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ABSTRACT

Among all newly discovered chemical entities about 40% drugs are lipophillic and fail to reach market due to
their poor aqueous solubility. For orally administered drugs solubility is one of the rate limiting parameter to
achieve their desired concentration in systemic circulation for pharmacological response. Problem of solubility is
a major challenge for formulation scientist, which can be solved by different technological approaches during the
pharmaceutical product development. Solid dispersion, Micronization, Salt formation, are some of the vital
approaches routinely employed to enhance the solubility of poorly soluble drugs but each approach has some
limitation and advantages. Novel techniques like Nano-suspension, Supercritical processing, Cryogenic
technology may allow greater opportunities in the delivery of poorly soluble drugs. The solubility behavior of
drugs remains one of the most challenging aspects in formulation development. The present review is devoted to
various traditional and novel techniques for enhancing drug solubility to reduce the percentage of poorly soluble
drug candidates eliminated from the development.
Keywords: Solubility, cyclodextrin, nanosuspension, hydrophobic drugs, bioavailability.

INTRODUCTION

Orally administered drugs completely absorb only when
they show fair solubility in gastric medium and such drugs
shows good bioavailability. Recently more than 40% NCEs
(new chemical entities) developed in Pharmaceutical
Industry are practically insoluble in water. These poorly
water soluble drugs are allied with slow drug absorption
leading to inadequate and variable bioavailability and
gastrointestinal mucosal toxicity.1
Therefore, the improvement of drug solubility thereby
its oral bio-availability remains one of most challenging
aspects of drug development process especially for oral
drug delivery system. There are numerous approaches
available and reported in literature to enhance the
solubility of poorly water soluble drug. The techniques
are chosen on the basis of certain aspects such as
properties of drug under consideration, nature of
excipients to be selected and nature of intended dosage
form. This review is intended to discuss the various
traditional and novel techniques for solubility
enhancement of hydrophobic drugs for oral
pharmaceutical formulation.
TECHNIQUES FOR SOLUBILITY ENHANCEMENT
There are various techniques available to improve the
solubility of hydrophobic drugs. Some traditional and
novel approaches to improve the solubility are:
1. Particle Size Reduction
2. Solid Dispersion
3. Nanosuspension
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4. Supercritical Fluid Technology
5. Cryogenic Technology
6. Inclusion Complex Formation Techniques
7. Floating Granules
Particle Size Reduction
The solubility of drug is often intrinsically related to drug
particle size as a particle becomes smaller, the surface
area to volume ratio increases. The larger surface area
allows a greater interaction with the solvent which cause
increase in solubility.2
Conventional methods of particle size reduction, such as
comminution and spray drying, rely upon mechanical
stress to disaggregate the active compound. The critical
parameters of comminution are well-known to the
industry, thus permitting an efficient, reproducible and
economic means of particle size reduction. However, the
mechanical forces inherent to comminution, such as
milling and grinding, often impart significant amounts of
physical stress upon the drug product which may induce
degradation. The thermal stress which may occur during
comminution and spray drying is also a concern when
processing thermosensitive or unstable active compounds.
Also, this traditional methods are often incapable of
reducing the particle size of nearly insoluble drugs
(<0.1mg/mL).3-5
Micronization is another conventional technique for the
particle size reduction. Micronisation increases the
dissolution rate of drugs through increased surface area, it
does not increase equilibrium solubility5. Decreasing the
particle size of these drugs which cause increase in surface
area, improves their rate of dissolution. Micronization of
drugs is done by milling techniques using jet mill, rotor
stator colloid mills etc. Micronization is not suitable for
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drugs having a high dose number because it does not
change the saturation solubility of the drug.
These processes were applied to griseofulvin,
progesterone, spironolactone and diosmin, fenofibrate.
For each drug, micronization improved their digestive
absorption, and consequently their bioavailability and
clinical efficacy.6,7
Solid Dispersion
The concept of solid dispersions was originally proposed
by Sekiguchi and Obi, who investigated the generation and
dissolution performance of eutectic melts of a sulfonamide
drug and a water-soluble carrier in the early 1960s.8 Solid
dispersions represent a useful pharmaceutical technique
for increasing the dissolution, absorption and therapeutic
efficacy of drugs in dosage forms. The term solid
dispersion refers to a group of solid products consisting of
at least two different components, generally a hydrophilic
matrix and a hydrophobic drug. The most commonly used
hydrophilic carriers for solid dispersions include
polyvinylpyrrolidone, polyethylene glycols, PlasdoneS630. Many times surfactants may also used in the
formation of solid dispersion. Surfactants like Tween-80,
Docusate sodium, Myrj-52, Pluronic-F68 and Sodium
Lauryl Sulphate used.
The solubility of celecoxib9, halofantrine10, ritonavir11 can
be improved by solid dispersion using suitable hydrophilic
carriers. There are various techniques to prepare the solid
dispersion of hydrophobic drugs to improve their aqueous
solubility.
Hot melt method (fusion method): The main advantages
of this direct melting method is its simplicity and
economy. The melting or fusion method was first
proposed by Sekiguchi and Obi to prepare fast release
solid dispersion dosage forms.12 In this method, the
physical mixture of a drug and a water-soluble carrier was
heated directly until it melted. The melted mixture was
then cooled and solidified rapidly in an ice bath under
rigorous stirring. The final solid mass was crushed,
pulverized, and sieved, which can be compressed into
tablets with the help of tabletting agents. The melting
point of a binary system is dependent upon its
composition, i.e., the selection of the carrier and the
weight fraction of the drug in the system.13
An important requisite for the formation of solid
dispersion by the hot melt method is the miscibility of the
drug and the carrier in the molten form. Another
important requisite is the thermostability of the drug and
carrier.
Solvent Evaporation Method: Tachibana and Nakumara14
were the first to dissolve both the drug and the carrier in a
common solvent and then evaporate the solvent under
vacuum to produce a solid solution. This enabled them to
produce a solid solution of the highly lipophilic β-carotene
in the highly water soluble carrier polyvinylpyrrolidone.
Many investigators studied solid dispersion of
meloxicam15, naproxen16 and nimesulide17 using solvent
evaporation technique. These findings suggest that the
above-mentioned technique can be employed successfully
for improvement and stability of solid dispersions of
poorly water soluble drugs.
The main advantage of the solvent method is that thermal
decomposition of drugs or carriers can be prevented
because of the low temperature required for the
evaporation of organic solvents. However, some
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disadvantages associated with this method are the higher
cost of preparation, the difficulty in completely removing
liquid solvent, the possible adverse effect of the
supposedly negligible amount of the solvent on the
chemical stability of the drug, the selection of a common
volatile solvent, and the difficulty of reproducing crystal
forms.
Hot melt extrusion: Hot melt extrusion is essentially the
same as the fusion method except that intense mixing of
the components is induced by the extruder. Just like in the
traditional fusion process, miscibility of drug and matrix
can be a problem. High shear forces resulting in high local
temperature in the extruder is a problem for heat sensitive
materials. However, compared to the traditional fusion
method, this technique offers the possibility of continuous
production, which makes it suitable for large-scale
production. Furthermore, the product is easier to handle
because at the outlet of the extruder the shape can be
adapted to the next processing step without grinding.
Nanosuspension
Nanosuspension technology has been developed as a
promising candidate for efficient delivery of hydrophobic
drugs.18 This technology is applied to poorly soluble drugs
that are insoluble in both water and oils. A pharmaceutical
nanosuspension is biphasic systems consisting of nano
sized drug particles stabilized by surfactants for either
oral and topical use or parenteral and pulmonary
administration. The particle size distribution of the solid
particles in nanosuspensions is usually less than one
micron with an average particle size ranging between 200
and 600 nm.18,19
There are various methods for preparation of
nanosuspension include Media Milling (Nanocrystals),
High Pressure Homogenization in water (Dissocubes),
High Pressure Homogenization in nonaqueous media
(Nanopure) and combination of Precipitation and HighPressure Homogenization (Nanoedege).20,21
Precipitation Techniques: In precipitation technique the
drug is dissolved in a solvent, which is then added to nonsolvent to precipitate the crystals. The basic advantage of
precipitation technique is the use of simple and low cost
equipments. The basic challenge of this technique is that
during the precipitation procedure the growing of the
drug crystals needs to be controlled by addition of
surfactant to avoid formation of microparticles. The
limitation of this precipitation technique is that the drug
needs to be soluble in at least one solvent and this solvent
needs to be miscible with nonsolvent. Moreover
precipitation technique is not applicable to drugs, which
are simultaneously poorly soluble in aqueous and
nonaqueous media.22
Nanosuspension of Danazol23 Naproxen23,24 prepared by
precipitation technique to improve their dissolution rate
and oral bioavailability.
Media milling (Nanocrystals or Nanosystems): The
method is first developed and reported by Liversidge et.al.
(1992) the nanosuspensions are prepared by using highshear media mills. The milling chamber charged with
milling media, water, drug and stabilizer is rotated at a
very high shear rate under controlled temperatures for
several days (at least 2-7 days). The milling medium is
composed of glass, Zirconium oxide or highly cross-linked
polystyrene resin. The high energy shear forces are
generated as a result of the impaction of the milling media
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with the drug resulting into breaking of microparticulate
drug to nanosized particles.25, 22
Dissolution rate and bioavailability of poorly soluble drugs
such as Cilostazol26, Danazol23 Naproxen23,24 have been
improved by reducing their particle size by nanocrystal
techniques.
High pressure homogenization: High pressure
homogenization has been used to prepare nanosuspension
of many poorly water soluble drugs. In the high pressure
homogenization method, the suspension of a drug and
surfactant is forced under pressure through a nanosized
aperture valve of a high pressure homogenizer. The
principle of this method is based on cavitation in the
aqueous phase. The particles cavitations forces are
sufficiently high to convert the drug microparticles into
nanoparticles. The concern with this method is the need
for small sample particles before loading and the fact that
many cycles of homogenization are required.27 DissoCubes
technology is an example of this technology developed by
R.H. Müller using a piston-gap-type high pressure
homogenizer, which was recently released as a patent
owned by Skye Pharm plc.8 Other technologies and patents
which are based on the homogenization processes are
shown in Table 1.27
Table 1. Overview of the technologies and
patents/patent applications on which the various
homogenization processes are based 27
Nanocrystal

Company

Patent/patent
application

Drug Used

Method

References

5 fluorouracil

SEDS

Chen A. et al., 200638

Tetracycline

SAS

Reverchon et al.,199939

Tartaric acid

PCA

H. Krober et al., 200240

Sulphamethoxazole

SAS

Yun et al., 200841

Pheytoin

GAS

Muhrer G. et al., 200642

Naproxen

RESS

43. Kim JH. Et al., 199643

Nanomorph™

Soligs/Abbott

GB 22 69 536
GB 22 00 048
D 1963 7517

Nanocrystal™

Élan Nanosystems

US 5,145,684

Dissocubes®

SkyePharma

US 5,858,410

PharmaSol

PCT/EP00/0635

Baxter

US 6,884,436

Hydrosol

Nanopures
NANOEDGE™

Novatis (prev. Sandoz)

Dissolution rate and bioavailability of poorly soluble drugs
such as Spironolactone28, Budesonide29 and Omeprazole30
have been improved by reducing their particle size by high
pressure homogenization.
Combined
precipitation
and
homogenization
(Nanoedege): The precipitated drug nanoparticles have
tendency to continue crystal growth to the size of
microcrystals. They need to be processed with highenergy forces (Homogenisation). They are in completely
amorphous, partially amorphous or completely crystalline
which create problems in long term stability as well as in
bioavailability, so the precipitated particle suspension is
subsequently homogenized which preserve the particle
size obtained after the precipitation step. (Table 2)
Table 2. Current marketed pharmaceutical products
utilizing nanocrystalline formation.31
Product
RAPAMUNE

Drug
Compound
Sirolimus

Company
Wyeth

EMEND

Aprepitant

Merck

TriCor

Fenofibrate

Abbott

Nanoparticle
Technology
Elan Drug Delivery
Nanocrystals
Elan Drug Delivery
Nanocrystals
Elan Drug Delivery
Nanocrystals

Supercritical Fluid (scf) Process
Another novel nanosizing and solubilisation technology
whose application has increased in recent years is particle
size reduction via supercritical fluid (SCF) processes.
Supercritical fluids are fluids whose temperature and
pressure are greater than its critical temperature (Tc) and
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critical pressure (Tp), allowing it to assume the properties
of both a liquid and a gas. At near-critical temperatures,
SCFs are high compressible, allowing moderate changes in
pressure to greatly alter the density and mass transport
characteristics of a fluid that largely determine its solvent
power.32,33 Once the drug particles are solubilised within
SCF, they may be recrystallised at greatly reduced particle
sizes. The flexibility and precision offered by SCF
processes allows micronisation of drug particles within
narrow ranges of particle size, often to sub-micron levels.
Current SCF processes have demonstrated the ability to
create nanoparticulate suspensions of particles 5-2,000nm
in diameter. Several pharmaceutical companies, such as
Nektar Therapeutics and Lavipharm, are specializing
particle engineering via SCF technologies for particle size
reduction and solubility enhancement.34,35 Several
methods of SCF processing have been developed to
address individual aspects of these shortcomings, such as
precipitation with compressed antisolvents process (PCA),
solution enhanceddispersion by SCF (SEDS), supercritical
antisolvents processes (SAS), Rapid Expansion of
Supercritical Solutions (RESS), Gas Anti Solvent
Recrystallization (GAS) and aerosol supercritical
extraction system (ASES)36, 37 (Table 3)
Table: 3. Pharmaceutical compounds converted in
amorphous form by using Super Critical Fluid based
techniques to improve their dissolution & oral
bioavailability

Cryogenic Techniques
Cryogenic techniques have been developed to enhance the
dissolution rate of drugs by creating nanostructured
amorphous drug particles with high degree of porosity at
very low temperature conditions. Cryogenic inventions
can be defined by the type of injection device (capillary,
rotary, pneumatic, ultrasonic nozzle), location of nozzle
(above or under the liquid level) and the composition of
cryogenic liquid (hydrofluoroalkanes, N2, Ar, O2, organic
solvents). After cryogenic processing, dry powder can be
obtained by various drying processes like spray freeze
drying44, atmospheric freeze drying45, vacuum freeze
drying and lyophilisation46.
Spray freezing onto cryogenic fluids: Briggs and
maxwell47 invented the process of spray freezing onto
cryogenic fluid. In this technique, the drug and the carrier
(mannitol, maltose, lactose, inositol or dextran) were
dissolved in water and atomized above the surface of a
boiling agitated fluorocarbon refrigerant. Sonication probe
can be placed in the stirred refrigerant to enhance the
dispersion of aqueous solution.
Spray freezing into cryogenic fluids (SFL): The SFL
particle engineering technology has been used to produce
amorphous nanostructured aggregates of drug powder
with high surface area and good wettability48. It
incorporates direct liquid – liquid impingement between
the automized feed solution and cyogenic liquid to provide
more intense atomization into microdroplets and
consequently significantly faster freezing rates. The frozen
particles are then lyophilized to obtain dry and
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free‐flowing micronized powders. Hua et al49 produced the
rapid dissolving high potency Danazol powders by using
Spray Freezing into liquid process.
Spray freezing into vapor over liquid (SFV/L): Freezing
of drugs solution in cryogenic fluid vapours and
subsequent removal of frozen solvent produces fine drug
particles with high wettability.50 During SFV/L the
atomized droplets typically start to freeze in the vapor
phase before they contact the cryogenic liquid. As the
solvent freezes, the drug becomes supersaturated in the
unfrozen regions of the atomized droplet, so fine drug
particles may nucleate and grow.
Ultra-Rapid Freezing (URF): Ultra‐rapid freezing is a
novel cryogenic technology that creates nanostructured
drug particles with greatly enhanced surface area and
desired surface morphology by using solid cryogenic
substances. Application of drugs solution to the solid
surface of cryogenic substrate leading to instantaneous
freezing and subsequent lyophilization for removal of
solvent forms micronized drug powder with improved
solubility. Ultra rapid freezing hinders the phase
separation and the crystallization of the pharmaceutical
ingredients leading to intimately mixed, amorphous
drug‐carrier solid dispersions and solid solutions. This
technique has been investigated for the solubility
enhancement of repaglinide.51
Inclusion Complex Formation Based Techniques
Among all the solubility enhancement techniques
inclusssion complex formation technique has been
employed more precisely to improve the aqueous
solubility, dissolution rate, and bioavailability of poorly
water soluble drugs.
Inclusion complexes are formed by the insertion of the
nonpolar molecule or the nonpolar region of one molecule
(known as guest) into the cavity of another molecule or
group of molecules (known as host). The most commonly
used host molecules are cyclodextrins. The enzymatic
degradation of starch by cyclodextrin-glycosyltransferase
(CGT) produces cyclic oligomers, Cyclodextrins.
Cyclodextrins are non-reducing, crystalline, water soluble,
cyclic, oligosaccharides. Cyclodextrins consist of glucose
monomers arranged in a donut shape ring. Three naturally
occurring CDs are α-Cyclodextrin, β-Cyclodextrin, and γCyclodextrin.52
Solubility and oral bioavailability of Glipizide53,
Rofecoxib54, Piroxicam55 and Carvedilol56 can be improved
by using cyclodextrins inclusion complex. There are
various technologies adapted to prepare the inclusion
complexes of poorly of poorly water soluble drugs with
cyclodextrins.
Kneading method: This method is based on impregnating
the CDs with little amount of water or hydroalcoholic
solutions to converted into a paste. The drug is then added
to the above paste and kneaded for a specified time. The
kneaded mixture is then dried and passed through sieve if
required.57 Parik et al.58 have reported the dissolution
enhancement of nimesulide using complexation method.
In laboratory scale kneading can be achieved by using a
morter and pestle59-61. In large scale the kneading can be
done by utilizing the extruders and other machines. This is
the most common and simple method used to prepare the
inclusion complexes and it presents very low cost of
production.
Lyophilization/ Freeze drying technique: In order to get
a porous, amorphous powder with high degree of

4

interaction between drug & CD, lyophilization/ freeze
drying technique is considered as a suitable62,63. In this
technique, the solvent system from the solution is
eliminated through a primary freezing and subsequent
drying of the solution containing both drug & CD at
reduced pressure. Thermolabile substances can be
successfully made into complex form by this method. The
limitations of this technique are long time process and
yield poor flowing powdered product. Lyophilization/
freeze drying technique are considered as an alternative to
solvent evaporation and involve molecular mixing of drug
and carrier in a common solvent.64
Microwave irradiation method: This technique involves
the microwave irradiation reaction between drug and
complexing agent using a microwave oven. The drug and
CD in definite molar ratio are dissolved in a mixture of
water and organic solvent in a specified proportion into a
round bottom flask. The mixture is reacted for short time
of about one to two minutes at 60 °C in the microwave
oven. After the reaction completes, adequate amount of
solvent mixture is added to the above reaction mixture to
remove the residual, uncomplexed free drug and CD. The
precipitate so obtained is separated using whatman filter
paper, and dried in vaccum oven at 40 °C for 48 hrs.
Deshmukh et al.65 have developed inclusion complexes of
ziprasidone hydrochloride with beta-cyclodextrin and
hydroxypropyl beta-cyclodextrin to design the fast
dissolving formulation using various superdisintegrants.
Microwave irradiation method is a novel method for
industrial scale preparation due to its major advantage of
shorter reaction time and higher yield of the product.66-68
Supercritical Antisolvent technique: This method has
been introduced in the late 1980s. Since the first
experiences of Hannoy et al in 1879, a number of
techniques have been developed & patented in the field of
supercritical fluid-assisted particle design. In the
supercritical fluid antisolvent technique, carbon dioxide is
used as anti-solvent for the solute but as a solvent with
respect to the organic solvent. The use of supercritical
carbon dioxide is advantageous as its low critical
temperature and pressure makes it attractive for
processing heat-labile pharmaceuticals. It is also nontoxic, nonflammable, inexpensive and is much easier to
remove from the polymeric materials when the process is
complete, even through small amount of carbon dioxide
remains trapped inside the polymer, it poses no danger to
the consumer. Supercritical particle generation processes
are new and efficient route for improving bioavailability of
pharmaceutically active compounds.36 In addition,
supercritical fluid processes were recently proposed as a
new alternative method for the preparation of drug
cyclodextrin complexes. Supercritical carbon dioxide is
suggested as a new complexation medium due to its
properties of improved mass transfer and increased
solvating power69-73. This method constitutes one of the
most innovators methods to prepare the inclusion
complex of drug with CD in solid state. This is a non-toxic
method as it is not utilizing any organic solvent, fast
process, maintenance cost is low with promising results,
but it requires a quite high initial cost. In this technique,
first, drug and CD are dissolved in a good solvent then the
solution is fed into a pressure vessel under supercritical
conditions, through a nozzle (i.e. sprayed into supercritical
fluid anti-solvent). When the solution is sprayed into
supercritical fluid anti-solvent, the anti-solvent rapidly
diffuses into that liquid solvent as the carrier liquid
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solvent counter diffuses into the anti-solvent. Because of
the supercritical fluid expanded solvent has lower solvent
power than the pure solvent, the mixture becomes
supersaturated resulting in the precipitation of the
soluteand the solvent is carried away with the
supercritical fluid flow.74, 75
Floating Granules
Patel Rajanikant et al.76 utilized a novel approach for
dissolution enhancement of ibuprofen by preparing
floating formulation.
Ibuprofen, a weekly acidic, non-steroidal anti
inflammatory drug having high permeability through
stomach because it remain 99.9 % unionize in stomach
(pKa of Ibuprofen - 4.43, pH of gastric fluid - 1.2).
Ibuprofen mostly permeable through stomach but due to
its solubility limitation it can’t enter in to systemic
circulation and gastric empting time is 30 min to 2 hr.
After this time ibuprofen goes in to small intestine where
it is solubilised but can’t permeate through its membrane
(Ibuprofen having pH depended solubility and
permeability). It was logically decided to design such
formulations which retain in stomach for more than 2 hrs
because drug was not completely soluble within 2 hrs
hence to dissolve completely in stomach region, this can
be achieved by making floating dosage form.
Floating ibuprofen granules were prepared by fusion
method. 200 mg ibuprofen divided in to 50 mg and 150
mg, 350 mg gelucire 44/14 melted and 50 mg ibupro-fen
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