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ABSTRACT

Solid dispersion technology is widely recognized as an effective approach for enhancing the solubility and oral bioavailability of
poorly water-soluble drugs. A large number of newly developed pharmaceutical compounds belong to Biopharmaceutics
Classification System (BCS) Class II and IV categories, where poor aqueous solubility limits dissolution and gastrointestinal
absorption, resulting in reduced therapeutic efficacy. Solid dispersions improve drug dissolution through mechanisms such as
particle size reduction, enhanced wettability, amorphization, reduced crystallinity, and increased surface area. This review
highlights the fundamental concepts, mechanisms, classification, carriers, preparation methods, characterization techniques,
recent advances, applications, and future prospects of solid dispersion technology. Various hydrophilic carriers including
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), hydroxypropyl methylcellulose (HPMC), and Soluplus® are extensively used
to enhance dissolution behavior and maintain supersaturation. Conventional techniques such as fusion and solvent evaporation,
along with advanced technologies including hot-melt extrusion, spray drying, freeze drying, electrospinning, and supercritical fluid
processing, are discussed in terms of their advantages, limitations, and industrial applicability. Recent innovations such as ternary
solid dispersions, nanostructured systems, lipid-based formulations, artificial intelligence-assisted optimization, and continuous
manufacturing have significantly improved formulation efficiency and scalability. Commercially available products demonstrate the
successful industrial application of solid dispersions in oral drug delivery. However, challenges including physical instability,
recrystallization, moisture sensitivity, and scale-up difficulties continue to affect formulation development. Future advancements in
smart polymers, green manufacturing technologies, and personalized medicine are expected to further expand the potential of solid
dispersion systems in modern pharmaceutical research and industry.
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INTRODUCTION The oral route of drug administration continues to be the
most favored one due to its ease of administration, patient
compliance, economical nature, and versatility of dosage
form development [5]. Nevertheless, the oral delivery of
hydrophobic drugs often suffers from poor gastrointestinal
dissolution rates and absorption profiles [6]. Several methods
have been explored to tackle the issues including particle size
reduction, micronization, salt formation, inclusion complex
formation, use of lipids and nanoparticles, and solid
dispersion formulations [7]. Solid dispersion formulation
technique has been regarded as one of the most efficient
methods for enhancing the dissolution properties of
hydrophobic drugs [8].
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The first problem that can be noted in modern
pharmaceutical formulation is a lack of aqueous solubility.
Around 40% to 70% of recently found compounds and nearly
90% of those in the developmental stage have low aqueous
solubility, which affects their ability to dissolve and get
orally absorbed [1,2]. Compounds with poor aqueous
solubility typically fall under either BCS Class Il or BCS
Class IV drugs, where the limiting factor in the absorption
process is dissolution [3]. Poor dissolution can lead to low
bioavailability, altered pharmacokinetics, delayed action, and
low efficiency of treatment [4].
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A solid dispersion can be described as the molecular
dispersion of one or more drug substances into a carrier
matrix in a solid form [9]. In such systems, the drug can be
present in crystalline, amorphous, or molecular form
depending on the preparation technique and the properties of
the matrix [10]. The use of hydrophilic polymers and
surfactants as carriers has been common to increase the
wettability, minimize aggregation, increase surface area, and
reduce the degree of crystallinity of the drug substances [11].
All these alterations contribute significantly to the increase in
dissolution rate and saturation solubility of insoluble drugs
[12]. Amorphization of the drug in the carrier matrix is
regarded as one of the main ways by which solid dispersion
increases the release rate of a drug substance [13].

The demand for solubility enhancement techniques has been
significantly amplified due to advances in combinatorial
chemistry and high throughput screening methods, which
commonly produce very hydrophobic drug molecules [14].
While these drugs might have excellent pharmacodynamic
properties, their therapeutic efficacy is often hindered by low
solubility and dissolution rates [15]. Other problems
associated with poorly water-soluble drugs include food
effect, dose dependency, poor wetting ability, incomplete
absorption in the Gl tract, and susceptibility to degradation
during the production and storage processes [16]. This could
lead to an increase in the drug dose required to attain
therapeutic levels in plasma, thus risking toxicity [17].

The solid dispersion technique has made a significant
contribution towards increasing the oral bioavailability of
medications by virtue of their increased dissolution
properties [18]. The faster dissolution property of the drug
attained using solid dispersions can be attributed to smaller
particle sizes, better wettability, greater porosity, molecular
dispersion of drug particles, and lower crystallinity [19].
Moreover, amorphous solid dispersions can achieve
supersaturation of drug concentration in gastrointestinal
fluids, thus allowing for better absorption of the drug [20]. A
number of poorly soluble drugs, including itraconazole,
celecoxib, curcumin, fenofibrate, and ritonavir, have shown
increased bioavailability due to solid dispersion systems [21].

Solid dispersion technology was originally coined in 1961 by
Sekiguchi and Obi who developed eutectic blends of
sulfathiazole and urea to enhance the dissolution of poorly
water-soluble drugs [22]. It was in this early research that the
basis of solid dispersions was laid. The initial generation of
solid dispersions made use of crystalline carriers such as
sugars and urea but subsequent generations of solid
dispersions utilized amorphous carriers such as polymers as
well as surfactants that offered enhanced dissolution and
physical stability [23]. Continuous developments in the field
of polymer chemistry and pharmaceutical engineering
contributed to the emergence of innovative preparation
methods of solid dispersions, which include hot melt
extrusion, spray drying, freeze drying, electro spinning,
supercritical fluid technology, and KinetiSol® technology
[24, 25].

The recent developments in solid dispersion technology
include enhancing physical stability, avoiding drug
recrystallization, and scaling up production [26]. The
emerging techniques for solid dispersions, including ternary
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solid dispersions, nano-solid dispersions, lipid solid
dispersions, and machine learning algorithms for optimizing
formulations, are attracting considerable interest in
pharmaceutical science [27]. Moreover, the use of continuous
processing methods and innovative carriers is further
increasing the commercial viability of solid dispersion
formulations [28]. Solid dispersion systems remain an
essential part of contemporary oral dosage forms owing to
their capability to overcome solubility issues [29].

Biopharmaceutical Background of Poor Solubility

Biopharmaceutical Classification System (BCS)

Biopharmaceutical Classification System (BCS) is a
scientific system used for categorizing drug substances based
on the aqueous solubility and intestinal permeability profiles.
BCS has been proposed by Gordon L. Amidon and
coworkers for predicting oral drug absorption and
formulation design of drug products [1-5]. BCS classifies
drugs into four classes: Class I drugs are highly soluble and
highly permeable; Class Il drugs are poorly soluble but
highly permeable; Class Il drugs are highly soluble but
poorly permeable; while Class IV drugs are both poorly
soluble and poorly permeable [1,2]. However, it should be
noted that BCS Classes Il and IV pose serious formulation
difficulties due to the low aqueous solubility resulting in poor
dissolution and absorption [3]. Many new drug products are
members of BCS Class Il because of their highly
hydrophobic and lipophilic nature [4]. Hence, BCS
classification becomes essential for selecting suitable
solubility enhancement strategies and predicting drug
behavior in vivo [5].

Impact of Poor
Bioavailability

Solubility on Absorption and

Low aqueous solubility greatly influences the absorption and
bioavailability of drug substances when administrated orally.
Any drug administrated orally needs to be dissolved in
digestive fluids in order to pass through biological
membranes and enter the systemic circulation [6-10]. For
poorly soluble drug substances, slow dissolution results in
insufficient amount of the drug substance available for
absorption, thus limiting the degree and rate of absorption
[6]. Poorly soluble drugs may display limited and varying
bioavailability, prolonged time of onset, absorption
depending on food intake, and  unpredictable
pharmacological effect [7]. High doses of drugs need to be
taken in order to achieve adequate drug levels in the
bloodstream, increasing the possibility of developing side
effects [8]. Some new pharmaceutical drug molecules
synthesized using combinatorial chemistry have high
lipophilicity and low aqueous solubility; hence it is necessary
to enhance the solubility of such drug substances [9,10].

Dissolution Rate Limitations

The process of dissolution is regarded as an essential phase
in regulating oral drug absorption of lipophilic compounds.
Based on the dissolution-rate controlled drug absorption
principle, a drug will not absorb unless it dissolves in the
body fluid [11-15]. Hence, drugs with low dissolution rates
have low absorption and bioavailability properties [11].
Dissolution rate depends on the physicochemical factors of
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particle size, surface area, wettability, diffusion constant, and
saturation  solubility [12]. The connection between
dissolution rate and the above factors can be mathematically
expressed using the Noyes-Whitney equation. According to
the formula, dissolution rate increases with an increase in
surface area and saturation solubility [13]. Lipophilic drugs
in crystalline form may experience slow dissolution and poor
surface wettability, resulting in low drug absorption [14]. For
this reason, it is crucial to use formulation techniques that
increase the dissolution rate in enhancing the effectiveness of
BCS class Il and IV drugs [15].

Factors Affecting Drug Solubility

The solubility of a drug can be affected by several physical
and chemical parameters such as particle size, crystal habit,
pH, temperature, lipophilicity, and wettability [16-20].
Smaller particles have more surfaces available for
dissolution; hence, solubility increases [16]. Crystal form is
another important factor since amorphous drugs are highly
soluble compared to crystalline drugs due to higher free
energy and molecular mobility [17]. pH of the dissolution
medium affects the ionization process of weak acids and
bases, thus affecting drug solubility [18]. Wettability refers
to the ability of the dissolution medium to cover the drug's
surface, whereas lipophilic substances are less soluble in
water due to their hydrophobic nature [19,20].

Need for Advanced Formulation Strategies

An increase in the number of poorly soluble drugs has led to
a need for novel formulation strategies that can improve
dissolution and oral bioavailability [21-25]. Classical
methods are sometimes inadequate in boosting the efficiency
of hydrophobic drugs [21]. Modern drug formulation
research has concentrated on developing novel strategies
including solid dispersions, nanocrystals, lipids, self-
emulsifying drug delivery systems, complexation, and
amorphous drugs [22]. Among all these novel methods, the
formation of solid dispersions is increasingly being used due
to their ability to boost wetting, decrease crystallization,
sustain supersaturation, and dissolution rates [23]. Cutting-
edge technologies, including hot melt extrusion, spray
drying, electrospinning, and supercritical fluid technology,
have increased the industrial application of solubility
boosting systems [24]. As a result, advanced formulation
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approaches are crucial for developing contemporary oral
drug delivery systems and commercializing poorly soluble
drug molecules [25].

Fundamentals and Mechanism of Solid Dispersion

Solid dispersion technique is considered one of the most
efficient and well-studied methods for increasing the
solubility, dissolution rate, and oral bioavailability of poorly
water-soluble drugs [26-35]. A solid dispersion can be
described as a solid-phase system wherein one or several
active substances are incorporated into an inert hydrophilic
polymer matrix [26]. Depending on the formulation method
used as well as physical and chemical characteristics of the
drug and carrier, the drug can be present in crystalline,
amorphous, eutectic, or molecularly dispersed state within
the matrix [27]. The fundamental idea of solid dispersion
technology lies in the ability to increase the drug dissolution
rate through improving its wettability, increasing its surface
area, decreasing crystallinity, creating an amorphous state,
and achieving molecular dispersion of hydrophobic drugs
[28]. Hydrophilic polymers like PEG, PVP, HPMC,
poloxamers, and Soluplus® have frequently been used as
matrices due to high efficacy in dissolving and stabilizing
poorly water-soluble drugs [29]. Solid dispersions provide
great benefits for BCS Class Il and IV drugs, in which
dissolution is the limiting factor for absorption and
bioavailability [30].

Drug—polymer interactions are key in influencing the
stability, effectiveness, and dissolution characteristics of
solid dispersions [31]. Drug—polymer interactions such as
hydrogen bonds, Van der Waals interaction, ionic interaction,
and hydrophobic interaction keep the drug stable in its
amorphous form while preventing crystallization [32].
Hydrogen bonding of drugs to hydrophilic polymers
decreases molecular mobility and increases the physical
stability of the amorphous dispersions [33]. Some specific
types of polymers like PVP and HPMC work well due to
their ability to perform hydrogen bonding, making the
mixture more soluble and maintaining supersaturation during
dissolution [34]. Adequate miscibility of the drug with the
polymer is required for proper dispersing of molecular drugs
and dissolution, or otherwise there may be phase separation
leading to recrystallization of the drug [35].

Figure 01: Mechanisms of Solubility Enhancement in Solid Dispersion Systems
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There are a number of physicochemical processes that
contribute to the increase in solubility and dissolution rate in
solid dispersions. Among these, the most significant is the
process of decreasing particle size [36]. The drug particles in
the majority of cases are distributed on a colloidal or
molecular level in solid dispersions, leading to fine particle
sizes and increased surface area for dissolution [37]. This can
be demonstrated by the Noyes Whitney equation:

dC _ DA(C, — C)
de h
Where:

ac .
—=dissolution rate
dt

D= diffusion coefficient

A= surface area

(= saturation solubility

C = drug concentration in bulk solution

h= thickness of diffusion layer

Therefore, reduction in particle size greatly improves drug
dissolution and absorption [38].

Wettability is another crucial factor responsible for the
improvement of dissolution through solid dispersions [39].
Drugs having poor solubility usually have hydrophobic
surfaces that are not easily wetted by the dissolution medium.
The addition of hydrophilic carriers and surfactants in solid
dispersions reduces the surface tension between the medium
and drug particles, thus facilitating rapid diffusion of the
medium into the drug particles [40]. This process increases
the rate of drug dissolution and release. PEG, PVP, and
HPMC are some examples of carriers that can easily absorb
water.[41]

Amorphization has been recognized as one of the key factors
that contribute to the increase in solubility of solid dispersion
systems [42]. The reason behind the poor solubility and slow
dissolution of crystalline compounds is that they have high
Gibbs free energy and intermolecular interaction forces,
which reduce their solubility and dissolution rates [43].
However, by making crystals amorphous, Gibbs free energy
increases; hence, the rate of dissolution and solubility of
amorphous systems is higher [44]. Being more
thermodynamically active than crystalline form, amorphous
systems dissolve quickly with enhanced bioavailability [45].

Lowering crystallinity is another factor responsible for
enhancing the solubility profile of solid dispersions [46]. The
tight packing of molecules in a crystalline form requires high
energy to dissolve compared to partial crystalline and
amorphous forms which have low lattice energy [47]. In a
solid dispersion system, the presence of hydrophilic
polymers prevents the formation of crystals and keeps the
drug in a lower crystalline and amorphous form to enhance
its solubility [48]. DSC and PXRD are standard techniques
for evaluating lowered crystallinity and amorphization of the
drug in solid dispersions [49].

An equally important approach would be the availability of
greater surface area for dissolution [50]. Molecular
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dispersion along with the distribution of drug particles in
polymer matrices results in an increase in the area of contact
with the dissolution medium, leading to increased kinetics of
dissolution. Moreover, porous systems developed by means
of spray drying and freeze drying also ensure quick
penetration of the dissolution medium and increased drug
release [51]. Thus, through solid dispersion technique,
several approaches are effectively combined.[52]

Classification of Solid Dispersions

Solid dispersion systems may be classified based on the
nature of carriers used, molecular orientation of the drug
molecules inside the carrier matrix, and degree of
advancement of the formulation technology [36-45]. It is
crucial to classify the solid dispersions owing to the
differences in their physical and chemical behavior,
dissolution rate, stability, and application in industry [36].

Classification Based on Carrier Type

Solid dispersions can be classified according to the nature of
the carrier employed in the formulation system. The carrier
significantly influences drug dissolution, wettability,
stability, and release behavior [37].

Solid dispersions may be categorized on the basis of the
carrier type used, namely crystalline carrier-based solid
dispersions, polymeric carrier-based solid dispersions, and
surfactant-based solid dispersions. One of the early types of
carriers used in solid dispersions includes crystalline carriers
like urea, mannitol, and sorbitol which help to increase drug
dissolution by decreasing particle size and improving
wettability [38,39]. Such dispersions have easy methods of
preparation and good physical stability but have a very low
solubility enhancement effect and are prone to phase
separation [40]. Solid dispersions based on polymeric
carriers are one of the most common techniques being used
today in drug formulations because hydrophilic polymers like
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP),
hydroxypropyl methylcellulose (HPMC), Soluplus®, and
poloxamers improve drug dissolution by increasing
wettability, lowering crystallinity, maintaining the
amorphous form of the drug, and creating supersaturation
[41-43].However, these systems may be susceptible to
moisture, may be physically unstable during storage, and
might suffer from thermal degradation during processing
[44]. Solid dispersions using surfactants contain surface-
active agents like Tween 80, poloxamers, Cremophor®, and
sodium lauryl sulfate, which help in lowering the interfacial
tension, increasing wettability, enhancing dissolution rate,
and preventing precipitation of the drug [45]. Despite the
effectiveness of these systems in improving the dissolution of
poorly soluble drugs, these systems have limitations due to
their toxicity at high concentrations, hygroscopic nature, and
instability over time [36]. Generally, the choice of carrier is
dependent on the physicochemical properties of the drug,
among other factors; however, polymeric carriers are the
most commonly used because of their higher solubility and
bioavailability [41-45].

Classification Based on Molecular Arrangement

Solid dispersions can also be classified according to
molecular arrangement and physical state of drug within the
carrier matrix [37].
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Eutectic Mixtures

Eutectic systems consist of homogeneous systems made up
of two crystalline substances that are perfectly soluble at the
liquid phase but poorly soluble at the solid phase [38]. In the
dissolution process, the dissolving agent will dissolve
quickly to release fine drug particles that have more surface
areas.

Solid Solutions

Solid solution is one of the examples of homogeneous solid-
state dispersion wherein drug molecules are molecularly
dispersed within the matrix of the carrier to form a one-phase
system where there is uniform dispersion of the drug. Based
on the degree of miscibility of the drug within the matrix,
solid solutions can be categorized as either continuous or
discontinuous. Due to the molecular dispersion of the drug,
solid solutions offer increased solubility, wettability, and oral
bioavailability relative to conventional preparations. The
formation of solid solutions requires complicated preparation
procedures, and there is a tendency for the amorphous form
of the drug to recrystallize during storage [41].

Glass Solutions and Suspensions

Glass solution and glass suspension are both amorphous solid
dispersion systems where the drug is dispersed into a glassy
carrier matrix system. In glass solution, the drug molecules
are dispersed in molecular form in an amorphous carrier
while in glass suspension, fine dispersed particles of drug are
dispersed in glassy carrier [42]. Amorphous nature of such
systems improves the solubility and dissolution of drugs by
avoiding crystalline lattice hence providing rapid drug
release and supersaturation. However, one major
disadvantage of glassy solid dispersions is that such
formulations are thermodynamically unstable and very
sensitive to moisture which causes recrystallization of the
drug [43].

Generations of Solid Dispersions

Advancement in polymer science and formulation
technologies has led to the development of different
generations of solid dispersions [44].

GENERATION: CRYSTALLINE DISPERSIONS
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Solid dispersions have undergone a development process in
four stages depending on the carrier type and formulation
approach. The first generation solid dispersion uses
crystalline carriers such as urea and sugars and is made
mostly as eutectic mixture with the help of fusion technique.
The advantages of these systems include increased
wettability of the drug and good physical stability, but they
do not provide sufficient amorphization, dissolution
enhancement, maintenance of supersaturation, and are prone
to phase separation [45,36]. Second generation solid
dispersions use amorphous hydrophilic polymers like
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), and
hydroxypropyl methylcellulose (HPMC) that increase drug
dissolution by changing crystalline structure of the drug into
an amorphous one. These systems increase supersaturation,
solubility, bioavailability, and industrial application of the
system. However, these solid dispersions show moisture
susceptibility and physical instability of amorphous phase
during storage [37,38]. Third generation solid dispersions use
surfactants or self-emulsifying carriers together with
polymers that increase wettability, supersaturation, inhibit
drug recrystallization, and increase dissolution rate. These
systems demonstrate excellent dissolution enhancement,
stability, and less precipitation tendency, but the formulations
may be difficult to develop and surfactant toxicity is a
problem [39,40].

The third generation of solid dispersions involves the use of
surfactants or self-emulsifiable systems together with
polymers, with the aim of improving wettability,
supersaturation, inhibition of drug recrystallization and
dissolution rate. The fourth generation of solid dispersions is
currently being used as controlled or targeted drug delivery
systems where solubility and modified drug release is
achieved through the use of highly sophisticated polymers
and new techniques of preparation [39,40]. These drugs have
the ability to increase the efficacy of treatment, patient
compliance and site-specific delivery but at a higher cost of
production.[41,42].

Figure 02: Classification and Generations of Solid Dispersions
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Comparative Advantages and Limitations of Solid Dispersion Types

Type Advantages

Limitations

Crystalline carrier systems

Good stability, simple preparation

Lower dissolution enhancement

Polymeric systems

Excellent solubility enhancement

Moisture sensitivity

Surfactant systems

Improved wettability and supersaturation

Stability and toxicity concerns

First generation Physically stable

Limited amorphization

Second generation

High dissolution improvement

Recrystallization risk

Third generation

Better supersaturation maintenance

Complex formulation

Fourth generation

Controlled release and targeting

Expensive processing

Overall, classification of solid dispersions helps in selecting
suitable carriers, preparation methods, and stabilization
strategies according to physicochemical properties of the
drug and desired therapeutic performance [43-45].

Carriers and Excipients Used in Solid Dispersion

Carriers and excipients have a significant influence on the
properties of solid dispersion systems, including their
performance, stability, dissolution profile, and bioavailability
[46-55]. The choice of proper hydrophilic polymers,
surfactants, and solubilizers is important for improving the
drug  delivery properties and  maintaining  drug
supersaturation. ldeally, carriers should be highly soluble in
water, thermally stable, non-toxic, easily miscible with the
drug, and should inhibit drug recrystallization upon storage
and dissolution [46]. Hydrophilic polymers are the most
common type of materials used in current solid dispersion
systems [47].

Hydrophilic Polymers Used in Solid Dispersions
Polyethylene Glycol (PEG)

One of the most commonly employed hydrophilic carriers in
solid dispersion systems is polyethylene glycol (PEG),
attributed to its high water solubility, biocompatibility, and
low toxicity [48]. PEG exists in various molecular weights,
usually from PEG 4000 to PEG 20000, and demonstrates
good solvating ability and low melting point, thus being
highly favorable for formation through such techniques as
melt fusion and solvent evaporation [49]. Using PEG helps to
improve dissolution due to its impact on the increase of
wettability, decrease of particle agglomeration, and
formation of uniform molecular dispersion within the carrier
matrix, consequently increasing the rate and extent of drug
absorption from the formulation [50]. However, there are
some drawbacks of PEG-based solid dispersions that include
hygroscopicity, thermal instability, and the risk of drug
recrystallization or phase separation during storage [51].

Polyvinylpyrrolidone (PVP)

Polyvinylpyrrolidone (PVP) is a water-soluble synthetic
polymer that has been widely utilized in amorphous solid
dispersions due to its hydrogen bonding capability and good
solubility characteristics [52]. The presence of PVVP enhances
the drug dissolution process by stabilizing it in an amorphous
form and prevents the re-crystallization process [53]. Types
of PVP include PVP K30 and PVP K90 and have been used
mainly in spray drying and solvent evaporation methods. [54]

Hydroxypropyl Methylcellulose (HPMC)
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HPMC (hydroxypropyl methylcellulose) is a partially
synthesized polymer derived from cellulose that is commonly
used as a matrix in solid dispersion systems [55]. The
benefits of HPMC include enhanced solubility due to
improved wettability, reduction in crystallinity, and
maintenance of supersaturation while the drug is being
released. Precipitation inhibition capacity of HPMC is high
since it forms hydrogen bonds with the drug molecules
[56]1[57].

Soluplus®

Soluplus® is a graft copolymer, which was specially
designed for use in the field of solid dispersions and hot-melt
extrusion [58]. It displays amphiphilic behavior that favors
an increase in solubilizing and stabilizing capacities of
hydrophobic drugs. It improves dissolution through its ability
to form micelles and maintain supersaturation throughout
dissolution. It has great miscibility with many drugs having
poor solubility, thus making it an ideal option for amorphous
solid dispersions [59].

Surfactants and Solubilizers

The addition of surfactant in solid dispersion is very
common, since it improves the wettability, decreases
interfacial tension, and increases dissolution rate of lipophilic
drugs [46]. Moreover, surfactant helps in maintaining
supersaturation of drug by preventing its precipitation.

Commonly used surfactants include:
e Tween 80

e Poloxamers

e Sodium lauryl sulfate (SLS)

e Cremophor® EL

e Span surfactants

Surfactants increase the drug release rate by enhancing the
penetration of the dissolution medium through the drug
particles as well as facilitating micellar solubilization [47].
Solid dispersion formulations of third generation generally
involve the use of surfactants in addition to hydrophilic
polymers for better dissolution enhancement and prevention
of precipitation [48]. Cyclodextrins and other solubilizers
like lipid based additives are used to enhance the solubility of
lipophilic drugs [49].

Selection Criteria for Carriers

The selection of the appropriate carrier is considered to be
one of the most crucial aspects of developing solid
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dispersions [51]. This is because the carrier should have
physicochemical characteristics that will enhance the
solubility of the drug while retaining its stability.

Important selection criteria include:

The choice of a proper carrier is one of the crucial aspects of
the development of solid dispersions, since it affects the
drug's solubility, stability, and bioavailability. The optimal
carrier should have sufficient aqueous solubility, thus
increasing wettability and dissolution rate of hydrophobic
drugs [52]. In addition, it should demonstrate sufficient
thermal stability, thus being resistant to processing methods,
including hot melt extrusion, and fusion processes [53].
Moreover, a proper drug-polymer interaction and miscibility
is of great importance for the achievement of uniform
molecular dispersion and for the prevention of phase
separation [54]. It is important that the carrier should have a
sufficiently high Tg value, which contributes to the
stabilization of the amorphous state of the drug by decreasing
the molecular mobility and preventing its crystallization
process [55].

Role of Polymer—Drug Compatibility

Compatibility between the polymer and the drug has a
significant effect on physical stability, solubility, and
bioavailability of solid dispersion systems [47]. The
interaction between the drug molecules and the polymers
helps to stabilize the amorphous form and prevent
recrystallization. Hydrogen bonding is one of the key
interactions that help promote compatibility [48].

Poorly Soluble Drug

Solid Dispersion

(Drug dispersed in hydrophilic polymer)

Hydrophilic Matrix

MECHANISMS OF SOLUBILITY ENHANCEMENT —— -

© Arorshous Camerson
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Hydrophilic polymers such as polyvinylpyrrolidone and
hydroxypropyl methylcellulose have functional groups that
help to develop hydrogen bonds with drug molecules [49].

The compatibility between drug and polymer is commonly
evaluated using analytical techniques such as:

o Fourier-transform infrared spectroscopy (FTIR)
o Differential scanning calorimetry (DSC)

e Powder X-ray diffraction (PXRD)

e Raman spectroscopy [50]

Incompatibilities could cause phase separation, precipitation,
and poor dissolution properties [51]. Hence, adequate
knowledge about the interaction between the polymer and
drug molecules is important for the successful formation of
solid dispersions.

Method-Dependent Preparation Techniques

The mode of preparation is considered to be the most
important factor which determines the physicochemical
properties, dissolution profile, stability, and scale-up
potential of solid dispersion systems [56-65]. The variation
in the mode of preparation leads to the differences in the
particle ~structure, crystalline nature, miscibility, and
amorphous stabilization of the solid dispersion systems. The
selection of the proper mode of preparation can depend on
many physicochemical factors such as the drug-carrier
compatibility, thermal stability, solvent affinity, dissolution
profile, and manufacturing capability on the large scale [56].

Improved Behavior in
Aqueous Media

Q) ncreased Surtace Area

@ Poorly Soluble Drug
© Ernanced Wettabiiy @ Feduced Particto size
Poor wetting Good wtng ) e
| v o %,
‘ - B = -
o
—_—
Wb contactangle Low contacta g peices M
Myorop
- ENHANCED DISSOLUTION
——t—o—o—s
¥
] 3
8wl /L _e—e—e—e—e
Pure Drug B
]
’

Figure 03: Conventional and Advanced Preparation Techniques of Solid Dispersions

Conventional Methods
Fusion/Melting Method

The fusion/melting technique is among the simplest and
earliest techniques used to prepare solid dispersions [57].
Under this technique, the active ingredient and hydrophilic
carriers are melted at temperatures above their respective
melting points to form a homogeneous mixture [58]. After
this step, the melt is cooled to solidify and the resulting
mixture is then ground and sieved. Solid dispersions prepared
via the fusion technique are characterized by enhanced
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dissolution rate owing to reduced crystallinity and formation
of amorphous forms [59].

Solvent Evaporation Method

Solvent evaporation is a technique whereby both the drug
and the carrier are mixed using a single volatile solvent and
then subjected to evaporation under low pressure or heating.
Solid dispersions are formed after removal of the solvent.

Common solvents include:

e Ethanol
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e Methanol
e Acetone
e Dichloromethane

This method is particularly useful for thermolabile drugs
because it avoids exposure to high temperatures [62].

Kneading Method

Kneading technique requires mixing the drug along with the
polymer to create a paste-like consistency using minimal
solvent and then proceeding further with the process of
kneading, drying, and powdering. The hydrophilic polymer
absorbs the solvent, allowing the drug to get uniformly
distributed in the matrix.This method is commonly employed
for cyclodextrin complexes and low-dose formulations.

Advanced Methods
Hot-Melt Extrusion (HME)

The hot melt extrusion technique is considered to be the most
technologically and commercially advanced method of
creating solid dispersion formulations [66]. This technique
involves melting and blending of drugs with polymers using
extrusion technology.

The process promotes molecular dispersion and
amorphization of poorly soluble drugs within polymer
matrices [67]. Common carriers include:

e Soluplus®
e HPMC
e PVP
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e PEG
Spray Drying

Spray drying is a solvent-dependent method that is
commonly employed in the development of amorphous solid
dispersions [69]. The drug and polymer are dissolved in
suitable volatile solvents and then converted to fine dry
particles by spray drying.Dry particles produced by spray
drying have high porosity and faster dissolution rate [70].

Freeze Drying (Lyophilization)

Freeze drying involves freezing a drug-polymer solution
followed by sublimation of solvent under reduced pressure
[72]. The process produces highly porous and amorphous
structures with improved dissolution characteristics.

Supercritical Fluid Technology

Supercritical fluid technology employs supercritical CO2 as a
solvent or nonsolvent in solid dispersion preparation [74].
This technique produces fine particles with uniform particle
size distribution and enhanced solubility characteristics.

Electrospinning

Electrospinning is an advanced nanotechnology-based
method used to prepare nanofibrous solid dispersions [76].
High voltage is applied to polymer-drug solutions to produce
ultrafine fibers with extremely large surface area.

Microwave-Assisted Method

Microwave-assisted techniques utilize microwave energy to
uniformly heat drug-polymer mixtures and facilitate
molecular dispersion [78]. Microwave radiation accelerates
solvent evaporation and promotes amorphization.

Method Advantages Limitations Industrial Applicability
Fusion/Melting Simple, solvent-free Thermal degradation Widely used

Solvent Evaporation Suitable for thermolabile drugs Residual solvents Moderate

Kneading Economical Poor scalability Limited

Hot-Melt Extrusion Continuous and scalable High equipment cost Excellent

Spray Dry