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Introduction

With the arrival of high-throughput screening of potential therapeutic 
agents and combinatorial chemistry, the number of poorly water-
soluble drug candidates has climbed significantly.[1,2] Consequently, 
the formation of these compounds for oral delivery systems presents 
an increasing challenge in drug development in the pharmaceutical 
industry. Although many poorly water-soluble drugs fall into the 
Biopharmaceutical Classification System (BCS) Class II category, 
that is, high permeability and low solubility,[3,4] poorly water-soluble 
drugs in general exhibit less than desired oral bioavailability from solid 
dosage forms due to one or more of the four factors:[5] Low solubility 
and/or dissolution rate in the gastrointestinal tract, low membrane 
permeability, interactions with components of the gastrointestinal 
tract leading to the complex formation, metabolism in the liver, the 
gastrointestinal lumen or in the gastrointestinal mucosa.

The rate-limiting step in oral absorption of BCS Class II poorly water-
soluble drugs is the dissolution process; thus, finding a simple and 
feasible means to improve this aspect is desirable.
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The Noyes-Whitney Eq[6] provides a useful insight into parameters 
affecting the dissolution rate:

  

−= ( )sdc Ac C C

dt h  
(1)

Eq 1: Noyes-Whitney Equation

where dc/dt is the rate of dissolution, A is the surface area of the drug, 
D is the drug diffusion coefficient, C

s
 is the concentration of the drug 

at the drug particle surface (drug solubility), C is the concentration 
of the drug in the bulk dissolution medium at time t, and h is the 
diffusion boundary layer thickness.

Based on Eq 1, it is apparent that the dissolution rate can be enhanced 
by several means. The boundary layer thickness can be decreased, 
available surface area can be increased, sink conditions can be 
ensured during dissolution, and apparent solubility of the drug can be 
enhanced. Of the possible changes, altering boundary layer thickness, 
maintaining sink conditions, and changing the diffusion coefficient are 
difficult to achieve in vivo. The boundary layer thickness is a function 
of hydrodynamics which is a complex property to control in vivo.[7] 
The diffusion coefficient cannot be significantly increased without 
making large modifications to the drug molecule. Furthermore, 
preservation of sink condition depends on several factors including 
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drug permeability through the gastrointestinal mucosa.[8] However, 
permeation enhancement through the gastrointestinal tract cannot 
easily be achieved without damaging the gastrointestinal mucosal 
membrane.[9] Consequently, the most attractive and simplest approach 
to enhance the dissolution of poorly water-soluble drug is by 
increasing its solubility and/or available surface area for dissolution.

Factors Affecting Aqueous Solubility of 
Drug[10]

a. The entropy of mixing which favors complete miscibility of all 
components

b. The difference between the sum of drug-drug (DD) and water-
water (WW) interactions in one hand and the drug-water (DW) 
interactions on the other. This difference is related to the activity 
coefficient of the drug in water γw by

  RT ln γw = DD + WW – 2DW (2)

  If, DD + WW – 2DW > 0 (3)

as is usually the case for nonelectrolytes in water, there will be less 
than complete mixing and the drug will have a finite solubility in 
water. The greater the difference between the adhesive and cohesive 
interactions, the lower the solubility.

c. The additional DD interactions that are associated with the lattice 
energy of crystalline drugs (DD). This effect is measured as the 
ideal solubility of a crystalline solute Xi

C. The ideal solubility will 
be shown to be dependent upon the melting point and other 
thermodynamic properties of fusion. The ideal solubility of a 
solute represents the solubility of a solute in a perfect solvent, 
that is, a solvent for which the activity coefficient is equal to unity.

Mathematically, the observed solubility of a solute Xw is related to the 
ideal solubility and the activity coefficient by

  Log Xw = log Xi – log γw (4)

Both crystalline structure effects as reflected by Xi and solution 
interactions as reflected by γw can contribute to the insolubility of a solute.

Physical and Chemical Approaches Used to 
Improve Solubility 

Various physical and chemical approaches used to achieve improvement 
to solubility and surface area are given in Table 1.[7]

Solid dispersion method provides a means for both improving the 
solubility and dissolution of poorly water-soluble drugs.

Solid dispersions

The term “solid dispersion” has been utilized to describe a family of 
dosage forms whereby the drug is dispersed in a biologically inert 

matrix, usually with a view to enhance oral bioavailability.[11] More 
specifically, these systems are defined as the dispersion of one or more 
active ingredients in an inert carrier matrix at solid-state prepared by 
the melting (fusion), solvent or melting-solvent method.[12]

Solid Dispersions Can Be Classified Into Three 
Categories

First generation solid dispersions

The first description of solid dispersions was from Sekiguchi and 
Obi in 1961. They noted that the formulation of eutectic mixtures 
improve the rate of drug release and, consequently, the bioavailability 
of poorly water-soluble drugs.[13] In the same decade, several solid 
dispersions were described using poorly water soluble drugs, such 
as sulfathiazole[14] and chloramphenicol[13] using urea as high water-
soluble carrier. These solid dispersions produced faster release and 
higher bioavailability than conventional formulations of the same drugs. 
The small particle size and the better wettability of the drug were the 
main reasons for the observed improvements in bioavailability. Later, 
Levy[15] and Kanig[16] developed solid dispersion systems, containing 
mannitol as carrier, by preparing solid solutions through molecular 
dispersions instead of using eutectic mixtures.[8] The observed 
improvements were attributed to faster carrier dissolution, releasing 
microcrystals or particles of drug.[17] These solid dispersions, which 
could be designed as first generation solid dispersions [Figure 1], 
were prepared using crystalline carriers. Crystalline carriers include 
urea[13,14,17] and sugars,[16] which were the first carriers to be employed 
in solid dispersions. They have the disadvantage of forming crystalline 
solid dispersions, which were more thermodynamically stable and did 
not release the drug as quickly as amorphous ones.

Second generation solid dispersions

In the late sixties,[18] it was observed that solid dispersions, where the 
drug was maintained in the crystalline state, might not be as effective 
as the amorphous, because the former were more thermodynamically 
stable.[18-20] Therefore, a second generation of solid dispersions 
appeared, containing amorphous carriers instead of crystalline. 
Indeed, the most common solid dispersions do not use crystalline 

Table 1: Methods for improving drug solubility and/or surface 
area for dissolution

Method Limitations

Physical modifications

Particle size reduction Aggregation, agglomeration
Poor wettability
Handling difficulties

Modification to crystal structure 
(polymorphs, pseudopolymorphs) 

Stability issues

Complexation and/or solubilization Toxicity issues

Drug solid dispersions in carriers Scale up and stability issues

Chemical modifications

Salt formations Not feasible for neutral compounds

Prodrugs Limited application
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Solid dispersions

First generation Second generation Third generation

Crystalline
carriers

Polymeric
carriers

Mixture of Surfactants
and polymers Surfactants

Mixtures of
polymers

Figure 1: Classification of solid dispersions

carriers but amorphous. In the later, the drugs are molecularly 
dispersed in an irregular form within an amorphous carrier, which are 
usually polymers.[21] Polymeric carriers have been the most successful 
for solid dispersions, because they are able to originate amorphous 
solid dispersions. They are divided into fully synthetic polymers and 
natural product-based polymers. Fully synthetic polymers include 
povidone (PVP),[18,22-24] polyethylene glycols (PEG),[20,25-27] and 
polymethacrylates.[36] Natural product based polymers are mainly 
composed by cellulose derivatives, such as hydroxypropylmethyl 
cellulose (HPMC),[28-30] ethylcellulose[30,34,35] or hydroxypropyl 
cellulose[31,32] or starch derivates, like cyclo dex- trins.[33]

In second-generation solid dispersions, the drug is in its supersaturated 
state because of forced solubilization in the carrier.[20,21,32] These 
systems are able to reduce the drug particle size to nearly a molecular 
level, to solubilize or codissolve the drug by the water soluble carrier, 
to provide better wettability and dispersibility of the drug by the 
carrier material, and to produce amorphous forms of the drug and 
carriers.[37] In these solid dispersions, the carrier dissolution (or 
mixtures of carriers) dictates the drug release profile.[8,30]

Third-generation solid dispersions

Recently, it has been shown that the dissolution profile can be improved 
if the carrier has surface activity or self-emulsifying properties; 
therefore, third-generation solid dispersions appeared. These contain a 
surfactant carrier, or a mixture of amorphous polymers and surfactants 
as carriers. These third-generation solid dispersions are intended to 
achieve the highest degree of bioavailability for poorly soluble drugs 
and to stabilize the solid dispersion avoiding drug recrystallization. 
The use of surfactants such as inulin,[22] Inutec SP1,[38] Compritol 
888 ATO,[39] gelucire 44/14,[40,41] and poloxamer 407[15] as carriers 
was shown to be effective in originating high polymorphic purity 
and enhanced in vivo bioavailability. The association of amorphous 
polymers and surfactants has also been reported. For instance, the 
dissolution rate and bioavailability of LAB68, a poor water-soluble 
drug, were improved after being dispersed in a mixture of PEG and 
polysorbate 80. The bioavailability of this solid dispersion was ten-fold 
higher compared to the dry blend of micronized drug. In addition, 
the solid dispersion system was physically and chemically stable for 

at least 16 months.[42] HPMC was also associated with poloxamer and 
polyoxyethylene hydrogenated castor oil to prepare an amorphous 
felodipine solid dispersion.[28] The inclusion of surfactants in the 
formulation containing a polymeric carrier may help to prevent 
precipitation and/or protect a fine crystalline precipitate from 
agglomeration into much larger hydrophobic particles.[43]

Mechanism of Drug Release from Solid 
Dispersion

There are two sets of observations with regard to the mechanism of 
drug release from solid dispersions.

Carrier-controlled release

Corrigan provided a very valuable contribution by not only measuring 
the dissolution rate of the incorporated drug but also assessing that 
of the polymer itself, in this case PEG. He found that the dissolution 
rate of the drug in the polymer and the polymer alone were in fact 
equivalent, leading to the suggestion of carrier-controlled dissolution 
whereby the dissolution rate of the drug is controlled by that of the 
inert carrier.[44] This finding was supported by the work of Dubois 
and Ford who noted that the dissolution rates of a range of drugs in a 
single carrier, prepared under comparable conditions, were identical 
in most cases.[45]

In this instance the particles dissolve into the polymer-rich diffusion 
layer at a sufficiently rapid rate that there is insufficient time for the 
particles to be released intact into the medium. Consequently, the 
drug is molecularly dispersed within this concentrated layer.[11]

Drug-controlled release

Sjokvist and Nystrom measured the particle size of the griseofulvin 
particles released from the dispersions and produced strong evidence 
that dissolution rate enhancement was a direct function of the 
size of the released particles.[46] In an attempt to reconcile these 
contradictions Sjo¨ kvist-Saers and Craig used an homologous series of 
drugs (para-aminobenzoates) in PEG 6000 in an attempt to interrelate 
the solid state structure, drug solubility, and dissolution rate.[47] 
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These authors noted that there was a linear relationship between the 
intrinsic dissolution rate of the model drugs in the dispersions and 
the drug solubility, clearly linking the properties of the drug (and not 
the polymer) to the dissolution rate; it may be helpful at this stage to 
refer to such behavior as drug-controlled dissolution as opposed to 
carrier-controlled dissolution.[46,47]

Here, the dissolution into the polymer diffusion layer is comparatively 
slow and the drug is released as solid particles. Consequently, the 
dissolution will not be associated with the polymer but will instead 
be dominated by the properties (size, physical form, etc.) of the 
drug itself.

Advantageous Properties of Solid Dispersions 

Increase in dissolution rate of poorly water soluble drugs by solid 
dispersion is achieved due to the properties of solid dispersions. These 
properties include:

Reduction in particle size

Molecular dispersions, as solid dispersions, represent the last state 
on particle size reduction, and after carrier dissolution the drug is 
molecularly dispersed in the dissolution medium. Solid dispersions 
apply this principle to drug release by creating a mixture of a poorly 
water soluble drug and highly soluble carriers.[8] A high surface area is 
formed, resulting in an increased dissolution rate and, consequently, 
and improved bioavailability.[48,49]

Improvement in wettability

A strong contribution to the enhancement of drug solubility is related 
to the drug wettability improvement verified in solid dispersions.[50] 
It was observed that even carriers without any surface activity, such 
as urea[13] improved drug wettability. Carriers with surface activity, 
such as cholic acid and bile salts, when used, can significantly 
increase the wettability properties of drugs. Moreover, carriers 
can influence the drug dissolution profile by direct dissolution or 
cosolvent effects.[8,43,51] Recently, the inclusion of surfactants[38,52] in 
the third-generation solid dispersions reinforced the importance of 
this property.

Particle with higher porosity

Particles in solid dispersions have been found to have a higher degree 
of porosity.[53] The increase in porosity also depends on the carrier 
properties, for instance, solid dispersions containing linear polymers 
produce larger and more porous particles than those containing 
reticular polymers and, therefore, result in a higher dissolution rate.[54] 
The increased porosity of solid dispersion particles also hastens the 
drug release profile.[53,54]

Changes in crystal form

Poorly water-soluble crystalline drugs, when in the amorphous 
state tend to have higher solubility.[55,56] The enhancement of drug 
release can usually be achieved using the drug in its amorphous state, 

because no energy is required to break up the crystal lattice during 
the dissolution process.[57] In solid dispersions, drugs are presented as 
supersaturated solutions after system dissolution, and it is speculated 
that, if drugs precipitate, it is as a metastable polymorphic form with 
higher solubility than the most stable crystal form.[8,38,50] For drugs 
with low crystal energy (low melting temperature or heat of fusion), 
the amorphous composition is primarily dictated by the difference in 
melting temperature between drug and carrier. For drugs with high 
crystal energy, higher amorphous compositions can be obtained by 
choosing carriers, which exhibit specific interactions with them.[19]

Reduction in aggregation and agglomeration of 
hydrophobic drugs

Presence of carriers reduces aggregation and agglomeration of drug 
particles which will further increase the surface area available for 
dissolution.[58,59]

Factors Affecting Release Rate of Drugs from 
Solid Dispersions

Influence of nature of carriers on drug release 

Release rate of drug from solid dispersion depends on the nature 
of carrier whether it is hydrophilic or hydrophobic.[60,61] Thus, 
incorporation of water-soluble drug with inert slightly water-soluble 
carrier leads to retardation of drug release from matrix.

Influence of drug carrier ratio 

The dissolution rate increases with increase in proportion of 
carrier.[62] However, after certain limit dissolution rate decreases, 
for example, 38-fold increase in dissolution rate was reported with 
piroxicam:PVP[63] ratio as 1:4 than of the pure drug. However, further 
increase of PVP concentration; the dissolution rate decreases. It has 
been suggested that leaching out of the carrier during dissolution 
might cause this decrease in dissolution rate with increase in carrier 
proportion. This leached out carrier then can form concentrated layer 
of solution around the drug particles resulting in slowing down of 
migration of released drug particles.

Synergistic effect of two carriers used

This has been exemplified in ibuprofen solid dispersion using PEG; 
talc and PEG-talc as dispersion carriers. It was reported that in 9.1% 
drug loading, the ibuprofen amount dissolved was about 66% from 
ibuprofen-talc dispersion, 73% from ibuprofen-PEG dispersion, 
and 93% from ibuprofen PEG-talc dispersion at the end of 120 min. 
The synergistic effect was explained by the partial replacement of 
PEG with talc. This would cause improved wettability of ibuprofen 
and enhanced solubility of drug by overlapping the diffusion layers 
between PEG and ibuprofen.[65]

Influence of method of preparation

Solid dispersion prepared by melting method generally shows faster 
dissolution rate than solvent evaporation method.[65] For example, 
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solid dispersion of 10 and 20% griseofulvin-PEG 6000 prepared by 
solvent evaporation is much slower than those prepared by melting 
method.[66,67] The average mean particle size for the melting method 
ranges between 1.8 and 2.1 µm in low concentration of Griseofulvin-
PEG 3000 solid dispersion and which is smaller than that for the 
corresponding dispersion prepared by solvent method. [66] Further, 
white cloudy system was obtained after evaporation of solvent 
indicating coarser particulate dispersion. In case of melting method, 
higher temperature combined with rapid cooling gives smaller 
particle size. Furthermore, in case of solvent evaporation method of 
griseofulvin-PEG 3000 solid dispersion, the solubility increase was 
9.6 mg/ml irrespective of drug concentration.[62] Solid dispersion 
prepared by melting method with low concentration of griseofulvin 
(1%, 2%, and 4% w/w) gave an average solubility close to 11 mg/l 
and for higher concentration of griseofulvin (10% and 20% w/w) 
solubility increases to 12 mg/l.

Influence of cooling conditions of solid dispersion

In melting technique for preparation of solid dispersion, the dispersion 
is formed by incorporating the drug in a melted carrier; followed by 
cooling. The method of cooling whether slow or flash cooling affects 
the rate of dissolution. For instance, PEG 6000-Tolbutamide (2:1) 
dispersion,[68] the melt is cooled by two processes. First process 
involved flash cooling by placing melt on aluminum dish and then in 
a bath of dry ice and acetone. Second process involves slow cooling 
in oil bath under ambient conditions. The percent drug release after 
6 min was reported 36.9 ± 5.39 (Process 1) and 29.7 ± 2.6 (Process 
II). This 15% more drug release in case of flash cooled dispersion was 
due to the difference in particle size; as flash cooled dispersion gives 
smaller particle size and low crystallinity.

Effect of vehicle amphiphilicity

It has been reported that as the proportion of amphiphilic vehicle 
increases; the dissolution rate and amount dissolved also increases. It 

is due to the fact that the amphiphilic proportion of vehicle emulsifiers 
the drug in aqueous media. As a result of this effect, the dissolution 
and dispersibility of the drug in simulated gastric fluid and water, 
respectively, are complete.

Various examples of types of physicochemical structures of solid 
dispersions are shown in Table 2.

Conclusion

Improving drug bioavailability by changing their water solubility has 
been possible by chemical or formulation approaches.

Chemical approaches to improve bioavailability without changing the 
active target can be achieved by salt formation or by incorporating 
polar or ionizable groups in the main drug structure, resulting in 
the formation of a pro-drug. Solid dispersions appear to be a better 
approach to improve drug solubility than these techniques, because 
they are easier to produce and more applicable.
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