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a b s t r a c t

Bosentan is a dual endothelin receptor antagonist used in the treatment of pulmonary arterial hyperten-
sion (PAH). But the solubility and bioavailability of this drug are poor, which has restricted the design and
development of dosage forms for efficient and successful therapy. The present study was carried out to
develop nanocomposites using an amphiphilic graft co-polymer (Soluplus�) as a carrier to enhance the
solubility and bioavailability of bosentan. The graft co-polymer-based nanocomposite formulation was
prepared using the single-emulsion technique. The nanocomposite was characterised in terms of particle
size analysis, solubility, percentage entrapment efficiency, drug-loading capacity, surface morphology,
drug content, in vitro dissolution, stability and bioavailability. FT-IR study revealed that there was no
interaction between the drug and Soluplus�. DSC analysis of the nanocomposite formulation confirmed
that the bosentan was completely encapsulated within a Soluplus�. XRD analysis showed that the drug
was converted to an amorphous form irreversibly. SEM images showed that the particles were of size 96–
129 lm and had slightly smooth to rough textured surface. TEM analysis indicated that the diameters of
the prepared bosentan nanocomposite after dispersion in distilled water were 13.69–96.78 nm.
Statistically significant increases in the solubility, dissolution and bioavailability of the drug were
observed. It was confirmed that the use of a graft co-polymer carrier-based nanocomposite formulation
is a good approach for efficient delivery of bosentan, the solubility and bioavailability being increased
manifold.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recent developments in combinatorial chemistry, high-
throughput screening (HTS), biology and genetics have led to the
synthesis of many drug candidates, but the need to address practi-
cal problems has also increased proportionately. The development
of new dosage forms of most of the available drugs has been
restricted due to their poor solubility, which is the rate-limiting
step for bioavailability [1]. The use of a scientific framework for
classifying drugs on the basis of their solubility and permeability
has become popular; such frameworks are referred to as biophar-
maceutical classification systems [2].

It has been proved that the problem of poor bioavailability does
not arise with any drug candidate with solubility greater than

10 mg/ml at the physiological pH of 7. In contrast, there are
bioavailability problems with drug candidates with aqueous solu-
bility less than 1 mg/ml. This indicates the prime importance of
solubility in relation to bioavailability [3].

Poor solubility of drugs has been addressed through the devel-
opment of new drug delivery approaches such as reducing the par-
ticle size of the drug, micronisation [4], inclusion complexation
[5,6], salt formation [7], pH adjustment [8], co-solvency [9–11],
the liquisolid technique [12], supercritical fluid technology [13]
and the use of self-emulsifying micro-emulsion systems [14].

Bosentan is a dual endothelin receptor antagonist used in the
treatment of pulmonary arterial hypertension (PAH). It has an
elimination half-life of 5 h. Because of the poor solubility of bosen-
tan, it is classified as a BCS Class II. It is insoluble in water and in
aqueous buffer solutions with pH values in the range 1–5. The sol-
ubility of bosentan increases to 0.43 mg/ml at pH 7.5. It is freely
soluble in dichloromethane, acetonitrile and chloroform and is
soluble in ethanol.
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The present study involved the development of a Soluplus�

(polyvinyl caprolactam–polyvinyl acetate–polyethylene glycol
graft co-polymer)-based nanocomposite formulation using the
single-emulsion technique, followed by lyophilisation, which
results in a stable, free-flowing, powdered nanocomposite contain-
ing bosentan. Soluplus� is an amphiphilic graft co-polymer spe-
cially designed and manufactured by BASF Corporation to
enhance the solubility of poorly soluble drugs. Because of its bi-
functional behaviour, it is expected to serve as an excellent matrix
for dissolving drugs in aqueous media [15,16]. Characterisation of
the nanocomposite formulation developed was carried out in
terms of particle size, solubility, percent entrapment efficiency,
drug-loading capacity, surface morphology, drug content, in vitro
dissolution, stability and bioavailability.

2. Materials and methods

2.1. Materials

Bosentan was obtained as a gift sample from Dr. Reddy’s Labo-
ratories Pvt. Ltd., Hyderabad, India. Soluplus� was gifted by BASF
Corporation, Mumbai, Maharashtra, India. All other excipients
and reagents were obtained from the Central Chemical Store of
Sanjivani College of Pharmaceutical Education and Research,
Kopargaon, and they were of analytical grade.

2.2. Methods

2.2.1. Preparation of nanocomposites of bosentan
A nanoemulsion of bosentan and Soluplus� was prepared using

the single-emulsion technique. Two phases (organic and aqueous
phases) were prepared, and a surfactant was added. In the first
step, Soluplus� was dissolved in 5 ml of dichloromethane. Mixing
was carried out until a clear, homogenous mixture was formed.
In the second step, the drug was dissolved completely in the same
solvent, 5 ml of dichloromethane. The two phases were mixed and
stirred until a uniformmixture, the organic phase, was formed. The
drug-to-Soluplus� ratio was maintained at 1:1, 1:2, 1:3, 1:4 and
1:5 (five batches were prepared as BNC1 to BNC5 respectively).
An aqueous phase was prepared by adding 0.05% TWEEN� 80 in
20 ml of distilled water. The aqueous phase was kept in an ice bath,
and the organic phase was added drop-wise (approximately 0.1–
0.3 ml/minute) to the aqueous phase using a syringe pump. A
probe sonicator (PKS-750, PCi Analytics, Mumbai, India) was used
to homogenise the two phases effectively. The resultant mixture
was stirred continuously for 24 h to remove the dichloromethane,
and the remaining part of the mixture was lyophilised at �40 �C for
12 h. The lyophilised mass was ground to obtain a free-flowing
powder, which was sifted through a 100 lm sieve and kept in a
desiccator until further use. Physical mixtures of bosentan and
Soluplus� (Bose-PM) were prepared by gentle mixing in a mortar
and pestle. Mixtures were prepared with the same ratios used to
prepare the bosentan–Soluplus� nanocomposites (Bose-NC) [17].

2.2.2. Solubility study
A phase solubility study was conducted to predict the maxi-

mum concentration of Soluplus� that will help increase the solu-
bility of bosentan. The shaking flask method of Higuchi and
Connors was used to determine the solubility [18]. An excess
amount of the drug was placed in 25 ml volumetric flasks contain-
ing 1–5% w/v Soluplus� solutions. These samples were sonicated
for 20 min and placed in a thermo-stable orbital flask shaker at
37 ± 0.5 �C for 48 h (Dolphine, Nashik). The samples were cen-
trifuged at 12,000 rpm for 20 min, and the supernatants were fil-
tered through Whatman filter paper (0.45 lm pore size). The

concentrations of bosentan (in mg/ml) were determined using a
UV spectrophotometer (1650 PC, Shimadzu, Japan) at 272 nm.

In order to obtain a suitable concentration of Soluplus� for sol-
ubilisation of bosentan, DG�tr values were calculated using the
Gibbs–Helmholtz equation [19a]:

DG tr ¼ 2:303RTlog
S0
Ss

� �
; ð1Þ

where S0/Ss is the ratio of the molar solubilities of bosentan before
and after treatment with Soluplus�. R and T are the gas constant
(8.31 J K�1) and temperature (in degrees Kelvin), respectively. The
negative Gibbs free-energy value obtained using above equation
indicates better solubilisation. The solubilities of the plain drug,
physical mixtures and nanocomposite were determined using shake
flask method as described in earlier section. Excess amounts of the
plain drug, physical mixtures and nanocomposite were added to
water and buffered solvents of different pH values (1.2 and 6.8) to
determine the solubilities. The results were converted to units of
mg/ml, and ANOVA (analysis of variance) was used to check for sta-
tistically significant differences among the samples [20].

2.2.3. Fourier Transform Infrared Spectroscopy (FT-IR)
The interaction between bosentan and Soluplus� was studied

using an FT-IR spectrophotometer (Shimadzu, Japan). Spectra were
recorded in the range 4000–400 cm�1. All the samples were pre-
pared using the KBr pellet technique, and the spectra were
recorded at a resolution of 0.15 cm�1 and a scanning speed of 20
scan/s.

2.2.4. Differential scanning Calorimetry (DSC)
The thermal properties of the drug and the nanocomposite were

determined using a differential scanning calorimeter (Mettler,
Switzerland). Samples were heated at a rate of 10 �C/min from
ambient temperature to their melting points. The study was car-
ried out at R.C. Patel College of Pharmacy, Shirpur, India.

2.2.5. X-ray diffraction (XRD)
Various XRD spectra/patterns were recorded using a Philips

PW3710 analytical X-ray diffractometer to confirm the change in
the basic form of the drug (crystalline or amorphous) after formu-
lation of the final dosage form. Samples (2 mg) were heated in her-
metically sealed aluminium pans from 40 �C to 300 �C at a constant
rate of 10 �C/minute. To maintain an inert atmosphere, nitrogen
was purged at a flow rate of 20 ml/min.

2.2.6. Surface morphological study by scanning Electron microscopy
(SEM)

The surface properties were observed and evaluated using SEM.
The changes in the surface morphology of the resultant solid dis-
persion after encapsulation into Soluplus� were studied using this
higher-resolution scanning electron microscopy. The samples were
covered with double-sided sticking tape and placed on aluminium
stubs. They were sealed and coated with gold ions (200 A�) under
low pressure for 5 min using a sputtering device.

2.2.7. Transmission Electron microscopy
After dilution of bosentan nanocomposite more than 200 times

in simulated GI fluid, the physical appearance was checked using
TEM. Very little smear of sample was mounted on a copper grid
which previously coated with carbon and analysed.

2.2.8. Particle size distribution and zeta potential analysis
The size of the nanocomposite particles dispersed in the aque-

ous media was evaluated using a Malvern Zetasizer (Zetasizer
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