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Abstract Solid dispersion has emerged as a method of choice
and has been extensively investigated to ascertain the in vivo
improved performance of many drug formulations. It gener-
ally involves dispersion of drug in amorphous particles
(clusters) or in crystalline particles. Comparatively, in the last
decade, amorphous drug–polymer solid dispersion has
evolved into a platform technology for delivering poorly
water-soluble small molecules. However, the success of this
technique in the pharmaceutical industry mainly relies on dif-
ferent drug–polymer attributes like physico-chemical stability,
bioavailability and manufacturability. The present review
showcases the efficacy of amorphous solid dispersion tech-
nique in the research and evolution of different drug formula-
tions particularly for those with poor water soluble properties.
Apart from the numerous mechanisms of action involved, a
comprehensive summary of different key parameters required
for the solubility enhancement and their translational efficacy
to clinics is also emphasized.

Keywords Solid dispersion .Amorphous carrier . Solubility .

Translational research

Introduction

The destination of any drug delivery system is to achieve
prompt action and to offer a therapeutic amount of the drug
to the proper site in the body. Among different routes of drug
delivery, oral ingestion is one of the most convenient and
commonly employed routes. However, poor bioavailability
(BA) is one of the major problems associated with this route
of administration [1–4]. BA of orally administered drugs
mainly depends on their solubility in the biological fluids
and dissolution rate. The low solubility of these drugs in bio-
logical fluids results in their poor BA and restricted therapeu-
tic efficiency. It is well known that a therapeutic drug with
poor aqueous solubility or new chemical entity (NCE) will
typically exhibit dissolution rate limited absorption, and a
drug with poor membrane permeability will typically exhibit
permeation rate limited absorption (Fig. 1) [5]. It is estimated
that nearly 40% ofNCE currently being discovered are poorly
water soluble [6]. Unfortunately, many of these potential
drugs are abandoned in the early stages of development due
to the solubility issues [7]. Therefore, in order to improve the
BA of oral drugs, the research is now mainly restricted to two
broader areas of pharmaceutical sciences, i.e. to improve the
permeability of the poorly permeable drugs and to enhance the
solubility and dissolution rate of poorly water-soluble drugs
[8, 9].

Scientist havemade it evident that any technique capable of
generating a supersaturation state of drug in the gastro-
intestinal (GI) fluid can be substantially helpful in raising the
oral BA of that drug [10, 11]. Some of these techniques which
can achieve supersaturation state are: solid dispersion (SD),
microemulsion, solid solutions, eutectic mixtures, self-
emulsifying drug delivery system (SEDD), liposome,
micronization, polymeric form, polymorphs, pseudo-
polymorphs (including solvates), complexation, hydrotropy,
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micelle formation, nano-suspensions, etc. [12–14]. From this
varied list of available techniques, SD is considered as one of
the most suitable tools to overcome the complex solubility
associated issues of different drugs. The method involves dis-
persion of one or more active pharmaceutical ingredients
(API) in an inert carrier or matrix in solid state. Earlier work
have also documented that SD is not only one of the most
successful methodology to improve dissolution and BA of
poorly water soluble drugs but also is simple, economic, and
advantageous [15, 16]. Thus, we aimed to present a short
review briefly showcasing the different aspects of SD
technique.

Solid dispersion (SD)

The term SD refers to “drug dispersed in a solid matrix” or a
group of solid products consisting of at least two different
components, generally, a hydrophilic matrix and a

hydrophobic drug [5]. The matrix can be either crystalline or
amorphous in nature. The drug can be dispersed molecularly,
in amorphous particles (clusters) or in crystalline particles. It is
one of the most successful and promising strategy which aims
to enhance the solubility thereby increasing the oral BA of
poorly water soluble NCE [8]. It was discovered as an inno-
vative concept by Sekiguchi et al. in 1961. They studied SD of
sulfathiazole using urea as a carrier and reported the enhanced
solubility up to several folds, without deciphering the details
of mechanistic involved [17]. Since from this discovery, the
technique is widely explored for many NCE and achieved a
breakthrough success.

Merits of amorphous SD [5, 11, 18–20]

1. Particles with reduced particle size: Diminution in parti-
cle size leads to high surface area, resulting in an in-
creased dissolution rate and consequently improved BA.

2. Particles with improved wettability: SD offers high wet-
tability which subsequently enhances the drug solubility.
Carriers (e.g. urea) used in preparation of SD mediates
wetting ability of the drug.

3. Particles with higher porosity: SD porosity mainly de-
pends on the nature of carriers used during preparation.
SD using linear polymers produces larger and highly
porous particles in comparison to reticular polymers
which results in a higher dissolution rate and improved
BA.

4. Suitable for acidic, basic, neutral and zwitter ionic drugs
5. Offers alternate pathways to improve BA
6. Faster dissolution and absorption of drug, which may

lead to quick onset of action: Solubility of drug candi-
date in aqueous media imparts faster dissolution profiles
and absorption of drug results in immediate inception of
action.

7. Improve exposure (increase BA, more rapid onset, and
decrease dose)

8. Support toxicology studies and clinical tools
9. Masking of unpleasant taste, smell of drugs and offers

commercial product manufacturing
10. Homogeneous distribution of a small amount of drug in

solid state is possible.
11. Allows dispensing of liquid (up to 10 %) or gaseous

compounds in a solid dosage: SDs are more adequate
to patients than liquid or gaseous systems as they give
rise to solid oral dosage forms instead of liquid because
solubilization products convert into solid powder state.

Limitations of amorphous SD [11, 21–24]

1. Laborious and expensive methods of preparation at com-
mercial level: Methodology and the technical requirement

Fig. 1 Drug release pattern of conventional dosage form and SD
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of individual method increase the expenditure of SD pro-
duction at commercial level.

2. Reproducibility of physicochemical characteristics varies
with various techniques: Various strategies applies for
production of SD, each method has their own character-
istic product and lacking of reproducible results leads to
variability in physicochemical characteristics of SD.

3. Difficulty in incorporating the method into formulation of
dosage forms: In spite of extensive proficiency, SD is not
mostly exploited at commercial level. It may be due to
throughout processing (mechanical stress) or storage
(temperature and humidity stress) problems. The amor-
phous state possibly may cause crystallization.

4. Recrystallization of SD: It is one of the major limitations
of SD. In amorphous form, they exist thermodynamically
unstable and have the propensity to transform to a more
stable form under recrystallization.

5. Stability of the drug and vehicle depends on solvent used:
Variability of approaches desires individual set of condi-
tions, carriers and solvent system, product results from
such methods imparts specific storage conditions failing
to which leads to stability issues.

The concept of SD is not a new emerging trend in the
scientific community, but it turns out the breakthrough
achievements; since, from 1960s various milestones and turn-
ing points in the field of solubility enhancement via SD tech-
nique. The historical milestones in the field of SD are men-
tioned below (Table 1) [5, 10, 11].

Recent trends of SD

Depending on the physical state of the carrier which is amor-
phous or crystalline, the SD can be divided into various cate-
gories. Figure 2 explores these categories as [36–40].

First generation

The first generation SD is basically crystalline in nature and
comprised of urea [41] and sugars such as sorbitol and man-
nitol [42]. These carriers, especially sugars, have high melting
point which is not favorable for preparing SD by melting
method. Urea exhibits high solubility in water and many com-
mon organic solvents while sugars have poor solubility in
most of organic solvents; therefore, sugars were less common-
ly used than other carriers [43–45].

Second generation

Second generation SD contains amorphous carriers, which are
mostly polymers. Amorphous SD can be classified into amor-
phous solid solutions (glass solutions) and amorphous solid
suspensions according to the physical state of the drug

[46–48]. In amorphous solid solution, the drug and amor-
phous carrier are completely miscible to form molecularly
homogenous mixture while amorphous solid suspension con-
sists of two separate phases. In second generation SD, the drug
lies in supersaturated state owing to forced solubilization in
carrier. These systems may cause reduction of the drug parti-
cle size up to a molecular level which solubilize or co-dissolve
the drug and offer superior wettability and dispersibility of the
drug and finally produce amorphous forms of the drug and
carriers.

Third generation

Although the amorphous SD can enhance drug release rate,
the subsequent supersaturation state of drugs may cause drug
precipitation and decrease the drug concentration both in vitro
and in vivo, subsequently hamper the BA of drugs. This phe-
nomenon is very common especially with sugar glass based
SD [49]. The drug may also recrystallize from an amorphous
state in the preparation process (cooling or solvent removal)
and during storage [44, 50]. So, in the third generation SD, the
surface active agents or self-emulsifiers are introduced as car-
riers or additives and showed significant improvement in
overcoming the above problems such as precipitation and re-
crystallization [7, 10]. These systems possess improved disso-
lution rate as well as highest degree of bioavailability, and
better stability due to inclusion of surface activity.

Fourth generation

The fourth generation SD offers controlled release pattern and
known as controlled release solid dispersion (CRSD) contain-
ing poorly water-soluble drugs with a short biological half-
life. CRSD of poorly water-soluble drugs enhances the solu-
bility as well as extends the release in a controlled manner. In
CRSD, the molecular dispersion of poorly water-soluble
drugs in carriers will improve the drug solubility while water
insoluble polymers or swellable polymers can be used to delay
the drug release in the dissolution medium [11].

In the pharmaceuticals, a wide range of polymers are used
for the preparation of amorphous SD which includes,
hydroxypropylmethyl cellulose (HPMC), poly (vinyl
pyrrolidone/vinyl acetate co polymer) (PVP), polyacrylates,
hydroxypropylmethyl cellulose acetate/succinate (HPMC
AS), and polymethacrylates which offers the promising results
[51, 52].

Mechanism of drug release SD

There are two main pathways which offer drug release from
immediate release SD: (i) drug-controlled release and (ii)
carrier-controlled release. When SD is introduced in water,
the carrier often absorbs water rapidly due to their hydrophilic
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Table 1 Historical milestone in the field of SD

Historical milestone Research Ref.

Rashid et al. 2015 Evaluated the effect of HPC (hydroxypropylcellulose) and Tween 80 on the physicochemical properties
and oral bioavailability of ezetimibe-loaded solid dispersions. Their aqueous solubility, physicochemical
properties, dissolution, and oral bioavailability were investigated in comparison with the drug powder.
All the solid dispersions significantly improved the drug solubility and dissolution. As the amount of
HPC increased in the binary solid dispersions to tenfold, the drug solubility and dissolution were
increased accordingly. Ezetimibe-loaded binary solid dispersion prepared only with HPC would be
suggested as a potential formulation for oral administration of ezetimibe.

[12]

Tuong et al. 2015 Developed modified-solid dispersion method using a swellable hydrophilic polymers accompanied by
a conventional carrier to enhance the dissolution of a drug that possesses poor water solubility.
Swellable polymers (hydroxypropyl methylcellulose and polyethylene oxide) were swelled in melted
polyethylene glycol 6000 (PEG 6000) in different ratios and under different conditions. This system has
potential for controlling drug release due to high swelling capabilities of these polymers. Therefore, the
current study can be considered to be a promising model for formulations of controlled release systems
containing solid dispersions.

[13]

Onoue et al. 2014 Developed a self-micellizing solid dispersion (SMSD) of cyclosporine A (CsA) using an amphiphilic block
copolymer, poly [MPC-co-BMA], to improve the biopharmaceutical properties of CsA. Results showed
that poly [MPC-co-BMA]-based SMSD formulation system might be an efficacious dosage option for
CsA to achieve improvements in oral bioavailability.

[14]

Liu et al. 2014 Studied the synthesis of a new series of cellulose ω-carboxyalkanoates for amorphous solid dispersion
(ASD), by reaction of cellulose with long-chain diacids that have been monoprotected as benzyl
esters at one end, and monoactivated as acid chlorides at the other. These new cellulose ω-carboxyesters
have strong potential as ASD polymers for enhancement of drug solubility and bioavailability.

[15]

Zhang et al., 2014 Prepared and studied the SD composed of berberine–phospholipid complex (BPC), d-α-tocopheryl
polyethylene glycol 1000 succinate (TPGS 1000) and SiO2 was prepared by simple solvent evaporation
technique. BPC was employed to improve the liposolubility of Ber, and SiO2 was used to improve the
flowability of SD, while TPGS 1000 played a dual role: firstly, as a SD carrier to improve the dissolution
rate of BPC and secondly, as a P-glycoprotein (P-gp) inhibitor to enhance the intestinal absorption of Ber.
Data showed promising results as converted in SD.

[16]

Onoue et al. 2013 Developed an amorphous solid dispersion (SD) of nobiletin (NOB), a citrus polymethoxylated flavone, with
the aim of improving its biopharmaceutical and hepatoprotective properties. SD formulation of NOB
(NOB/SD) was prepared by wet milling and subsequent freeze drying, and its stability and dissolution
properties were characterized. Results showed improved pharmacokinetic behavior with increase in
bioavailability and better hepatic delivery.

[17]

Ormes et al., 2013 This investigation mapped the processing window of a micro-spray dryer to achieve desired particle
characteristics and optimize throughput/yield. Effects of processing variables on the properties of
hypromellose acetate succinate were evaluated by a fractional factorial design of experiments.
Processing parameters studied include solid loading, atomization, nozzle size, and spray rate. Response
variables include particle size, morphology, and yield. Unlike most other commercial small-scale spray
dryers, the ProCepT was capable of producing particles with a relatively wide mean particle size. A
regression model was also constructed to compute the correlation between processing parameters and
the response variables.

[18]

Martins et al., 2012 Evaluated the spray congealing method for microparticles production of carbamazepine that was combined
with a polyoxylglyceride carrier. Additionally, impact of the spray congealing conditions on the drug
solubility improvement was also investigated using a three-factor, three-level Box–Behnken design.
Results showed remarkable improvement in solubility as well as in dissolution rate of carbamazepine
and the Box–Behnken fractional factorial design was proved to be a powerful tool for identification of
best conditions for SD microparticles manufacturing by spray congealing method.

[19]

Paudel and Mooter,
2012

Investigated the influence of solvent properties on the phase behavior and physical stability of spray-
dried SD containing naproxen and poly vinyl pyrollidine (PVP-K 25) prepared from binary co-solvent
systems containing methanol, acetone, and dichloromethane. The result shows that SD prepared from
dichloromethane-acetone exhibited the best physicochemical attributes followed by those prepared
from methanol-acetone.

[20]

Baert et al., 2011 They reported a method of preparation of reconstituted powder for oral administration of etravirine for safe
and effective management of human immunodeficiency virus (HIV) via SD technology.

[21]

Kiser and Gupta, 2011 They reported a tactful employment of SD technique for the preparation of intra vaginal ring containing a
homogenously distributed drug. The device was capable of zero order release of drug over a period
of 1 day.

[22]

Tiwari et al., 2011 They reported a method of preparation of solid dosage form comprising of SD, containing an anti-HIV
drug with hydrophilic polymer of low glass transition temperature approx 50 °C. Invented preparation
obliterates the stability problem associated with conventional dosage form and also claimed to improve
the BA of drug.

[23]
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property or dissolves in it and form carrier layer or gel layer
[53, 54]. Figure 3 summarizes different methods utilized for
solubility enhancement by SD. SD also has other advantages
in improving the drug BA such as wettability, porosity en-
hancement, and polymorphic change. The fast dissolution or
water absorption of carrier molecules surrounding drug parti-
cles can improve the drug wettability, especially when surfac-
tants or emulsifiers are incorporated in SD. The improved
wettability and dispersibility of the drug due to the surfactant
action may reduce the interfacial tension between hydropho-
bic drug particle and aqueous solvent phase, cause an increase
in effective surface area exposed to the dissolution medium.

This also retards agglomeration or aggregation of the particles,
which can slow down the dissolution [5, 11].

Current approaches for SD manufacturing

Various reported methods are utilized in preparation of SD.
These methods deal with the challenge of mixing a matrix
and a drug, preferably on a molecular level (Fig. 4) while
matrix and the drug are generally poorly miscible. During
many of the preparation techniques, de-mixing (partially or
completely) and formation of different phases are observed.
Phase separations like crystallization or formation of

Table 1 (continued)

Historical milestone Research Ref.

Besse et al., 2009 Demonstrated a method of preparation of disintegrant-free orodispersible tablet containing SD. Proposed
method was claimed to be industrially feasible method which was capable of producing homogeneous,
stable, and non-fragile composition. Invented method also circumvented the need of any coating or
taste masking operation.

[24]

Patel and Pillai, 2008 They expressed the composition and therapeutic use of water dispersible molecular SD constituting of
sparingly water soluble drug or any salt in particulatable lipidic matrix. The molecular SD was prepared
by dissolving drug in carrier without the use of organic solvents and without heating the carrier to its
melting point. The resultant SD showed improved dissolution rate and BA.

[25]

Bedrosian, 2007 Reported a method for oral administration of mTOR inhibitors especially in case of cancer patient suffering
from mouth ulcers via SD technique. Invented SD reduces the dose to be administered by maintaining its
therapeutic effectiveness for a longer period of time, while limiting its side effects to a reasonable level.

[26]

Terracol
and Duclos, 2000

Described a skillful method for the production of SD, comprising of at least one therapeutic agent. The SD
was prepared by dissolving of one therapeutic agent in a solution of volatile organic solvent containing
hydrophilic carrier. Finally, the overall solution was evaporated to dryness lead to production of SD.
Finally, it was concluded that the SD enhances the solubility of drug in aqueous media.

[27]

Fort et al., 1997 They introduced one of the pharmaceutical SD compositions comprising of an HIV protease inhibitor as
drug and poly ethylene glycol (PEG) as carrier system. They also reported that HIV can be effectively
cured with the prepared SD. The SD can be optionally encapsulated in a capsule or can be compressed
into tablets. They also claimed that the SD enhances the solubility, and hence, the BA.

[28]

Nakamichi et al., 1995 Reported the solvent free and temperature-independent approach for the formulation of SD using the twin-
screw extruder. The resulting SD was found to be superior in terms of its performance and stability.

[29]

Nakano et al., 1994 Described a novel thermal-mechano-chemical process for preparation of SD. The SD was prepared by
homogenous mixing of drugs with water soluble polymer at a temperature without melting them. It
was the most suitable technique for thermal sensitive drugs. Prepared SD was successfully transformed
into tablets and capsules.

[30]

Baudir et al., 1989 Revealed the skillful method of preparation of a novel galenic form, i.e. micro-granules. It was constituted
of a verapamil salt and an additional wetting agent. They reported that SD was the potential candidate
for solubility enhancement of hydrophobic drugs as it has a porous membrane.

[31]

Reigelman and Chiou,
1979

They reported that BA of drug can be enhanced by preparing its glassy matrix. The glassy solid matrix was
prepared at an elevated temperature with or without solvent and followed by a successive step of chilling.
Ultimately, the prepared glassy matrix was transformed to an orally administrable tablets and capsules
with improved solubility.

[32]

Mayersohn and
Gibaldi,
1966

They studied and disclosed a method for the preparation of griseofulvin SD. The study revealed that there
is a marked increment in the solubility of griseofulvin by preparing its SD in PVP matrix.

[33]

Tachibani and
Nakamura, 1965

They described a solvent evaporation method for the preparation of an aqueous colloidal dispersion of
β-carotene utilizing PVP as hydrophilic carrier. Microscopical and spectroscopical data evidenced that
β-carotene is molecularly dispersed as a colloidal particles in PVP matrix in a size range of 100 A°.
Finally, the resultant SD showed promising solubility enhancement property.

[34]

Levy, 1963 Demonstrated a simple and precise method for the preparation of SD and solid solution. Finally, the overall
study revealed a fact that just like SD; solid solution may enhance the drug dissolution.

[35]

Sekiguchi and Obi,
1961

They are the innovator who are first to prepare SD by using sulfathiazole and urea as drug and carrier
respectively. They reported the formation of eutectic mixture, which on exposure to the solvent media
enhances the dissolution of drug up to several folds.

[36]
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amorphous drug clusters are difficult to control and therefore
unwanted [44, 48, 49].

Hot melt extrusion (HME)

HME is a simple and a single-step operation, previously con-
fined to only food and plastic industries; but later on, Speiser
and Huttenrauch were first to suggest that this process can be
employed for the manufacturing of SD [55–57]. The process
is carried out in a hot melt extruder. Its extreme ability to
operate in a continuous fashion and without the need of or-
ganic solvent, gives an extra edge over other techniques. In
this method, the drug and carrier are mixed, heated, melted,
homogenized, and extruded in a form of tablets, rods, or pel-
lets, or milled and blended with other excipients for different
purposes [58–60]. The intense mixing and agitation forced by
the rotating screw during the process cause disaggregation of
drug particles in the molten polymer, resulting in a homoge-
nous dispersion [61, 62]. This process involves the transfor-
mation of a solid mass of the particles into a viscous liquid or
semisolid mass by heating and intense mixing. Examples of
SD of drug prepared by HME technique include

carbamazepine, nicardipine hydrochloride, 17β estradiol
hemihydrates, theophylline, chlorpheniramine malate, 5-
aminosalicylic acid, diclofenac sodium, diltiazem hydrochlo-
ride, etc. [63].

Hot melt encapsulation

In this method, the drug and carrier are melted together at a
temperature above the eutectic point, which is the lowest pos-
sible melting point of the mixture. Then the melted mixture
can be cooled or solidified using different techniques such as
ice bath agitation [11], spreading as a thin layer on ferrite plate
or stainless steel plate [64]. The resultant solid is then crushed,
sieved, pulverized to reduce the particle size, or injection
molded into dosage forms without undergoing milling. The
advantage of this method is that it does not require any
solvent.

Meltrex® and melt agglomeration

Meltrex® is one of the registered methods for preparing SD
[65, 66]. It is the process which can easily combine both

Fig. 2 Classification of various
categories of SD

Fig. 3 Mechanisms of SD for
solubility enhancement
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approaches simultaneously, i.e., amorphous embedding of
drug and thus by modifying the release profile of drug up to
zero order. Meltrex™ based on the HME principle is a patent-
ed SD manufacturing process. In Meltrex™ technology, the
use of a special twin screw extruder and the presence of two
independent hoppers allow conveying the extruded mass con-
tinuously throughout the extrusion channel and thus reduce
the residence time of the drug (approximately 2 min) in the
extruder as well as to avoid thermal stress to the drug and
excipient [44, 48]. In general, the amorphous SD prepared
by melting method are soft, sticky, and have poor flow prop-
erties and poor compressibility which hinder their applications
in a large pharmaceutical scale of tableting. However, melt
agglomeration method, in which the carrier acts as a meltable
binder, is a feasible method to solve these problems. Melt
agglomeration is processed in high shear mixers or rotary
processor with the mixture prepared by three ways, i.e.,
adding the molten carrier containing the drug to the heated
excipients [11, 39] adding the molten carrier to a heated mix-
ture of the drug and excipients or heating a mixture of the

drug, carrier, and excipients to a temperature within or above
the melting range of the carrier. Some examples of SD pre-
pared byMeltrex® technique include paracetamol, nifedipine,
and furosemide. The Meltrex® technology provide various
benefits like; fine-tuned pharmacokinetic profile up to zero-
order kinetics, improved BA, circumvention of problems as-
sociated with polymorphism [47]. Thus, Meltrex® technology
is a profitable strategic tool from drug rescue through preven-
tion of generic erosion.

Solvent evaporation method (solvent method)

In the solvent evaporation method, SD is obtained after the
evaporation of solvent from the solution containing a drug and
carrier [67]. The method has solved some critical problems of
the meltingmethod like decomposition of drugs and carriers at
high temperature. This is because the solvent removal in this
method can be performed through alternate techniques such as
freeze drying technique without heat. However, an important
prerequisite of this method is the sufficient solubility of the

Fig. 4 Methods of preparation of
SD
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drug and carrier in a solvent or co-solvent. The disadvantage
of this method is that the residual solvent remaining after the
evaporation process may cause toxicity and complete solvent
removal is nearly impossible [68, 69].

Other disadvantages of the solvent method are its larger
environmental consequences, the high cost of production
due to the extra facilities required for solvent removal and
protection against explosion as well as low scalability. For
these reasons, HME is more favorable than solvent method
to prepare SD [70].

Vacuum drying and rotary evaporation

Phase separation is a challenge that can arise during the sol-
vent removal process. This is mainly due to the increased
molecular mobility aroused during heating process which
may subsequently result in phase separation. Thus, vacuum
drying and rotary evaporation at a moderate temperature is
used to avoid the risk of phase separation and to prevent the
degradation of drugs and carriers at high temperature [71].
After the solvent evaporation process, the resultant SD may
be stored in a vacuum desiccator for complete removal of
residual solvent. Although these methods are easy to execute,
but have rather lengthy procedures.

Spray drying

Spray drying is one of the oldest techniques for drying any
material. It is a unit operation which has the capacity to trans-
form a liquid, slurry, and a semisolid into a free flowing pow-
der form [62, 67, 71]. This process is typically used in the
production of coarse (up to 500 μm) for food, pharmaceutical,
and industrial powders. It can likewise be utilized to set up
micro-particulate powders for NCE, excipients, pulmonary
and bio-therapeutic particle engineering, drying of crystalline
APIs, and encapsulation [67]. It is an efficient technology for
SD manufacturing because it permits extremely rapid solvent
evaporation thereby resulting in fast transformation of an API-
carrier solution to solid API-carrier particles. The size of the
SD particles prepared by spray drying can be customized by
modulating the droplet size via nozzle to meet the require-
ments for further processing or applications [72]. SD of drug
prepared by spray drying technique includes: fenofibrate,
etoricoxib, curcumin, ibuprofen, itraconazole, mefenamic ac-
id, griseofulvin, cyclosporine, tolfenamic acid, tolbutamide,
etc. [73].

Freeze drying

Freeze drying is an alternative method for drying SD. This
method shows promise as a suitable technique for the incor-
poration of drugs into stabilizing matrices because the drug is
subjected to minimal thermal stress during the SD formation.

This method includes two steps: freezing and lyophilization
[67, 17]. The freezing rate is very important to control phase
separation. The basic process consists of immersing the API-
carrier solution in liquid nitrogen until it is fully frozen which
is then lyophilized [73]. An important advantage of this meth-
od is the minimized risk of phase separation; however, the
main disadvantage is that most organic solvents have low
freezing temperatures and do not stay frozen during sublima-
tion [43, 57].

Cryogenic processing techniques

SD can also be obtained by cryogenic processing techniques
including spray freeze drying (SFD) and ultra-rapid freezing
(URF). These methods increase the freezing rate compared to
freeze drying technique. SFD allows for a reduction in the
primary particle size of drug particles without intense friction-
al or mechanical forces which can cause degradation of the
API through thermal stress [9, 74]. SFD is a very promising
drying technique in which the solution of the drug and poly-
mer is sprayed into/on liquid nitrogen or cold dry air and the
frozen droplets are subsequently lyophilized [5, 75].

Super-critical fluid technology (SCFT)

SCFT is a technique which is capable of producing fine drug
particles and it is usually known for its valuable product qual-
ity, batch to batch reproducibility, and ease of fabrication [4].
In current scenario, the SCFT has a wide spread utility ranging
from food processing to pharmaceutical applications [3], but
current pharmaceutical applications include: drug extraction
and analysis, drug particle and drug polymer engineering,
pharmaceutical processing, and preparation of drug delivery
system. SD prepared by this technique includes 5-fluorouracil,
piroxicam, atorvastatin, ampicillin, oxeglitazar, felodipine,
carbamazepine, artemisinin, etc. [5].

Electrospinning

Electrospinning is a technique where SD is formed from a
polymeric solution through a millimeter-scale nozzle known
as “Taylor cone.” This progression rivets the appliance of a
strapping electrostatic field over a conductive capillary
connecting to a reservoir containing a polymer solution or
melt and a conductive collection screen [17, 74]. The applica-
tion of an electric field by means of a high-voltage source
grades in charge being persuade within the polymer solution,
which causes the instigation of a jet. Upon rising the electro-
static field other than critical value, charge species accrue on
the plane drop subvert the crescent form into a conical shape
(Taylor’s cone). Ahead of the decisive value, a charged poly-
mer jet is expelled from the tip of the cone. The expelled jet
afterwards carried near collection screen via the electrostatic
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force. This technique has remarkable impending for the
fabrication of controlling the release of biomedicine and
nanofibers [76].

Microwaves irradiation

Microwave irradiation (0.3–300 GHz): in this technique, the
drug and carrier, e.g., porous amorphous silicon dioxide, are
unvaryingly assorted among solvent and then subjected to
microwave reactor at 500 W for different episode of time
between 5 and 15min. It is reported that drug release tendency
is higher in samples subjected to microwave irradiation for a
longer period of time [77].

Characterization of SD

Characterization is an important phenomenon and primarily
involves the quantitative analysis of different physicochemical
properties. Majority of efforts to characterize and investigate
the molecular arrangement in SD are mainly focused to dif-
ferentiate between amorphous and crystalline material [10, 52,
60, 74]. The dissolution enhancement of poorly water-soluble
drugs in SD can be performed by the standard dissolution
methods. However, other properties of SD such as the physi-
cal states of drugs, the drug–carrier interaction and the phys-
ical and chemical stability of drugs should also be importantly
evaluated. Physicochemical characterization of the SD essen-
tially predicts the pharmaceutical applicability of SD.
Estimation of these properties helps in understanding
the solubility enhancement mechanisms of SD and
physicochemical stability. Therefore, it is necessary to
characterize the product for optimum results [78–80].
Figure 5 summaries various approaches used for the
characterization of SD.

Technical issues related to SD

Despite of its advantages in improving the solubility profile of
poorly water-soluble drugs, there is a need to overcome the
problems arising during preparation and storage of SD
(Table 2) [81–84].

Stability of SD

SDs exhibit high conformational entropy and lower molecular
mobility. Molecular mobility is an input factor governing the
stability of amorphous phases, because polymers improve the
physical stability of amorphous drugs in SDs by increasing the
glass transition temperature (Tg) of the miscible blend, in that
way plummeting the molecular mobility at regular storage
temperatures, or by intermingle explicitly through functional
groups of the drugs. For a polymer to be effective in
preventing crystallization, it must be comprised to be molec-
ularly miscible among the drug at very high viscosity; below
the Tg, there is enough mobility for an amorphous system to
crystallize over pharmaceutically relevant time scales
[79–81]. There is more deteriorating effect of moisture and
temperature on SDs than on physical mixtures. For optimal
stability of amorphous SDs, molecular mobility should be low
as possible. Nevertheless, SD, moderately or fully amorphous,
is thermodynamically unsteady. In SD restrain crystalline par-
ticles: these particles projects towards nuclei that can be the
starting point for further crystallization [67]. Usually, SD is
primed with water soluble low melting point synthetic poly-
mers such as polyvinyl pyrrolidone, mannitol, or polyethylene
glycol. These polymers demonstrate privileged results in drug
dissolution augmentation, but the amount of these polymers
required is relatively large, around 1:2 to 1:8 (drug to polymer)
ratio. Stability studies for SD includes: humidity studies,

Fig. 5 Various approaches used for the characterization of SD
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isothermal calorimetry, DSC (Tg, temperature recrystalliza-
tion), dynamic vapor sorption, and saturated solubility studies
[52, 79].

Clinical applications of SD

SD technique with its wide array of therapeutic applications
has broadly benefited mankind. Oral route is considered as the
most convenient mode of administering therapeutic drugs
against different diseases; however, drug degradation, incom-
plete absorption, and poor BA are some of the problems

encountered by this approach. Recent advancement in the
SD technology has gained attention in pharmaceutical indus-
tries due to improvement in the solubility of poorly water
soluble drugs [4, 5, 9, 48]. Interestingly, Cai et al. improvised
the clinical utility of SD methodology for selective brain
targeting. They reported that gastrodin and borneol co-
loaded sustained-release dispersions reduces the stomach irri-
tation and improves the utility of borneol for oral brain-
targeting [85]. SD has been reported to be a promising strategy
for improving the BA of curcumin, a compound with known
clinical benefits [86]. Moreover, SD formulation of paclitaxel,
a chemotherapeutic drug with a pharmacokinetic booster,

Table 3 List of commercial
products utilizing SD techniques Commercial product Technique Drug used Carrier used

Incivek ® Spray drying Teleprevir HPMCAS-M

Sporanox® Spray drying on sugar beads Itraconazole HPMC

Casamet® – Nabilone PVP

Prograf® Spray drying Tacrolimos HPMC

Kaletra® Melt extrusion Lopinavir PVP

Zelboraf® Co-precipitation Vemurafenib HPMCAS

Kalydeco® Spray drying Ivacaftor HPMCAS

Onmel® Melt-extrusion Itraconazole HPMC

Novir® Melt-extrusion Ritonavir PVP

Zotress Spray drying Everolimus HPMC

Crestor® Spray drying Rosuvastatin HPMC

Gris-PEG® Melt-extrusion Griseofulvin PEG

Isoptin® Spray drying Verapamil HPC/HPMC

Afeditab® Spray drying Nifedipin Poloxamer-PVP

Rezulin® Spray drying Troglitazone HPMC

Nivadil® Spray drying Nivaldipine HPMC

Table 2 Technical issues and promising strategies related to SD

Problems Effect Strategies

Poor scalability Unable to use at
commercial scale

Various improvements and advancements offer stable
commercial value.

Thermal instability of drugs
and Carriers

Limited to selected NCE
to be converted into
SD product.

Newer techniques such as solvent methods, nitrogen
stream can be utilised.

Recrystallization of drugs
from amorphous state
during storage

Decreases bioavailability of SD Molecular interaction between the drug and polymer
should be increased.

Selection of suitable polymer which has high Tg, strong
interaction with drug and low hygroscopicity stabilize
the physical state of drugs in SD.

Low in vivo–in vitro
correlation

Failure of product at
clinical trials

Characterization tools solve this problem efficiently.

Precipitation of drugs after
dissolving in water due
to supersaturation

Leads to low stability
of the product

Selection of proper formulation technique and proper
blending imparts stability to products.

Molecular mobility Low stability Polymers of higher glass transition temperature (Tg)
compared to the API should be used.
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when administered along with ritonavir resulted in an in-
creased BA of paclitaxel. This adjuvant therapeutic approach
was reported to be clinically significant for developing low-
dose metronomic chemotherapy of paclitaxel [87]. Similarly,
SD formulation was also reported to improve the benefits of
docetaxel, a potent anticancer drug broadly used for oral can-
cers [88]. In a phase I trial in patients with advanced solid
malignancies, NanoCrystal dispersion formulation of 2-
methoxyestradiol dispersion was reported to be well tolerated
with improved BA [89]. Aboelwafa and Fahmy reported a SD
based orodispersible formulation to overcome the solubility
issues associated with Meloxicam (MLX) in healthy human
subjects [90]. Along with time, the SD technology also
evolved and remained not restricted to laboratory scale alone,
but explored successfully on commercial platforms for devel-
oping numerous products with effective therapeutic efficacy.
A comprehensive account of commercial products utilizing
SD techniques has been presented in Table 3 [82, 83, 91].

Future perspectives of SD

SD can be briefly pronounced as a technology of importance
not only due to its ability to enhance drug solubility to several
folds but also for improving their BA and developing con-
trolled release preparations. However, conventional tech-
niques for SD possess certain practical limitations like total
solvent removal in dispersions prepared by solvent method
needs to be addressed [92–94]. The most frequent threats that
infiltrate and attenuate the SD are its stability concern and
incompatibility for industrial scale up [95–99]. Exploring the
novel formulation approaches will certainly help to overcome
these issues [100–102]. Recent advances on SD area can be
explored as: (i) use of new carriers system, (ii) addition of co-
additives such as super disintegrants, surfactants, and pH
modifiers, and (iii) advancement in characterization methods
and development of novel preparation. These issues are inter-
related and will be continuously investigated in the coming
time [103, 104].

Conclusion

SD is an emerging strategy which made a significant advance-
ment in recent past with reference to its effectiveness by im-
proving pharmacokinetics, bioavailability, and physical stabil-
ity of the active pharmaceutical ingredient and new chemical
entities. SD can improve their stability and performance by
increasing drug-polymer solubility, amorphous fraction, parti-
cle wettability, and particle porosity. Moreover, new and op-
timized manufacturing techniques that are easily scalable are
also coming out of academic and industrial research. Howev-
er, physical and chemical stability of both the drug and the

carrier in SD are major developmental issues. In view of this,
selection of carrier, drug–carrier ratio, and understanding the
drug release mechanism from matrix warrants careful atten-
tion. This review showcases the striking features of this tech-
nology which might be an effective alternative that has infinite
potential. Moreover, this review also highlights the pioneer
breakthroughs that helped to overcome the existing shortfalls
in technological applications. Various impressive applications
of SD in the field of pharmacy like ODT,MDT, matrix tablets,
mucoadhesive microparticulate system, dry powder for recon-
stitution along with several marketed products have been
catalogued. We strongly believe that under tightly controlled
manufacturing processes, SD can be suitably adapted for com-
mercial scale and various cost effective dosage form can be
launched. SD is poised to open new avenues in research and
therapy.
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