin crystals) was calculated by integration.33  

Stochiometry via HPLC results in case of CIII: In case of cocrystal prepared through 

reaction crystallization method (RCM), the stochiometry was calculated through analysis of 

the solid precipitate left after attainment of equilibrium position [transition concentration 

(Ctr)] in the RCM experiment.  

Determination of transition concentration (Ctr): Transition concentration (Ctr) is the solution 

concentrations ([drug]tr and [ligand]tr) which separates the region where either the solid 

cocrystal or drug are thermodynamically stable.34-39  

The measurement of cocystal Ctr values were performed by precipitating cocrystal as a result 

of stirring excess solid coformer in a presaturated drug solution wherein cocrystal occurs 

though RCM . 
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A saturated solution of drug (ezetimibe) was prepared in methanol and to it a known excess 

amount of coformer (methyl paraben) was added to it. The amount of coformer added was 

based on its solubility limit in methanol. The solution was stirred on a water bath shaker, 

maintained at a temperature of 25°C, for 24 h and checked for precipitation of cocrystals. The 

solid precipitate so obtained were separated and dried.  

Stochiometry calculation: For calculating, the stochiometry, a known concentration (5µg/mL) 

of the solid was prepared in methanol and the concentration of both the drug and the 

coformer was measured by HPLC. The concentrations were determined in molality units and 

their ratio gave the stochiometry of the cocrystal. The whole process was performed in 

triplicate.  

Theoretical Calculations 

For cocrystal AαBβ, where A is drug and B is ligand, solubility is described by the chemical 

equilibrium of solid cocrystal with solution and the corresponding equilibrium constant given 

by 40,41 

 

 

Defining solid cocrystal activity as unity ( = 1) and assuming the activity coefficients 

(γ) of A and B equal unity for low solute levels, the above equation reduces to 

                     (1) 

where, is the solubility product of the cocrystal. The cocrystal solubility (  is given   

as 

                (2) 
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The saturation solubility of pure drug (ezetimibe), CI, CII, and CIII in water were determined 

by suspending excess amount of material in water. The solutions were shaken on a water bath 

shaker at a temperature of 25 ± 2°C for approximately 24 h.  Samples were then filtered using 

a 0.2 µm nylon filter (AXIVA) and analyzed by HPLC. If necessary, samples were diluted in 

methanol prior to analysis. Ezetimibe and methyl paraben solubility was also measured as a 

control. The solubility of the cocrystals was calculated using equation 1 and 2. 

 

High performance liquid chromatography (HPLC) 

Solution concentration of ezetimibe and methyl paraben was analysed by HPLC (Waters 

USA) equipped with a UV/vis detector. A C18 Nova-Pak® column 4µm, 4.6 x 150 mm 

(Waters, USA) at ambient temperature with a flow rate of 1 mL/min was used to separate 

ezetimibe and methyl paraben. An isocratic method with water (pH 3.0) and acetonitrile 

mixed in a ratio of 55:45(v/v), respectively was opted for quantitative determination of 

ezetimibe and methyl paraben, at an optimum wavelength of 248 nm. Sample injection 

volume was 20 µL. Empower software from Waters was used to collect and process the data. 

All concentrations are reported in molality. 

Determination of ideal solubility from thermal behaviour 

For an ideal solution, the solute solubility, x (mole fraction), is a function of the heat of 

fusion ( ), melt temperature ( , solution temperature (T) and universal gas 

constant (R). It is expressed by the following equation42  

                       (3) 

Where  

Melting temperature and enthalpy of all the samples including drug and coformer were 

obtained from DSC data and put into the above equation to get the ideal solubility value. To 

determine the ideal solubility of cocrystals using the same equation, the melting enthalpy was 

first normalized by the cocrystal stochiometry. The enthalpy of melting of the cocrystals was 

the measured value divided by the number of moles of reactant per mole of cocrystal.  
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Dissolution study 

The dissolution studies were conducted in 500 mL of 0.45% sodium lauryl sulphate (SLS) in 

0.05 M acetate buffer (pH 4.5) in a USP type II dissolution apparatus (Electrolab, India). 

Paddle rotation speed was 50 rpm. 10 mg of drug or its equivalent amount of cocrystal was 

added to the dissolution medium. Time points were collected for 2 h and the concentrations 

of ezetimibe were analyzed by HPLC. The dissolution profile of the cocrystals were then 

statistically analysed by applying one way ANOVA followed by Tuckey's post hoc test. 

Result and Discussions 

Cocrystal preparation 

The detailed methodology opted for preparing cocrystals of ezetimibe using selected 

coformers, along with the results obtained is presented in supplementary information (Table 

S1). 

A total of nine formulations were prepared, using seven coformers. It was observed that the 

melting point of multicomponent solid form of ezetimibe prepared with methyl paraben was 

109.97°C indicating a lower melting point than either ezetimibe or methyl paraben. The 

chemical structure of ezetimibe and methyl paraben is given in figure 1. The multicomponent 

solid form of ezetimibe with L-proline displayed a melting point of 173.1°C which was in 

agreement with the findings of Scott et al. (2012).19 These observations clearly indicated the 

formation of stable interaction between ezetimibe and the coformer. After an analysis of 50 

cocrystalline samples, it has been documented earlier that 51% cocrystals had melting points 

between the API and coformer, 39% were lower than either the API or coformer, 6% were 

higher, and 4% had the same melting point as either the API or coformer.43 The altered 

melting points in multicomponent solid forms might be attributed to noncovalent bonding 

interaction between API and coformers, altered packing arrangements and change in 

crystallinity of molecules in the cocrystals. Therefore, methyl paraben was selected as a 

coformer for preparing cocrystal of ezetimibe by different methods. 
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Ezetimibe 

 

 

Methyl paraben 

Figure 1. Chemical structure of ezetimibe and methyl paraben 

Ezetimibe cocrystal preparation with methyl paraben as a coformer 

The melting point of CI, CII and CIII prepared by solution crystallization; liquid assisted 

grinding and reaction crystallization were 109.97°C, 111.27°C and 109.12°C, respectively. In 

all the three cases, a melting point lower than that of pure ezetimibe or methyl paraben was 

obtained. Ghosh et al., reported that the cocrystals of sulfamethazine/3,4-dichlorobenzoic 

acid (1:1), sulfamethazine/fumaric acid/acetonitrile (2:1:1), sulfamethazine/1-hydroxy-2-

napthoic acid (1:1) and sulfamethazine/3-hydroxy-2-napthoic acid (1:1) was having melting 

point lower than the melting point of pure drug and respective coformers.44 In another recent 

report, Bucar et al., obtained different cocrystals of caffeine having lower melting point than 

that of pure drug and respective coformers.45   

Thermal analysis (DSC & TGA) 

Thermal analysis by DSC and TGA are the primary analytical tools for getting first hand 

information about the existence of new solid phase. The DSC thermograms of pure 
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ezetimibe, methyl paraben and the cocrystals (CI, CII & CIII) are shown in Figure 2. The 

corresponding TGA patterns of the same are depicted in Figure 3. 

The DSC thermograms of pure ezetimibe and methyl paraben showed single melting 

endotherm (Tm) at 164.36°C and 127.34°C, respectively. In all the three cocrystals, melting 

endotherm was lower than that of either drug or cocrystal. From TGA study of methyl 

paraben it was observed that a negligible mass loss (2.66%) was obtained in the range of 25 - 

130°C, followed by a major mass loss of (96.99%) in the range of 130 - 200°C. This major 

mass loss was due to its degradation.   

CI showed a single and sharp melting endotherm at a temperature of 109.97°C. Further, 

negligible mass loss (3.51%) was observed in the TGA scan of CI in the range of 25 - 130°C, 

suggesting that there was no degradation rather it was only phase transformation. So it may 

be concluded that it is an anhydrous and pure cocrystal phase. 

CII showed two melting endotherm at 81.1 °C and 111.27 °C, where first peak was 

broadened with very less intensity. From TGA study, a negligible mass loss (2.70%) in the 

range of 30 - 100 °C does not correspond to mass loss due to solvent. Another negligible 

mass loss (1.84%) seen in the range of 100 - 130°C does not correspond to any degradation 

of cocrystal suggesting phase transformation. To check whether two endotherms correspond 

to two different polymorphic crystals, the cocrystal (CII) was heated at 10 °C/min up to 125 

°C and then cooled at 10 °C/min up to ambient temperature then again reheated up to 250 °C 

at a same heating rate as shown in supplementary information (Figure S1). One exothermic 

peak corresponding to recrystallization was observed at 72.73 °C during cooling cycle. 

However in the reheating cycle, the first endotherm disappeared (81.1°C) but the second 

endothermic peak appeared at the same temperature. It is clear that the exothermic peak 

observed at 72.73 °C is not due to the recrystallization of the polymorphic form I rather it is 

due to the recrystallization of polymorphic form II. Upon heating polymorphic form I 

transforms to polymorphic form II as confirmed by the endothermic peak during reheating 

cycle. Similar findings were reported in case of sulfamethazine/hydroxy benzoic acid 

cocrystal and ethenzamide/gentisic acid cocrystal (solvent system was toluene-acetonitrile 

1:1) by Ghosh et al., and Aitipamula et al., respectively.44,46  

CIII showed a single and sharp melting endotherm at 109.12°C free of any eutectic melting, 

thus establishing the existence of pure cocrystal phase. A very negligible mass loss confirmed 

the phase transformation of cocrystal.  
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The heat of fusion (ΔH) of all cocrystals (Fig.2) were less than that of pure ezetimibe as well 

as methyl paraben which indicates the probability of increased entropy and subsequent higher 

solubility of all cocrystals compared to pure ezetimibe. The mass loss occurred in all 

cocrystals in two stages. The first mass loss at a range of 130 - 200 °C was 19.69%, 22.06% 

and 16.24% for CI, CII and CIII, respectively which is similar to mass loss pattern of methyl 

paraben. The second mass loss at a range of 250 - 380 °C was, 54.86 %, 54.59 % and 24.90 

% for CI, CII and CIII, respectively which is also similar to mass loss pattern of ezetimibe.   

So, it is clear that the amount of ezetimibe present in CIII is less as compared to other 

cocrystals which may be reflected in stoichiometric ratio calculation by PXRD.  

 

Figure 2. DSC scans of ezetimibe, methyl paraben, cocrystal I, cocrystal II and cocrystal III. 
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Figure 3. TGA curve ezetimibe, methyl paraben, cocrystal I, cocrystal II and cocrystal III 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

Vibrational spectroscopy is an excellent technique to characterize and study cocrystallization. 

The characteristic peaks and their shift of pure ezetimibe, methyl paraben, CI, CII and CIII 

are tabulated in supplementary file (Table S2). The FTIR spectra of ezetimibe, methyl 

paraben, CI, CII and CIII in the regions of 3900 to 1500 and 1500 to 600 cm-1 are presented 

in Figure 4a & Figure 4b, respectively. 
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A comparison of spectra reveals that there were several band shifts occurring between the 

starting components and CI. The FTIR spectra for pure ezetimibe and methyl paraben in the 

starting material have bands at 3261.74 and 3292.00 cm-1 corresponding to ʋ(O-H), 

respectively. The bands at 1716.70 and 1678.13 cm-1, corresponding to ʋ(C=O) was for 

ezetimibe and methyl paraben, respectively. In case of CI, bands corresponding to ʋ (O-H) of 

both molecules, shifted to 3275.24 cm-1. The band corresponding to ʋ(C=O) of methyl 

paraben shifted to 1681.98 cm-1 indicating the formation of hydrogen bond between phenolic 

hydroxyl group and carbonyl group (lactum) of ezetimibe with p-hydroxy group of methyl 

paraben.47 The peak at 1435.09 cm-1 (ʋ (C-O) enolic) of methyl paraben and peak at 1444.73 

cm-1 of ezetimibe shifted and then merged with the peak at 1448.73 cm-1 of CI with a 

relatively higher intensity.  The peak at 1444.73 cm-1 [ʋ (C-N)] of ezetimibe shifted to 

1448.59 cm-1 which is likely due to charge transfer interaction between tertiary nitrogen of 

ezetimibe with methyl paraben molecule. These peak shifts, strongly indicated the formation 

of hydrogen bond and other weak interaction between ezetimibe and methyl paraben.   

During formation of ezetimibe-methyl paraben cocrystal via liquid assisted grinding method 

(CII), the OH band of ezetimibe and methyl paraben shifted to a higher wave number by 47 

cm-1 and 16 cm-1, respectively which was a very significant shift clearly depicting 

participation of OH group of both molecules in hydrogen bond formation. This peak was 

found to be sharper than the pure ezetimibe peak. Further, the band at 1354.07 cm-1, 

corresponding to β(O-H) of pure ezetimibe shifted to 1361.79 cm-1. The FTIR spectrum of 

pure ezetimibe has strong bands at 1716.70 cm-1, which correspond to ʋ(C=O) lactam. During 

crystallization, its intensity was drastically reduced. In CII, the C-F stretching band shifted to 

a higher wave number by 13 cm-1, which indicates that the fluorine (F) atom might be also 

engage in formation of hydrogen bond.  

The cocrystal (CIII) of ezetimibe and methyl paraben prepared by reaction crystallization 

process showed the maximum number of significant changes in FTIR spectrum. The FTIR 

spectrum of pure ezetimibe showed a broad peak at 3261.74 cm-1 of strong intensity, 

corresponding to stretching of OH group. This peak became narrow and weak in intensity 

with a shift towards higher wavenumber by 18 cm-1. Further, the carbonyl group (lactam) of 

ezetimibe and the carbonyl group of methyl paraben showed a shift to higher wavenumber by 

14 and 5 cm-1, respectively. It indicates that there is a electrostatic repulsion between the lone 

pair of electrons present in carbonyl group of both the drug and coformer. In this cocrystal 
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(CIII) only, the band at 1444.73 cm-1 corresponding to ʋ (C-N) got shifted to 1448.59 cm-1, 

which is similar to CI.  

 

Figure 4a. FTIR spectra (1500 - 3900 cm-1) obtained for ezetimibe, methyl paraben and 

cocrystals. 
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Figure 4b. FTIR spectra (600 - 1500 cm-1) obtained for ezetimibe, methyl paraben and 

cocrystals. 
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Raman Spectroscopy 

FTIR and Raman spectroscopy are complementary techniques for characterizing of solid 

forms of drugs43. Solid samples isolated from screening experiments can be mixtures and 

have poor crystal quality. Relying only on one technique may not provide enough evidence to 

confirm a potential hit. However, by comparing data for the screening samples from 

spectroscopic tools, a more informed determination may be achieved. These spectroscopic 

techniques can provide evidence for cocrystal formation by evaluating the intermolecular 

interactions. Additionally, Raman spectroscopy may be used in the identification of 

polymorphism, since different vibration modes can be associated to modifications in 

molecular packing in crystalline solids.43 These differences are observed mainly in low-

frequency, which may arise due to lattice vibration that is  more sensitive to structural 

changes in solid state.48 The assignment for the most prominent vibrational bands of 

ezetimibe, methyl paraben, CI, CII, and CIII are listed in Table 1 presented in Figure 5a and 

5b. 

The molecular interaction between ezetimibe and methyl paraben was examined by Raman 

spectroscopy, and the vibrational wavenumbers and assignments are listed in Table 1. The  

Raman spectra of pure ezetimibe in the starting material have bands at 1760.22, 1716.28, and 

1431.84 cm-1, corresponding to ʋ(C=O) lactam, ʋ(C=O) lactam, and ʋ(C-N), respectively. 

During the cocrystallization of ezetimibe and methyl paraben, these bands in the cocrystal 

(CI) were shifted to 1761.43, 1715.45 and 1432.72 cm-1. A significant decrease in the 

intensity was observed in ʋ(C-N). Similarly, intensity of ʋ(C=O) lactam also decreased. 

Further, the peak of carbonyl stretching in methyl paraben also shifted, suggesting that C=O 

is participating in hydrogen bonding. The hydroxyl group also seemed to be participating in 

hydrogen bonding. The band for β(O-H) of pure ezetimibe showed a shift to a lower wave 

number by 4 cm-1.  

A comparison of the spectra reveals that there are several band shifts occurring between the 

individual components and the cocrystal (CII). During the formation of cocrystals, the bands 

at 1341.11 and 1234.12, cm-1 depicting β(O-H) and ʋ(C-O)h shifted to 1342.94 & 1232.15 

cm-1, respectively with decreased intensity. It depicts that the hydroxyl group is engaged in 

hydrogen bonding.  

CIII, prepared by reaction crystallization showed the maximum number of band shifts as 

compared to other two cocrystals. It is in agreement with the FTIR results, thereby giving 



ANNEXURE I 

F.NO. 41-708/2012 (SR) dt. 23.07.2012 (UGC-MRP) Page 18 
 

strong evidence of formation of new supramolecular synthon in cocrystal. The Raman spectra 

of pure ezetimibe showed band at 1431.84 cm-1 of strong intensity corresponding to 

stretching of C-N of lactam ring. This band showed a shift of 3 cm-1 with a significant 

decrease in its intensity, indicating possible Coulombic interaction between nitrogen atom\of 

ezetimibe and oxygen atom of methyl paraben. The band corresponding to stretching of C-F 

in ezetimibe got shifted to higher wave number by 2 cm-1. The peak obtained was very weak, 

as compared to strong intense peak in pure ezetimibe indicating that fluorine is also 

participating in hydrogen bonding.  
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Table 1. Assignments of major bands of Raman spectra of ezetimibe, methyl paraben and 

their cocrystal products. 

Ezetimibe Methyl paraben cocrystal I Cocrystal II Cocrystal III 
Assignment48-52 

1760.22m  1761.43m 1761vw 1761.38vw ʋ(C=O)  lactam 

1716.28m  1715.45w 1716.7vw 1716.38vw ʋ(C=O)  lactam  

 1676.15 1675.31 1675.47 1675.47 ʋ(C=O)   

1613.64s 1606.83s 1611.09s 1611.63vs 1610.61s ʋ(CC)ar chain vibrations  

 1588.92s 1588.92s 1587.16m 1588.18s  ʋ(C=C) 

1510.56m 1517.7m 1510.56m 1510.12m 1509.09w ʋ (C-O) phenolic 

1431.84s  1432.72vw 1431.2m 1434.33vvw ʋ (C-N) 

1403.55w  1404.43s 1402.95s 1402.95vvw δ(CH2) 

1370.64w  1369.75 1370.37 1369.32 (O-H) i.p. bend 

1341.11w  1338.42vvw 1342.94vw 1341.88vw β(O-H)  

1316.83m 1311.42m 1311.42w 1312.22w 1311.16m ʋ (C-O)c 

1292.43m   1292.02 1287.76 (CC)ar 

 1281.54s 1281.54vvw 1281.36w 1282.43m ʋ (C-O)  

1272.46w   1272.83w 1272.83w ʋ (C-O) 

 1234.12w 1232.29w 1232.15w 1234.3w ʋ (C-O)  

1214.85s  1214.85w 1214.96s 1216.03vw ʋ (C-F) 

1183.49w  1182.56w   ʋ C-O (H)  

1168.66  1167.74    

1158.45s 1159.38s 1159.38s 1159.87s 1159.87s ʋ(CC)ar chain vib. 

 1121.13w 1118.32vvw 1121.83vvw 1121.83vw ʋ(C-O-C) asym 

948.913m  948.913w 947.62w 949.851vw β(C-H) 

860.186s 856.252s 857.236m 857.839m 860.097m ʋ (C-C ) 

838.515s  836.54vw 838.622m 837.49vvw ʋ (C-C ) 

821.709w  821.709w 821.626m 822.76vvw ʋ(= (C-H)) 

 829.624w 828.63w  829.562w  

734.886w  734.886vw 737.214vw 734.92vw CH2 rock 

699.565m  700.578 700..421 700.421 ʋ(CC) al. chain vib. 

635.413m  636.437m 636.167m 636.167w  

397.95m  397.95 397.199 397.199 δ(CC) aliphatic chains 

 s ,strong; m, medium; w, weak; vw, very weak; vvw, very very weak;  ʋ, stretching;  β, in 

plane deformation; δ,bending; ϕ,phenyl; i.p.,in plane; ar,aromatic; asym,asymmetric; vib, 

vibration; def, deformation. 
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Figure 5a. Raman spectra (1100 - 1800 cm-1) obtained for ezetimibe, methyl paraben and 

cocrystals. 

Cm-1 
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Figure 5b. Raman spectra (600 - 1100 cm-1) obtained for ezetimibe, methyl paraben and 

cocrystals 

Cm-1 
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Powder X-Ray Diffraction (PXRD) 

Powder X-ray diffraction is a fingerprint characterization method for cocrystals. If the 

resulting PXRD of the solid product obtained after cocrystallization experiment is different 

from that of the reactants, then it may be inferred that a new solid phase has formed. PXRD is 

a powerful technique for determining the presence of polymorphs, crystal habit modifications 

in drug crystals and/or generation of new crystal form during cocrystallization process.53 

The PXRD pattern of ezetimibe exhibited characteristic reflections at about 2θ 15.70°, 

17.11°, 18.56°, 19.24°, 21.63°, 22.67°, 23.24°, 24.19°, 25.10°, 28.04°, and 32.76°. Similarly, 

the PXRD pattern of methyl paraben exhibited characteristic reflections at about 2θ 21.228°, 

23.23°, 25.08°, and 36.56°. The major peak with 100% intensity had reflections at 2θ of 

19.24° and 25.08° in ezetimibe and methyl paraben, respectively. As shown in Figure 6, 

unique PXRD patterns of the cocrystals distinguishable from the host (drug) and the guest 

(coformer) were noted. 

The PXRD pattern of CI exhibited characteristic reflections at about 2θ 

13.91°,15.77°,17.11°,18.60°,19.34°,20.74°,21.66°,22.77°,23.44°,24.50°,26.25°,27.71°,28.15°

,29.78°,31.18°,33.4°, and 36.28°. The most intense peak was at reflection 2θ 19.34°. These 

peaks were significantly different from the parent components, which indicated that CI is a 

unique with respect to pure ezetimibe. Major peaks at 25.11°, and 32.76° of pure ezetimibe 

were missing in the cocrystal phase, whereas, peaks at 31.18° and 39.31° were observed. 

The PXRD pattern of CII exhibited characteristic reflections at about 2θ 

18.99°,19.33°,19.79°,19.8°,20.63°,21.04°,22.6° and 24.97°, which were significantly 

different from either of ezetimibe or methyl paraben. The absence of peaks, characteristic of 

pure ezetimibe and methyl paraben in the PXRD pattern of CII implies it to be pure and 

homogenous cocrystal sample. Newer peaks, with significant intensities were observed at 

18.99° and 20.639°. The most intense peak was obtained at 19.8°. 

The PXRD pattern of CIII exhibited characteristic reflections at about 2θ 13.70°, 16.50°, 

19.15°, 21.14°, 22.71°, 24.90°,25.92°,26.86°,34.90°,36.115°,41.387°, and 53.45°. The PXRD 

pattern so obtained was very unique compared to the two earlier cocrystals. The intensities of 

all the peaks were reduced drastically. No major peaks were seen except the most intense 

peak at 36.115°. The absence of characteristics peaks of ezetimibe and methyl paraben 

clearly indicates the cocrystal's uniqueness and purity. 
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It can be seen that the cocrystals exhibited spectra with different peak positions (patterns) 

from their respective host and guest crystals possessing different crystallographic structures 

with significant habit modification. Further, the relative intensities of their PXRD peaks were 

modified which might be attributed to the different crystal habits14 and arrangement of 

molecules indicating formation of new crystal forms. This was also strongly supported by the 

melting points observed for the cocrystals, which were completely different from their 

respective host and guest crystals as discussed earlier.  

 

Figure 6. The PXRD patterns of ezetimibe, methyl paraben and cocrystals. 

Scanning electron microscopy (SEM) 

Figure 7 (a), (b) and (c) show the SEM overview of all the three cocrystal samples CI, CII 

and CIII. The particles of sample CI appear to be mainly tetragonal and rod-shaped. The 
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particles of CII on the other hand have no fixed geometry although it is clear that the average 

particle size of the sample CII is quite less than that of CI. An important point worth noting 

here is that particles of both the samples CI and CII have non-spherical geometries hence a 

larger surface compared to spherical particles. This may be because sample CII was prepared 

by high energy ball milling which is a very high entropy synthesis route hence particles 

formed are mostly non spherical and quite small. The particles of sample CIII are much 

bigger in size with average size of about 12 µm. The particle sizes and shapes seen in the 

electron micrographs completely compliment the results of our dissolution study. We have 

obtained in our dissolution study that the rate of dissolution for sample CII is highest and for 

the sample CIII, it is lowest. This can be easily understood by examining the electron 

micrographs of CII. The particle size of CII is the smallest among the all three cocrystals. 

Further due to non-sphericity, the surface to volume ratio is much higher than the sample 

CIII. Both these factors add up in increasing its dissolution rate. Further, due to larger particle 

size of the sample CIII, its dissolution rate is lowest among the three cocrystals. 

 

a 
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Figure 7. Scanning electron microscopy images of (a) cocrystal I (CI), (b) cocrystal II (CII) 

and (c) cocrystal III (CIII). 

 

b 

c 



ANNEXURE I 

F.NO. 41-708/2012 (SR) dt. 23.07.2012 (UGC-MRP) Page 26 
 

Solubility Studies 

Determination of cocrystal stochiometry 

Stochiometry of cocrystals via PXRD 

The stochiometry of ezetimibe and methyl paraben were calculated from the X-ray 

diffractograms of CI, CII and CIII. The most intense peak of ezetimibe and methyl paraben 

was obtained at a reflection of 2θ, 19.24 and 25.08, respectively. Stoichiometric (ezetimibe : 

methyl paraben) ratio were 1.35, 2.70 and 1.0 for CI, CII and CIII, respectively   as given in 

supplementary information (Table S3). The amount of ezetimibe present in CIII is less as 

compared to other two cocrystals. It may be confirmed from the mass loss data (24.90%) of 

CIII in the range of 250 - 380 °C which is corresponding to the mass loss of ezetimibe as 

shown in TGA data (figure 3).  

Stochiometry via HPLC results in case of CIII 

The transition concentration values of drug and the coformer measured at the invariant point 

where two solid phases (drug and cocrystal) are in equilibrium with organic solution. The 

stoichiometric ratio of ezetimibe and methyl paraben in cocrystal III was 0.97:1. This result 

was found to be in good agreement with the stochiometry obtained from PXRD 

quantification. 

Measurement of equilibrium cocrystal solubility 

The equilibrium solubility ([drug]Scc/Sdrug) values of ezetimibe and its cocrystals is shown in 

Table 2. Solubility product of cocrystal (Ksp), and equilibrium solubility values of cocrystals, 

that represent nonionized drug and coformer in solution, was calculated according to eq. 1 & 

2, respectively. Solubility of cocrystals were multiplied by the stoichiometric coefficient to 

provide the associated drug concentration and normalized with the relevant stable crystalline 

drug solubility to provide solubility ratios [drug]Scc/Sdrug.. Solubility ratios emphasize the 

magnitude of change in solubility achieved by various cocrystals and facilitate comparisons 

between different cocrystals.  

The cocrystals of ezetimibe and methyl paraben studied, showed a maximum of about two 

fold increase. The solubility ratios were 1.78, 1.42, and 0.941 for CI, CII and CIII, 

respectively. The solubility of the cocrystals may be increased and/or decreased. It depends 
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on the crystal density and strength of the hydrogen bond synthons. Higher crystal packing 

leads to increased stability vis-a-vis lower solubility.54 It was evident from FTIR and Raman 

spectra study that stronger hydrogen bonding occurred in case of cocrystal III (CIII) which 

leads to its lower solubility. Clearly, an enhanced solubility was seen in all the cocrystals as 

compared to pure drug alone except in CIII.  

Table 2. Cocrystal component solubilities and calculated cocrystal Ksp values, solubilities, 

and solubility ratios. 

 

Cocrystal 

A:B 

cocrystal 

stochiometry 

(drug-

ligand) 

C 

[drug] 

(m) 

(mean 

±S.D.) 

D 

[coformer](m) 

(mean ± S.D.) 

E 

Ksp
a 

F 

Cocrystal 

solubility 

(m)b 

G 

Solubility 

ratio 

[drug]Scc/Sdrug 

C I 1.35:1 

 

1.84 E-06 

± 

2 E-07 

1.13E-10 

± 

2 E-05 

1.53 E-

11 

2.10 E-05 

 

1.78 

 

C II 2.7:1 

 

2.36E-06 

± 

3 E-06 

8.04 E-12 

± 

4 E-04 

4.17 E-

18 

 

8.38 E-06 

 

1.42 

 

C III 1.0:1 

 

2.07 E-06 

± 

2 E-07 

2.25 E-10 

± 

9 E-06 

2.25 E-

10 

 

1.49 E-05 

 

0.941 

 

Solubility of drug was determined experimentally to be Sdrug = 1.59E-05 (m). a Ksp units are in 

m2.35, m3.7, and m2 for C I , C II, and C III, respectively. b calculated using eq 1. Indicated 

values reflect HPLC measurement of dissolved cocrystals. Calculations: E = , F = 

[E/(AABB ) ]1/A+B  , G = (A * F)/ Sdrug . 

Determination of ideal solubility from thermal behaviour 
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Ideal solubility values of cocrystals, derived from the melting enthalpy and temperature of 

crystals are listed in Table 3. 

Experimental cocrystal aqueous solubility was not well correlated with ideal values derived 

from the melting enthalpy and temperature of the cocrystals. The ratios of experimental 

aqueous solubility to ideal solubility are listed in Table 3 to emphasize these deviations. In 

case of drug and coformer also, no correlation between ideal and experimental solubility was 

observed. Therefore, it can be suggested that crystal fusion properties are not sufficient for 

predicting cocrystal solubility. The solution chemistry of cocrystals appears to be critical for 

describing solubility behaviour.55 The results further illustrate that melting properties 

associated with the breaking of the crystal lattice are not sufficiently predictive of cocrystal 

solubility relations that involve solvent interactions. Ratios of the ideal cocrystal and ideal 

drug solubilities listed in Table 3 were on a similar order of magnitude to the solution 

measurements, except in CIII, which showed the highest magnitude. 

The thermodynamic ideal solubility seems to more adequately quantify the relative change 

between cocrystal and drug than absolute solubility values. The cocrystal studied showed that 

solvent-solute interactions dominate over lattice energies in water. 

Table 3. Melt temperature and enthalpy used in calculation of ideal solubility and 

comparison with experimental solubility values  

 Exp 

aqueous 

solubility 

(m)a 

Ideal 

Solubility 

(m)b 

 

Tm(°C) 

 

ΔHm 
c 

(KJ/mol) 

Aqueous 

solubility 

ratio 

(exp/ideal) 

Ideal cocrystal 

solubility ratio 

(cocrystal/drug) 

EZT 1.59E-05 15.75 164.36 38.58 1.01E-06 

 

 

MP 1.70 E-05 9.78 127.34 25.29 1.74E-06 

 

 

C I 1.84 E-06 4.51 109.97 28.47 4.08 E-07 

 

0.28 

C II 2.36E-06 3.43 111.27 33.96 6.89 E-07 

 

0.21 

C III 2.07 E-06 6.10 109.12 32.92 3.39 E-07 

 

0.39 
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a Measured solubility for anhydrous samples. b Ideal solubility calculated from eq 3 using 

melt temperature and heat of fusion. Mole fractions were converted to molality units in water.  

c The enthalpy of melting for cocrystals is normalized by moles of component molecules( 

drug + coformer) per mole of cocrystal. All solubility values are expressed in molality units 

in water. 

Dissolution study 

The solubility advantage of cocrystals has been shown to correlate with increased dissolution 

and bioavailability. Ezetimibe cocrystal solubility was greater than ezetimibe. Therefore, in 

order to assess whether this solubility advantage correlates with increased dissolution, invitro 

release study was performed in biorelevant media at pH 4.5. Table 4 shows the dissolution 

data of pure ezetimibe and its cocrystals in 0.45% sodium lauryl sulphate (SLS) of acetate 

buffer (pH 4.5) at 37 ± 0.5 °C. The dissolution curves of pure ezetimibe alone and cocrystals 

in 500 mL of 0.45% sodium lauryl sulphate (SLS) in 0.05 M acetate buffer (pH 4.5) are 

shown in Figure 8. 

Table 4. The dissolution data of pure ezetimibe and its cocrystals in acetate buffer (Ph 4.5) at 

37 ± 0.5°C. 

 %CDR15
a ± S.D. %CDR45

a ± S.D. %CDR120
a ± S.D. 

Ezetimibe 42.55 ± 1.66 61.64 ± 3.35 68.55 ± 3.25 

Cocrystal I 60.50 ± 1.65b 64.93 ± 0.59 76.59 ± 2.98 

Cocrystal II 69.47 ± 1.66b 73.89 ± 0.60b 85.56 ± 2.98b 

Cocrystal III 51.53 ± 1.66b 61.64 ± 3.34 68.82 ± 3.41 

a Indicates ± S.D., (n=3); S.D.: standard deviation; %CDR15, %CDR45 , %CDR120: percentage 

cumulative drug released in 15 min, 45 min and 120 min; b Significant difference compared 

to pure ezetimibe i.e. significant (p<0.05). 
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Figure 8. Dissolution curves of ezetimibe and its cocrystals. CI (solution crystallization 

method); CII (liquid assisted grinding method); CIII (reaction crystallization method) 

The dissolution profiles of all cocrystals, with pure ezetimibe as a control were studied for 2 

hours in defined biorelevant media. The release data, dissolution efficiency (DE%) 

(supplementary information table S4) at different sampling time of all cocrystals  were 

statistically analysed using one way ANOVA followed by Tuckey's post-hoc analysis at a 

significance level of 95% (p<0.05). The statistical analysis of %CDR values revealed a 

significant improvement in dissolution profile of ezetimibe at 15 min (%CDR15) in all the 

three cocrystals (p<0.05). Similarity factor of three cocrystals were calculated with a 

reference of pure ezetimibe %CDR (supplementary information table S4). The cocrystal CII, 

prepared by liquid assisted grinding method showed significant improvement in dissolution at 

45 and 120 min, indicating a good dissolution profile. Moreover, CII showed a release of   

85.56% drug in 120 min, highest among all. This result is in good agreement with the thermal 

behaviour of CII. From DSC result it is clear that CII contains two polymorphic crystals. The 

peak melting temperature of one polymorph was at about 81.1 °C. Peak melting temperature 

(Tm) is an indicator of thermostability and generally the higher the value of Tm, the more 

thermodynamically stable is the molecule and vice versa.46 The release of pure drug was 

about 68% in 120 min. CII exhibited enhanced drug release at each time point, than CI, 
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despite having lesser solubility than the latter, thus showing some deviation from the 

solubility values. CIII on the other hand, followed similar pattern of drug release to that of 

pure drug after 15 min which might be because of rapid transformation to original crystal of 

drug. The faster dissolution of ezetimibe from cocrystals might be accredited to altered 

crystallinity pattern, size and shape and crystal habit of cocrystal, which led to improved 

solubility of cocrystals in dissolution media. Further, higher association between ezetimibe 

and coformers also might have contributed for enhanced dissolution of drug from CI and CII. 

Conclusion: 

 The present study illustrated the formation and characterization of three different cocrystals 

of ezetimibe using methyl paraben as a coformer, employing three different processes, 

namely solution crystallization, liquid assisted grinding and reaction crystallisation. DSC 

result shows that the entirely different peak melting temperature was observed in all three 

cocrystals indicating the formation of new solid phase. FTIR and Raman spectroscopy study 

reveals that the new solid form is the result of weak electrostatic interaction between drug 

and coformer. From PXRD study, it is clear that the crystal habit of both the drug and the 

coformer has been modified. Equilibrium solubility study and dissolution study of the 

cocrystals reveals that the cocrystals of ezetimibe and methyl paraben can a possible and 

potential alternative and effective approach for improving its solubility. 
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Objective: To ensure the bioavailability of telmisartan without using any alkalinizer.  

Abstract of literature review  

The poor dissolution characteristics of relatively insoluble drugs have been a problem to the 

pharmaceutical industry. When an insoluble or sparingly soluble drug is administered orally, 

the rate and extent of absorption are controlled by the dissolution rate in the gastrointestinal 

fluids1. Among various techniques emerged to address bioavailability problem co grinding 

approach (usually with water soluble polymers as carriers) is less frequently reported 2. 

Cogrinding techniques is effective in increasing the solubility of insoluble drugs and is 

economically desirable and environment friendly as it does not require any organic 

solvents/toxic solvents or any sophisticated equipment 3-4.Various investigators reported that 

the ratio of the drug to carrier and the type of carriers play a major role to control the 

dissolution rate from co-ground sample 5-8.The undesirable effects on APIs upon milling such 

as aggregation of fine particles, induction of electrostatic charges, mechanochemical 

transformation, APIs degradation and solid state reactivity has been initiated the utilization of 

co-milling techniques of drug with additives and has successfully applied which also 

increased the milling efficiency9-13. 

 

2. Objectives 

Improvement of dissolution and bioavailability of Telmisartan (TLM) (a BCS class 

II drug) by cogrinding  with poly (vinyl alcohol) (PVA). 

 To formulate tablet dosage form using suitable co grinded mixtures  and 

compare  the dissolution profile with reference product. 

 To study the effect of various parameters that affect co-grinding process viz; ball 

to  powder ratio (BPR), rotational speed and duration of grinding on dissolution 

profile of the TLM. 

 To characterize the various co-grinded mixtures using FTIR, DSC, PXRD and 

SEM  

 To conduct accelerated stability studies on the formulations. 

 To conduct bioavailability studies in rabbits for the optimized formulation.  
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3. Materials and Method 

3.1. Materials 

TLM (Assay HPLC 99.7%) was provided by Unichem Laborotories Ltd. (Himachal Pradesh, 

India). PVA 87-90% hydrolyzed, average Mol weight 30,000 to 70,000 (Sigma- Aldrich Co. 

USA), were used. 

3.2. Ball milling 

The physical mixtures of drug: carrier was prepared by simply blending the TLM powder and 

PVA powder in different ratio and co-milled using Fritsch Pulverisette 5 (Fritsch GmbH 

Pulverisette 5, Idar-Oberstein, Germany), a planetary ball mill equipped with stainless steel 

jar and balls (diameter 5 mm). The mass ratio of ball to sample was varied between 5:1 to 

20:1. The rotation speed was set at 300 and 600 rev min−1 at specified milling duration. For 

comparison purposes the TLM and PVA powders were also ground alone in the ball mill 

under the same conditions used to prepare the cogrinds. The co-milled powder was 

characterized immediately after harvesting the sample from the milling jars at the end of the 

milling process. 

3.3. Preparation of tablets  

Tablets containing 20 mg TLM were prepared by direct compression method. Starch (not less 

than 33% w/w), lactose (not less than 33 % w/w), were blended with PM or cogrinds 

equivalent to 20 mg of TLM and was passed through 22 # mesh. The homogeneity was 

ensured by mixing index determination and the tablets were compressed using a rotary tablet 

machine with 7 mm or 13 mm punch diameter (Cadmach, Ahmadabad, India). The tablet 

hardness was setted to 4 kg/cm2, measured using Monsanto hardness tester (Campbell 

electronics, India).  

3.4. Dissolution tests 

The dissolution rates of TLM from tablets were investigated using by USP dissolution test 

apparatus, Type II (TDT-08L dissolution tester Electrolab, Mumbai, India), at a rotation 

speed of 75 rpm in 900 mL phosphate buffer solution (pH 6.8) at 37±0.5°C.  5 mL of aliquots 

were withdrawn at predetermined interval, replaced with same volume of fresh solution. The 

samples were filtered through nylon membrane filter (0.22 µm). Then, the concentration of 

TLM was analyzed by UV- Visible spectroscopy (model UV 1800, Shimadzu, Tokyo, Japan.) 

at a UV detection wavelength of 296 nm. 
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3.5. Powder X-ray diffraction 

The powder X-ray diffractograms (PXRDs) of TLM, PVA, PMs and cogrinds (under size 

material of 60 # mesh) were recorded to determine the polymorphic transformations 

occurring during the process, by using an X-ray diffractometer (Bruker AXS D8 Advance, 

Configuration: Vertical, Theta/2 Theta geometry; Rheinstetten, Germany,) X-ray source was 

Cu, wavelength 1.5406 Å, detector: Si (Li) PSD. The diffractograms were recorded at a 

scanning speed of 2°/min and a chart speed of 2°/2 cm per 2q and the angular range fixed was 

from 3° to 80°. 

3.6. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) thermograms of TLM, PVA, PMs and cogrinds 

(2mg of each) were obtained using a DSC-60 instrument (Shimadzu), which was calibrated 

with indium. The thermograms were recorded at a heating rate of 10°C/min from 10°C to 

300°C in nitrogen atmosphere (flow rate 20 ml/min) using TA60-WS software (Shimadzu). 

3.7. Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) spectra of TLM, PVA, PMs and cogrinds  

were obtained using an FTIR-8400S instrument (Shimadzu, Kyoto, Japan).A small amount of 

each material was triturated with KBr (1weight % drug content) and placed into sample 

holder for analysis. The spectrum was scanned in the range of 400– 4000/cm at a resolution 

of 2/cm with scan speed of 64 scan/s and was recorded by using IRSolution software 

(Shimadzu). 

3.8 Scanning electron microscopy 

The morphology of the TLM, PVA, PMs and cogrinds were  examined by scanning electron 

microscopy (SEM) (JSM-6390; JEOL, Tokyo, Japan). The samples were coated using 

platinum to increase the conductivity of the electron beam. The operating conditions were an 

accelerating voltage of 10 kV, with a working distance of 12 mm at a spot size of 45. 

3.9. Stability study 

 Cogrinds were subjected to accelerated stability studies as per ICH (International Conference 

on Harmonization) guidelines (Q1E, Step4) at 40°C±2°C/75±5% relative humidity. The 

samples were withdrawn periodically (0, 15, 30, 60, 90 and 180 days) and evaluated for 

different parameters viz; appearance, drug content and in-vitro release studies. After 180 

days, FTIR and PXRD study of the samples were carried out to check physicochemical 

stability of TLM in stressed condition.  
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4. Results 

4.1. Optimization of the process 

The goal of the study was to improve the dissolution of the TLM to > 75% at 45 mins. The 

experiment was preceded as per the flow chart (fig.1). The preliminary results obtained were 

shown as in table.1 

 

 

Figure 1: Flow chart of the process 
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Table 1. Process description of preliminary batches and dissolution pattern  

NO. D/P 

ratio 

BPR RPM Time 

(hrs) 

Tablet Dissolution (Cumulative %) 

15 mins 30 mins 45 mins 60 mins 

1 100/0 0 0 0 5.55 ±0.99 5.50±0.19 6.07±0.29 6.10±0.05 

2 50/50 5:1 300 3 17.18±1.93 18.57±2.89 20.61±2.46 20.65±2.40 

3 25/75 5:1 300 3 16.86±4.54 23.28±3.43 27.61±5.08 29.80±6.02 

4 25/75 10:1 300 3 21.49±1.25 30.57±2.33 40.68±2.48 44.91±2.66 

5 25/75 10:1 600 3 43.81±3.81 56.19±5.56 59.92±2.97 61.66±3.03 

6 25/75 15:1 600 3 49.52±1.51 59.34±4.21 62.88±2.82 65.59±2.09 

7 12.5/87.5 15:1 600 3 77.86±9.32 96.57±2.02 98.20±1.16 96.78±6.40 

8 100/00 15:1 600 3 44.83±3.42 50.11±0.36 52.00±0.62 54.10±2.75 

 

The batch no 7 showed the desired result and there is significance enhancement of dissolution 

when compare to the previous batches studied (batch 1 -6). Further to study the effect of 

various parameters on the optimized batch (batch 7 were studied).  
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Table 2. Effect of drug to polymer ratio on dissolution 

 

Table 3. Effect of duration of grinding on dissolution 

N

o 

D/P 

ratio 

BP

R  

RP

M 

Tim

e 

(hrs) 

Tablet Dissolution (Cumulative %) 

15 mins 30 mins 45 mins 60 mins 

1 12.5/87.

5 

15:1 600 3 77.86 ±9.32 96.57±2.02 98.20±1.1

6 

96.78±6.4

0 

2 12.5/87.

5 

15:1 600 2 53.49±12.1

0 

71.45±14.9

9 

75.62±6.5

7 

78.33±5.0

8 

3 12.5/87.

5 

15:1 600 1 44.92±8.51 56.74±7.85 63.93±5.5

6 

67.97±3.8

2 

4 12.5/87.

5 

15:1 600 0.5 34.95±4.41 45.19±4.30 50.91±7.5

2 

52.29±6.0

1 

5 12.5/87.

5 

- - 0 10.23±1.50 13.10±1.14 16.83±1.8

8 

19.17±1.8

0 

 

 

 

 

 

 

 

No. D/P 

ratio 

BPR RPM Time 

(hrs) 

Tablet Dissolution (Cumulative %) 

15 mins 30 mins 45 mins 60 mins 

1 50/50 15:1 600 3 17.83±0.77 22.20±0.69 25.00±0.96 27.10±1.26 

2 25/75 15:1 600 3 49.52±1.51 59.34±4.21 62.88±2.82 65.59±2.09 

3 12.5/87.5 15:1 600 3 77.86±9.32 96.57±2.02 98.20±1.16 96.78±6.40 

4 100/00 15:1 600 3 44.83±3.42 50.11±0.36 52.00±0.62 54.10±2.75 
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Table 4. Effect of RPM on dissolution 

 

 

Table 5. Effect of Ball to powder ratio (BPR) on dissolution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No D/P 

ratio 

BPR RPM Time(hrs) Tablet Dissolution (Cumulative %) 

15 mins 30 mins 45 mins 60 mins 

1 12.5/87.5 15:1 300 3 25.86±1.05 36.34±0.22 42.97±0.13 44.98±1.27 

2 12.5/87.5 15:1 450 3 28.35±5.94 45.35±9.51 55.14±7.15 59.69±5.26 

3 12.5/87.5 15:1 600 3 77.86±9.32 96.57±2.02 98.20±1.16 96.78±6.40 

No. D/P 

ratio 

BPR RPM Time(hrs) Tablet Dissolution (Cumulative %) 

15 mins 30 mins 45 mins 60 mins 

1 12.5/87.5 20:1 600 3 75.66±7.00 85.93±4.67 88.99±3.22 89.44±1.82 

2 12.5/87.5 15:1 600 3 77.86±9.32 96.57±2.02 98.20±1.16 99.00±2.40 

3 12.5/87.5 10:1 600 3 45.98±3.61 65.89±6.44 74.75±4.83 80.75±3.59 

4 12.5/87.5 5:1 600 3 19.61±1.81 25.18±2.53 27.67±2.60 29.95±2.57 
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Fig.2:   Effect of milling and comilling with PVA on dissolution of TLM 

 

Fig. 3:  Effect of TLM /PVA ratio on drug release (BPR 15:1, RPM 600, Time 3hrs) 
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Fig.4: Effect duration of grinding on drug release (D/P ratio (25/75), BPR 15:1, RPM 600)  

 

 

Fig.5: Effect duration of grinding on drug release (D/P ratio (50/50), BPR 15:1, RPM 600) 
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4.2. Powder X-ray diffraction 

In this experiment, the crystallinity of the drug was remarkably decreased and amorphous 

form was formed by the mechanical stress during grinding, which is depicted by a halo 

pattern in the PXRD of grinded sample Fig.2.b. In the cogrinded sample resulted extremely 

small sizes of crystallite or micro-assemblies of the molecules, and these small particles 

surrounded by additives did not clearly show the diffraction peaks on the X-ray 

diffractogram. The solid state of the drug in the CG might be consisted as the amorphous 

and/or fine crystallite of the drug.  

 

 

Fig. 6: PXRD pattern of TLM (a) Milled TLM (b), PVA (c), Physical mixture of TLM/PVA 

(d) and Co grinded mixture (e) 

 

4.3 Differential scanning calorimetry 
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Fig. 7: DSC pattern of TLM, PVA ,Physical mixture of TLM/PVA and Co grinded mixture  

 

A depression in melting peak (270 to 267) of TLM upon milling indicates particle size 

reduction. This depression may be also due to the defective crystals of TLM upon milling. 

PVA (partially hydrolyzed) exhibited a Tm around 190 ͦ C. In PM the lower value (Tm 267) 

than pure TLM (Tm 270) attest only weaker interaction between TLM and PVA. 

4.4. Fourier transform infrared spectroscopy 

The structure of TLM involves two benzimidazole rings (proton acceptor N atom) and one 

biphenyl rings with a carboxylic acid (proton donor) group. These groups on the surface are 

responsible for forming hydrogen bond with neighboring components and thus are 

responsible for polarity of the surface.TLM possesses hydrophobic (phenyl ring) as well as 

hydrophilic regions [carbonyl (C=O) and imine (C=N)] in its structure. It can be seen from 

Fig. 8 that, the nitrogen and oxygen are associated with hydrophilic moieties while benzene 

ring of benzimidazole and phenyl ring is associated with hydro-phobic moieties. 

The FTIR spectrum of TLM shows characteristics peaks at  3060 cm-1 (O-H stretching), 2959 

cm-1 (aliphatic C-H stretching), 2903 cm-1  (aromatic C-H stretching), 1696 cm-1 (C=O 

stretching), 1599 cm-1 (C=N) stretching), 1521 cm-1 ,1459 cm-1 ,1412 (aromatic C=C 

stretching), 1127 cm -1(O-H bending of –COOH ) and 757& 748 cm-1 (ring vibration of 1,2 

substituted benzene). 
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The PVA (partially hydrolyzed shows very intense and broad peaks centered at 3252 cm-1. 

this band is attributed to a wide distribution of hydrogen bonded hydroxyl groups (self-

association. Since we used a partially hydrolyzed PVA, we would attribute the bands at 1740, 

1256, 1028 and 946 cm-1 to the presence of acetates monomer units. The spectrum of PVA 

(87-90% hydrolyzed) presents a strong  absorption at 1735 cm -1 (free carbonyl groups) with 

a shoulder peak ( 1716 cm-1) at lower wave number side due to hydrogen bonded carbonyl 

groups. There are some other bands that should be shifted due to hydrogen bond interactions. 

For example C-O-C stretching region of acetate units is observed at 1247cm-1 but not shifted 

significantly indicated the absence of hydrogen bong interaction between acetate units of 

PVA and TLM. 
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Fig. 8 FTIR spectra of TLM, PVA, Physical mixture of TLM/PVA and Co grinded mixture  

 

Key findings from the completed work 

The cogrinding of TLM with PVA showed higher rate of drug dissolution than “TLM alone” 

grinding. Tablets prepared from grinded mixture of TLM/PVA in a weight ratio of 12.5/87.5 

(BPR 15:1, RPM 600, and Time 3hrs) and 25/75 (BPR 15:1, RPM 600, and Time 5hrs) 

showed improved dissolution (>75% in 45 minutes) of TLM in phosphate buffer pH 6.8 

(37°C, RPM 75). 

45060075090010501200135015001650180019502100240027003000330036003900
1/cm

%T

3
2
5
4
.0

2

2
9
4
4
.4

4
2
9
0
3
.9

3
2
8
4
0
.2

8

1
7
3
0
.2

1
1
7
1
5
.7

4

1
6
4
7
.2

6

1
5
5
9
.5

0

1
4
5
7
.2

7

1
3
7
4
.3

3
1
3
3
9
.6

1
1
3
2
8
.0

3

1
2
4
4
.1

3

1
1
4
2
.8

6

1
0
8
8
.8

5

1
0
2
8
.0

9

9
4
6
.1

2

8
5
4
.4

9

3
7
4
3
.9

6

3
2
7
6
.2

0

2
9
4
4
.4

4
2
9
0
2
.0

0
2
8
3
4
.4

9

2
3
5
9
.9

8

1
7
3
5
.9

9
1
7
1
4
.7

7

1
6
5
2
.0

9

1
5
5
8
.5

4

1
5
0
9
.3

5

1
4
5
6
.3

0
1
4
2
2
.5

5

1
3
7
3
.3

6
1
3
3
6
.7

1

1
2
5
9
.5

6

1
1
3
7
.0

7

1
0
9
2
.7

1

9
4
4
.1

9

8
5
1
.6

0

7
4
8
.4

1

5
1
5
.9

8

4
2
1
.4

6

3
7
4
1
.0

6

3
0
6
0
.1

7

2
9
5
9
.8

7

2
8
6
9
.2

1

2
7
4
2
.8

7

2
4
7
7
.6

5

1
9
3
4
.6

7

1
6
9
5
.4

9

1
6
0
2
.9

0

1
5
2
0
.9

2

1
4
5
8
.2

3

1
3
8
2
.0

4

1
3
0
1
.9

9
1
2
6
9
.2

0

1
2
3
0
.6

3

1
1
5
6
.3

6
1
1
2
7
.4

3

1
0
3
5
.8

1
1
0
1
0
.7

3 9
4
6
.1

2

8
6
3
.1

7 8
1
3
.9

9

7
5
0
.3

3

7
0
5
.0

1

6
6
8
.3

6

5
7
3
.8

4
5
3
8
.1

6

4
4
9
.4

3

3
7
4
4
.9

2

3
2
6
9
.4

5

3
0
6
0
.1

7

2
9
5
5
.0

4
2
9
0
2
.0

0
2
8
7
2
.1

0

2
3
6
9
.6

3

1
7
0
4
.1

7

1
6
5
2
.0

9

1
5
9
7
.1

1

1
5
5
8
.5

4

1
5
0
8
.3

8

1
4
5
6
.3

0

1
4
1
8
.6

9
1
3
8
5
.9

0

1
3
2
9
.0

0

1
2
6
8
.2

4

1
1
2
9
.3

6

1
0
9
2
.7

1

1
0
1
1
.7

0

8
5
9
.3

2

7
4
9
.3

7

7
0
4
.0

4

4
3
1
.1

0

PVA_Sigma1
Smooth

Smooth 1
Smooth

PVA_Sigma

PVA

TLM/PVA (12.5/87.5 
co milled)

TLM

TLM/PVA 12.5/87.5 PM



ANNEXURE I 

F.NO. 41-708/2012 (SR) dt. 23.07.2012 (UGC-MRP) Page 48 
 

References 

1. Shargel L. Applied Biopharmaceutics and Pharmacokinetics, 5th edn. Newyork: 

McGraw Hill, 2005 

2. Amidon GL, Lennernäs H, Shah VP, Crison JR.A theoretical basis for a biopharmaceutic 

drug classification: the correlation of in vitro drug product dissolution and in vivo 

bioavailability. Pharm Res. 1995 12(3):413-20. 

3. Pius Fasinu, Viness Pillay,Valence M. K. Ndesendo, Lisa C. du Toit, and Yahya E. 

Choonara, Diverse approaches for the enhancement of oral drug bioavailability, 

Biopharm. Drug Dispos. (2011)32: 185–209.  

4.  Martin. A, Micromeritics, Physical Pharmacy, Baltimore,MD; Lippincott, Williams 

and Wilkins; 2001Edtn-4th: 423-454. 

5. G.G. Liversidge, K.C. Cundy, Particle size reduction for improvement of oral 

bioavailability of hydrophobic drugs: absolute oral bioavailability of nanocrystalline 

danazol in beagle dogs, Int. J. Pharm., 125 (1995), pp. 91–97. 

6.  A. Jounela, P. Pentikainen, A. Sothmann,Effect of particle size on the bioavailability of 

digoxin, Eur. J. Clin. Pharmacol., 8 (1975), pp. 365–370. 

7. A.G Baily,Electrostatic phenomena during powder handling, Powder Technol. 37 (1984) 

71-85.  

8. Barzegar-Jalali M, Valizadeh H, Shadbad MS, Adibkia K, Mohammadi G, Farahani A, 

et al. Cogrinding as an approach to enhance dissolution rate of a poorly water-soluble 

drug(gliclazide). Powder Technol. 2010; 197:150–8.  

9. Colombo I, Grassi G, Grass M. Drug mechanochemical activation. J Pharm Sci. 2009; 

98(11):3961–86. doi:10.1002/jps.21733. 

10. Gibaldi, M. & Feldman, S. , J Pharm Sci. 59, 579–589 (1970). 

11. Corti G, Capasso G, Maestrelli F, Cirri M, Mura P. Physical–chemical characterization 

of binary systems of metformin hydrochloride with triacetyl-β-cyclodextrin. J Pharm 

Biomed Anal.2007; 45:480–6. doi:10.1016/j.jpba.2007.07.018. 

12. D.Bahl, J Hudak, R.H Bogner, Comparison of ability of various pharmaceutical silicates 

to amorphize and enhance dissolution of indomethacin upon co-grinding, 

Pharmaceutical Development and Technology. 13 (2008) 255-269. 

13. L.Zhong, X. Zhu, X. Luo, W.Su, Dissolution properties  and physical characterization of   

TLM-chitosan solid dispersions prepared by mechanochemical activation, AAPS Pharm 

SciTech, 2013 doi:10.1208/s12249-013-9937-1 



ANNEXURE I 

F.NO. 41-708/2012 (SR) dt. 23.07.2012 (UGC-MRP) Page 49 
 

14. M. Barzegar-Jalali, H. Valizadeh, M.S. Shadbad, K.Adibkia, G. Mohammadi, A. 

Farahani, Z. Arash, A. Nokhodchi, Cogrinding as an approach to enhance dissolution 

rate of  a poorly water-soluble drug (gliclazide), Powder Technol. 197 (2010) 150-158. 

15. A.G Baily,Electrostatic phenomena during powder handling, Powder Technol. 37 (1984) 

71-85.  

16. Colombo I, Grassi G, Grass M. Drug mechanochemical activation. J Pharm Sci. 2009; 

98(11):3961–86. doi:10.1002/jps.21733. 

17. Corti G, Capasso G, Maestrelli F, Cirri M, Mura P. Physical–chemical characterization 

of binary systems of metformin hydrochloride with triacetyl-β-cyclodextrin. J Pharm 

Biomed Anal.2007; 45:480–6. doi:10.1016/j.jpba.2007.07.018. 

18. D.Bahl, J Hudak, R.H Bogner, Comparison of ability of various pharmaceutical silicates 

to amorphize and enhance dissolution of indomethacin upon co-grinding, 

Pharmaceutical Development and Technology. 13 (2008) 255-269. 

19. Dushkin AV. Mechanochemical synthesis of organic compounds and rapidly-soluble 

materials. High-energy ball milling: mechanochemical processing of nanopowders. 

Cambridge, UK: Woodhead Publishing Limited; 2010. p. 224–47. 

20. L.Zhong, X. Zhu, X. Luo, W.Su, Dissolution properties  and physical characterization of   

TLM-chitosan solid dispersions prepared by mechanochemical activation, AAPS Pharm 

SciTech, 2013 doi:10.1208/s12249-013-9937-1 

21. M. Barzegar-Jalali, H. Valizadeh, M.S. Shadbad, K.Adibkia, G. Mohammadi, A. 

Farahani, Z. Arash, A. Nokhodchi, Cogrinding as an approach to enhance dissolution 

rate of  a poorly water-soluble drug (gliclazide), Powder Technol. 197 (2010) 150-158. 

22. J.C. Chaumeil,Micronization: a method of improving the bioavailability of poorly 

soluble drugs , Exp. Clin. Pharmacol, 20 (1998), pp. 211–215 

23. Klaus Kunath b, Jennifer B. Dressmana, Dissolution enhancement of fenofibrate by 

micronization, cogrinding, European Journal of Pharmaceutics and Biopharmaceutics 

68 (2008) 283–288. 

 

 

Publication: Isaac, J., Ganguly, S., Ghosh, A. (2016). Co-milling of telmisartan with 

poly(vinyl alcohol) – An alkalinizer free green approach to ensure its bioavailability. 

European Journal of Pharmaceutics and Biopharmaceutics. 101, pp. 43-52. (Impact Factor: 

3.975) 



ANNEXURE II 
 

F.NO. 41-708/2012 (SR) dt. 23.07.2012 (UGC-MRP) Page 1 
 

WHETHER OBJECTIVES WERE ACHIEVED (GIVE DETAILS) 

The objectives were achieved as proposed in project proposal. 

The objective was to improve the rate of dissolution of poorly water soluble drug molecules to 

achieve improved bioavailability. 

Two methods were applied to achieve the objective namely corytallization and co-milling. Both 

methods were environmental friendly and the scale up is also easy. The choice of drugs were 

ezetimibe and telmisartan. Both drugs are under the BCS II group of drugs. They have low 

solubility and high permeability. Therefore, rate limiting step of their bioavailability is in-vivo 

dissolution. Ultimately, for both drugs the rate of dissolution viz. bioavailability was improved 

with reference to the conventional dosage form.   
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SUMMARY OF THE FINDINGS (IN 500 WORDS) 

The present study illustrated the formation and characterization of three different cocrystals of 

ezetimibe using methyl paraben as a coformer, employing three different processes, namely 

solution crystallization, liquid assisted grinding and reaction crystallisation. DSC result shows that 

the entirely different peak melting temperature was observed in all three cocrystals indicating the 

formation of new solid phase. FTIR and Raman spectroscopy study reveals that the new solid form 

is the result of weak electrostatic interaction between drug and coformer. From PXRD study, it is 

clear that the crystal habit of both the drug and the coformer has been modified. Equilibrium 

solubility study and dissolution study of the cocrystals reveals that the cocrystals of ezetimibe and 

methyl paraben can a possible and potential alternative and effective approach for improving its 

solubility. 

Particle size reduction of TLM by neat milling results in clustering/aggregation of particles. The 

hydrophobicity of the milled TLM makes it difficult to dissolve effectively in an aqueous 

environment. Co-milling of TLM with PVA, a hydrophilic polymer resulted in an effective particle 

size reduction, absence of clustering and improved the wettability of TLM. The physical changes 

of the comilling product of TLM were found to depend on D/P ratio and the process parameters 

used. The dissolution profiles of the final optimized products (CG 1 and CG 2 tablets) were 

comparable to those of dissolution profile of the reference product (Micardis). Crystalline and 

amorphous form of TLM was present in CG1 whereas in CG2 disordered crystals of TLM were 

present in addition. Therefore, it was unstable under accelerated stability test conditions. The 

bioavailability of CG 1 tablet in rabbits was comparable to that of the reference product (Micardis) 

). Absence of use of any of the corrosive chemical agent/s in the formula, ensured the gastro-

environmental friendliness of the product. As well as, comilling being a simple and environment 

friendly particle engineering feat, this technique has to draw more attention from pharmaceutical 

formulation scientists from around the world who are striving hard to improve the dissolution of 

BCS class II drugs by particle engineering. 



ANNEXURE IV 
 

F.NO. 41-708/2012 (SR) dt. 23.07.2012 (UGC-MRP) Page 1 
 

CONTRIBUTION TO THE SOCIETY (GIVE DETAILS) 

Most of new drug molecules are showing poor water solubility. Hence to achieve the therapeutic 

concentration there is a need to administer high dose which definitely cause dose related toxicity. 

Therefore, total medication cost will be high. By increasing the water solubility, required 

therapeutic concentration may be achieved by administering low dose which ultimately reduce 

total medication cost which is the ultimate contribution to the society.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

PLANETARY MICRO MILL  

MODEL: PULVERISETTE 7 

MAKE: FRITSCH, GERMANY 



 

 

Dissolution tester USP 

Model: TDT-08L 

Make: Electrolab, Mumbai, India 
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