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a  b  s  t  r  a  c  t

The  poor  oral  bioavailability  arising  from  poor  aqueous  solubility  should  make  drug  research  and  devel-
opment  more  difficult.  Various  approaches  have  been  developed  with  a focus  on  enhancement  of the
solubility,  dissolution  rate,  and  oral  bioavailability  of poorly  water-soluble  drugs.  To  complete  develop-
ment  works  within  a limited  amount  of  time,  the  establishment  of a suitable  formulation  strategy  should
be a  key  consideration  for the  pharmaceutical  development  of poorly  water-soluble  drugs.  In this  article,
viable  formulation  options  are  reviewed  on  the  basis  of  the  biopharmaceutics  classification  system  of
drug substances.  The  article  describes  the  basic  approaches  for poorly  water-soluble  drugs,  such  as  crys-
tal modification,  micronization,  amorphization,  self-emulsification,  cyclodextrin  complexation,  and  pH
ormulation development
anoparticle
oorly water-soluble drugs
olid dispersion

modification.  Literature-based  examples  of  the  formulation  options  for poorly  water-soluble  compounds
and  their  practical  application  to marketed  products  are  also  provided.  Classification  of  drug  candidates
based  on  their  biopharmaceutical  properties  can provide  an  indication  of  the difficulty  of  drug  develop-
ment  works.  A  better  understanding  of  the physicochemical  and  biopharmaceutical  properties  of  drug
substances  and  the  limitations  of  each  delivery  option  should  lead to  efficient  formulation  development
for  poorly  water-soluble  drugs.
. Introduction

Combinatorial chemistry and high-throughput screening used
n drug discovery have resulted in an increase of poorly water-
oluble drug candidates (Lipinski, 2000; Lipinski et al., 2001). In
rug discovery, the number of drug candidates defined as having

ow solubility has increased, and ca. 70% of new drug candidates
ave shown poor aqueous solubility in recent years (Ku and Dulin,
010). Currently, approximately 40% of the marketed immediate-
elease (IR) oral drugs are categorized as practically insoluble

<100 �g/mL) (Takagi et al., 2006).

There are many problems arising from the poor solubility of
rug candidates in drug research and development. The aqueous

Abbreviations: API, active pharmaceutical ingredient; ASD, amorphous solid
ispersion; AUC, area under the curve; BA, bioavailability; BCS, biopharmaceutics
lassification system; CSD, crystalline solid dispersion; EMEA, European Medicines
gency; FDA, U.S. Food and Drug Administration; IR, immediate-release; JP, the-

apanese Pharmacopoeia; SEDDS, self-emulsifying drug delivery systems; SMEDDS,
elf-microemulsifying drug delivery systems; SNEDDS, self-nanoemulsifying drug
elivery systems; WHO, World Health Organization.
∗ Corresponding author. Tel.: +81 54 264 5633; fax: +81 54 264 5635.

E-mail address: onoue@u-shizuoka-ken.ac.jp (S. Onoue).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

solubility of a drug is a critical determinant of its dissolution rate.
The limited dissolution rate arising from low solubility frequently
results in the low bioavailability of orally administered drugs, and
compounds with aqueous solubility lower than 100 �g/mL gener-
ally present dissolution-limited absorption (Horter and Dressman,
2001). In such cases, dose escalation would be required until the
blood drug concentration reaches the therapeutic drug concentra-
tion range. This dose escalation sometimes causes topical toxicity in
the gastrointestinal tract upon oral administration, and such toxic-
ity could lead to a reduction in patient compliance. In drug product
development, the formulation design of a drug product with high
drug load is generally difficult. Increasing drug load might result
in poor powder properties, such as poor powder flowability and
sticking tendency during granulation and tableting. In addition, the
manufacturing cost would increase since a large amount of active
pharmaceutical ingredient (API) might be consumed to develop
and manufacture the drug product. The poor solubility of new drug
candidates might also affect in vitro assay performance in drug dis-
covery stage. In drug discovery, a number of in vitro cell culture

assays are conducted to evaluate several biological properties of
drug candidates, such as efficacy, membrane permeation proper-
ties, and genotoxicity. The solubility limitation or precipitation of
a drug in the test medium may  yield invalid information on the

dx.doi.org/10.1016/j.ijpharm.2011.08.032
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:onoue@u-shizuoka-ken.ac.jp
dx.doi.org/10.1016/j.ijpharm.2011.08.032
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Fig. 1. Biopharmaceutics classification system (B

rug properties in vitro. In preclinical development, the solubility
imitation could also impair data quality on in vivo toxicity assess-

ents since toxicological studies usually require higher exposure
han that in pharmacological or pharmacokinetic studies to assure
ts safety. In clinical use, the poor bioavailability of a drug substance

ight result in limited therapeutic potential, thereby leading to
nsufficient clinical outcomes.

Various approaches to overcome the poor aqueous solubility of
rug candidates have been investigated in drug research and devel-
pment. Changing the chemical structure in the lead optimization
hase is considered to be an option to increase the solubility of
rug candidates. Prodrug approaches might also enhance the aque-
us solubility of drug candidates by introducing a polar functional
roup into the structure of a molecule (Stella and Nti-Addae, 2007).
n addition to these attempts, a number of approaches have been
nvestigated to increase the dissolution of poorly water-soluble
rugs. In the present article, we review viable formulation options
ased on the biopharmaceutical properties of drug substances.
asic approaches for poorly water-soluble drugs are also reviewed
ith an emphasis on enhancing solubility, dissolution rate, and

ral bioavailability. Literature-based examples of the formulation
ptions for poorly water-soluble compounds and their practical
pplication to marketed products are also provided.

. Formulation strategies based on biopharmaceutics
lassification system

.1. Biopharmaceutics classification system

A better understanding of the physicochemical and biopharma-
eutical properties of drugs would be of great help for developing
harmaceutical products. Biopharmaceutics classification system
BCS) is a useful tool for decision-making in formulation develop-

ent from a biopharmaceutical point of view (Amidon et al., 1995).

he BCS categorizes drug substances into one of four categories
ased on their solubility and intestinal permeability, and these
our categories are defined as follows: high solubility/high per-

eability (class I), low solubility/high permeability (class II), high
nd viable formulation options based on the BCS.

solubility/low permeability (class III), and low solubility/low per-
meability (class IV) (Fig. 1). A drug substance is considered “highly
permeable” when the extent of absorption in humans is deter-
mined to be 90% or more of an administered dose (FDA, 2000). At
an early stage in development, in vitro permeability assays using
Caco-2 or MDCK cells or artificial membranes are frequently uti-
lized for prediction of drug substance permeability from the gut
lumen into the bloodstream (Artursson et al., 2001; Sugano et al.,
2003; Volpe, 2008). A drug substance is considered “highly solu-
ble” when the highest dose strength is soluble in 250 mL  or less
of aqueous media over the pH range of 1–7.5 at 37 ◦C (FDA, 2000).
The highest estimated human dose could be alternatively used to
classify the solubility property of drugs in early drug development.

Regulatory agencies have utilized the BCS to allow the use of
in vitro dissolution data for establishing the in vivo bioequiva-
lence of drug products. The U.S. Food and Drug Administration
(FDA), World Health Organization (WHO), and European Medicines
Agency (EMEA) allowed a BCS-based biowaiver for drug prod-
ucts containing BCS class I drugs when the drug products exhibit
rapid dissolution (FDA, 2000; EMEA, 2010; WHO, 2006). WHO  has
extended the BCS-based biowaiver for some BCS class II drugs with
weak acidic properties. Moreover, WHO  and EMEA have extended
the BCS-based biowaiver for drug products within BCS class III.

Recently, the concept of the BCS has been used not only for the
biowaiver but also for formulation design from early to clinical
stages (Cook et al., 2008; Ku, 2008). Classification of drug candi-
dates based on the BCS can provide an indication of the difficulty
of the development works. For BCS class I or III drugs, formula-
tions are designed with a simple strategy. However, for BCS class
II or IV drugs, deliberate formulation designs based on both the
physicochemical and biopharmaceutical properties of the drugs are
required to obtain sufficient and reproducible bioavailability after
oral administration. The viable formulation options based on the
BCS are summarized in Fig. 1.
2.1.1. Formulations for BCS class I drugs
BCS class I drugs are defined as being highly soluble and highly

permeable. For instance, metoprolol, propranolol, and theophylline
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re categorized into this class (Wu and Benet, 2005). For BCS class
 drugs, there would be no rate-limiting step for oral absorption. IR
olid oral dosage forms, for example, conventional tablet or capsule
ormulations, are commonly designed to ensure rapid dissolution
n the gastrointestinal tract.

.1.2. Formulations for BCS class II drugs
The molecular characteristics of BCS class II drugs are identified

s low solubility and high permeability. For instance, cyclosporine,
riseofulvin, and itraconazole are categorized into this class (Wu
nd Benet, 2005). Generally, the bioavailability of a BCS class II drug
s rate-limited by its dissolution, so that even a small increase in dis-
olution rate sometimes results in a large increase in bioavailability
Lobenberg and Amidon, 2000). Therefore, an enhancement of the
issolution rate of the drug is thought to be a key factor for improv-

ng the bioavailability of BCS class II drugs. Several physicochemical
actors control the dissolution rate of the drugs. According to the

odification of the Noyes-Whitney equation, the factors affecting
he drug dissolution rate are defined as the effective surface area,
he diffusion coefficient, the diffusion layer thickness, the satura-
ion solubility, the amount of dissolved drug, and the volume of
issolution media (Horter and Dressman, 2001). Increases in the
aturation solubility and the effective surface area have a posi-
ive impact on the dissolution rate of the drugs, and these factors
ould be increased by efforts of preformulation study and formula-
ion design. Crystal modification (Blagden et al., 2007), particle size
eduction (Xia et al., 2010), self-emulsification (He et al., 2010a), pH
odification (Tran et al., 2010), and amorphization (Kaushal et al.,

004) are considered to be effective for improving the dissolution
ehavior of BCS class II drugs.

.1.3. Formulations for BCS class III drugs
Drugs with high solubility and low permeability are classified as

CS class III. For instance, atenolol, cimetidine, and metformin are
ategorized into this class (Wu and Benet, 2005). The bioavailability
f BCS class III drugs is rate-limited by the membrane permeability
n the gastrointestinal tract. In theory, there are three transep-
thelial pathways for the drugs from the intestinal lumen to the
loodstream: transcellular carrier-mediated active or facilitated
ransport, transcellular passive transport, and paracellular trans-
ort (Fasano, 1998). A majority of orally administered drugs are
bsorbed via transcellular passive transport. In this case, the intrin-
ic lipophilicity of the drug is a determinant of the drug transport
cross the enterocytes, and drug with relatively high lipophilicity
ould have high membrane permeability. The intrinsic lipophilic-

ty of a drug is determined by its chemical structure; therefore, it is
ecessary to return to the lead optimization phase to increase the
ermeability via the transcellular route.

Hydrophilic drugs generally penetrate the intestinal membrane
ia the paracellular route. Permeation enhancers, such as fatty acid,
ile salts, surfactants, and polysaccharides, play a role in enhancing
he permeability of drugs via the paracellular pathway; however,
ome of them are known to have membrane damaging effects
Fasano, 1998; Thanou et al., 2001). Since far less is known about
he efficacious and safe dosage options for BCS class III drugs, IR
olid dosage forms should be practically designed for clinical use,
lthough the absorption could be limited by membrane perme-
tion.

.1.4. Formulations for BCS class IV drugs
BCS class IV drugs exhibit challenging molecular properties such

s low solubility and low permeability. Since both solubility and

ermeability are rate-limiting steps for absorption, it would be
onsidered that physiological factors, for example, gastric emp-
ying time and gastrointestinal transit time, highly influence the
bsorption of BCS class IV drugs. Therefore, the drugs categorized
of Pharmaceutics 420 (2011) 1– 10 3

in BCS class IV could exhibit large inter- and intra-subject vari-
ability in terms of absorption (Horter and Dressman, 2001). This
variability in absorption could result in the challenging drug devel-
opment of BCS class IV drugs as well as their formulation design.
There are viable formulation options focusing on improvement of
the dissolution behavior that are commonly applied to BCS class
II drugs. However, the approaches for enhancing their permeabil-
ity are still at an early investigational stage, and their safety is not
well established. In this context, formulation approaches similar to
those for BCS class II drugs could be practically applied to BCS class
IV drugs, even though the absorption could be limited by the poor
permeability after dissolving in the gastrointestinal tract.

3. Delivery options for poorly water-soluble drugs

3.1. Crystal modifications

3.1.1. Metastable polymorphs
Polymorphism in crystalline solids is defined as materials with

the same chemical composition, but different lattice structures
and/or different molecular conformations (Rodriguez-Spong et al.,
2004). The vast majority of drugs can crystallize into several poly-
morphs. Each polymorph has a different energy, showing different
physicochemical properties, such as melting point, density, solubil-
ity, and stability. Generally, the solubility of metastable polymorphs
is kinetically higher than that of a thermodynamically more stable
polymorph (Blagden et al., 2007). The differences of the solubility
among polymorphs have been reported to be typically less than
2.0-fold (Pudipeddi and Serajuddin, 2005). Although the utiliza-
tion of metastable polymorphs is one of the effective approaches
to enhance the dissolution rate of a drug, the metastable forms
eventually transform to the thermodynamically stable form. It is
necessary to monitor the polymorphic transformation during both
manufacturing and storage of dosage forms to ensure reproducible
bioavailability after oral administration (Zhang et al., 2004).

3.1.2. Salt formation
In the pharmaceutical industry, salt formation approach is

commonly used for an ionizable drug to increase solubility and dis-
solution rate. Salts are formed via proton transfer from an acid to
a base. A stable ionic bond can be formed when the difference of
pKa between an acid and a base (�pKa) is greater than 3 (Childs
et al., 2007). The counter ion containing salt changes the pH at the
dissolving surface of a salt particle in the diffusion layer, result-
ing in a higher dissolution rate of the salts compared with that of
the corresponding free forms (Serajuddin, 2007). According to the
Henderson-Hasselbalch equations, the change of pH highly influ-
ences the aqueous solubility of an ionizable drug (Avdeef, 2007). In
theory, the solubility of a weak basic drug increases exponentially
with decreasing pH at the pH range between its pKa and pHmax (pH
of maximum solubility in the pH-solubility profile). The increased
saturation solubility on the dissolving surface contributes to the
higher dissolution rate by salt formation. Celecoxib, a poorly water-
soluble weak acidic drug, showed an enhanced dissolution rate and
oral bioavailability with a combination of Na salt formation and the
use of a precipitation inhibitor compared with the corresponding
free acid form (Guzman et al., 2007).

The solubility and dissolution rate of salt are influenced by
the counter ion containing the salt. The solubility of haloperidol
mesylate was significantly higher than that of its hydrochloride
salt at a lower pH range (Li et al., 2005). The aqueous solubil-

ity of a moderately soluble hydrochloride salt for a basic drug is
sometimes reduced in solution containing chloride ion, such as gas-
tric fluids (common-ion effects). An appropriate salt form should
be developed from the viewpoints of both physicochemical and
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iopharmaceutical properties, especially for poorly water-soluble
rugs.

.1.3. Cocrystal formation
In recent years, much attention has been drawn to cocrystal

or improving the dissolution rate of poorly water-soluble drugs.
ocrystal is broadly defined as crystalline materials comprised of
t least two different components (Schultheiss and Newman, 2009).
harmaceutical cocrystal is typically composed of an API and a non-
oxic guest molecule (cocrystal former) in a stoichiometric ratio.
nlike salt formation, proton transfer between the API and cocrys-

al former does not take place in cocrystal formation. In many cases,
he API and cocrystal former require hydrogen bonding to form a
table cocrystal. Generally, �pKa is one of the reliable indicators
or distinguishing between salts and cocrystals, and the molecu-
ar complexes can be defined as a cocrystal when the �pKa is less
han 0 (Childs et al., 2007). When the �pKa is between 0 and 3,
hey can be salts or cocrystals or can contain sheared protons or

ixed ionization states that cannot be assigned to either category.
here have been several studies demonstrating the enhanced dis-
olution rate and oral bioavailability by cocrystal formation (Jung
t al., 2010; McNamara et al., 2006). AMG-517 (Amgen) is a potent
nd selective VR1 antagonist (Bak et al., 2008). AMG-517 is a free
ase, but insoluble at physiological pH because there is no pKa

alue in the physiological range. The cocrystal of AMG  517 and sor-
ic acid showed a higher dissolution rate in fasted state simulated

ntestinal fluid, and 9.4-fold enhancement in AUC0–inf was  observed
ompared with that of its free base form after oral administra-
ion to dog (500 mg/kg). In addition to other crystal engineering
pproaches, such as metastable polymorphs and salt formation,
ocrystal approach could be an alternative option for improving
he dissolution rate of poorly water-soluble drugs, especially for
he drug candidates that are not ionized at physiological pH.

.2. Particle size reduction

.2.1. Micronization
Particle size reduction approach is widely used to increase dis-

olution rate as well as salt formation. The dissolution rate of a
rug proportionally increases with increasing surface area of drug
articles (Horter and Dressman, 2001). According to the Prandtl
oundary layer equation, the decrease of diffusion layer thick-
ess by reducing particle size, particularly down to <5 �m,  would
esult in accelerated dissolution (Mosharraf and Nyström, 1995).
hus, the increased surface area and the decreased diffusion layer
hickness would lead to an enhanced dissolution rate of the drug.

icronization approach successfully enhanced the bioavailability
f poorly water-soluble drugs such as griseofulvin, digoxin, and
elodipine (Atkinson et al., 1962; Jounela et al., 1975; Scholz et al.,
002).

The common method to obtain micronized drug particles is
echanical pulverization of larger drug particles. Jet milling, ball
illing, and pin milling are commonly used for dry milling. For solid

owders, the lowest particle size that can be achieved by conven-
ional milling is about 2–3 �m.  The milling does not always result in
ignificantly enhancing the dissolution rate of the drug. Microniza-
ion sometimes increases agglomeration of the drug particles,
hich may  decrease the surface area available for the dissolution. In

uch case, wetting agents, such as a surfactant, would play a major
ole in increasing the effective surface area.

.2.2. Nanocrystals

Particle size reduction to nano-meter range (<1 �m) is an attrac-

ive approach for poorly water-soluble drugs. As described in
ection 3.2.1, particle size reduction could lead to an increase of
he surface area and a decrease of the diffusion layer thickness,
of Pharmaceutics 420 (2011) 1– 10

which could provide an enhanced dissolution rate for drugs. In
addition to these factors, an increase in the saturation solubility
is also expected by reducing the particle size to less than 1 �m,
as described by Ostwald–Freundlich’s equation (Müller and Peters,
1998). The nanocrystal formulations are commonly produced by
wet-milling with beads, high-pressure homogenization, or con-
trolled precipitation (Shegokar and Muller, 2010). Hydrophilic
polymer and/or surfactant are typically used to stabilize nanocrys-
tal suspension. The nanocrystalline drug particles are dispersed
into inert carriers after a drying process, such as spray drying or
lyophilization. Herein, the solidified nanocrystal formulations can
be defined as crystalline solid dispersion (CSD). There have been
numerous studies demonstrating the enhanced oral bioavailability
of pharmaceuticals and neutraceuticals by nanocrystal technolo-
gies (Table 1) (Fakes et al., 2009; Hanafy et al., 2007; Hecq et al.,
2006; Jia et al., 2002, 2003; Jinno et al., 2006, 2008; Kawabata et al.,
2010; Kondo et al., 1993; Liversidge and Cundy, 1995; Onoue et al.,
2010b; Sylvestre et al., 2011; Wu  et al., 2004; Xia et al., 2010).
Nanocrystal formulations have been found to show 1.7–60-fold
and 2–30-fold enhancement in Cmax and AUC compared with crys-
talline formulations with micrometer particle size. Among all the
nanocrystal formulations listed in Table 1, neutral or acidic com-
pounds such as danazol (Liversidge and Cundy, 1995), cilostazol
(Jinno et al., 2006, 2008), tranilast (Kawabata et al., 2010), and
curcumin (Onoue et al., 2010b)  showed better improvements in
the pharmacokinetic parameters than basic compounds by using
nanocrystal technologies. Currently, five nanocrystal oral formu-
lations using NanoCrystal® (Elan Drug Technologies) and IDD-P®

(SkyePharma) technologies are available on the market (Table 2).

3.3. Amorphization

Amorphous solids have higher energy than crystalline solids.
Typically, the solubility of an amorphous drug is higher than that
of the corresponding crystalline drug. The differences of the sol-
ubility between amorphous form and crystalline form have been
reported to be between 1.1- and 1000-fold (Hancock and Parks,
2000; Huang and Tong, 2004). The marked enhancement in the
saturated solubility of amorphous drug may  lead to a significant
improvement of oral bioavailability. Stable amorphous formula-
tions can be obtained by solid dispersion techniques. Amorphous
solid dispersion (ASD) is defined as a distribution of active ingre-
dients in molecular and amorphous forms surrounded by inert
carriers (Chiou and Riegelman, 1971). The ASD formulations can
be prepared by spray drying, melt extrusion, lyophilization, and
use of supercritical fluids with polymeric carriers and/or surfactant
(Vasconcelos et al., 2007). Numerous studies have demonstrated
the marked enhancement of oral absorption by ASD approaches
(Chen et al., 2004; Chiba et al., 1991; Dannenfelser et al., 2004;
Fakes et al., 2009; Fukushima et al., 2007; He et al., 2010b; Joshi
et al., 2004; Kai et al., 1996; Kennedy et al., 2008; Kohri et al.,
1999; Kondo et al., 1994; Kubo et al., 2009; Kushida et al., 2002;
Lakshman et al., 2008; Law et al., 2004; Liu et al., 2006; Newa
et al., 2008; Onoue et al., 2010a, 2011; Sinha et al., 2010; Van
Eerdenbrugh et al., 2009; Vaughn et al., 2006; Yamashita et al.,
2003; Zerrouk et al., 2001; Zheng et al., 2007). Of all the ASD
formulations listed in Table 1, the ASD approaches were found
to show 1.5–82-fold and 1.6–113.5-fold enhancements in Cmax

and AUC compared with crystalline formulation containing bulk
API or a physical mixture of API and carriers. The AUC enhance-
ment ratio of the majority of the listed drugs was  found to be
less than 20-fold. However, a more than 20-fold improvement in

the pharmacokinetic parameters was observed in a few cases. ER-
34122 (Eisai) is a 5-lipoxygenase/cyclooxygenase inhibitor with
low aqueous solubility (<10 ng/mL) (Kushida et al., 2002). Surpris-
ingly, the amorphous formulation of ER-34122 showed ca. 200-fold
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Table 1
Literature-based nanocrystal and amorphous solid dispersion formulations for poorly water-soluble pharmaceuticals and neutraceuticals.

Solubility in water pKa (acid/base) BCS class PK parameters after oral
administration

References

Nanocrystal formulations
BMS-488043 (Bristol-Myers Squibb) 40 �g/mL (pH 4–8) 2.6 (base), 9.3 (acid) II Cmax: 4.7-fold↑; AUC0–24h:

4.6-fold↑ (vs. crystalline API,
D95 < 23 �m)  in dogs

Fakes et al. (2009)

Carbendazim 8 �g/mL (pH 7)
29 �g/mL (pH 4)
25 mg/mL  (pH 1)

4.48 (base), 10.80 (acid) N/A Relative BA: 1.7-fold↑(vs.
crystalline API, 7 �m)  in rats

Jia et al. (2003), Ni et al. (2002)

Cilostazol  3 �g/mL – II Cmax: 9.2-fold↑; AUC: 6.7-fold↑(vs.
crystalline API, 13 �m)  in dogs

Jinno et al. (2006)

Cmax: 8.3-fold↑; AUC:
11.6-fold↑(vs. commercial tablet)
in dogs

Jinno et al. (2008)

Curcumin 0.011 �g/mL 7.8 (acid), 8.5 (acid), 9.0 (acid) IV BA: 16-fold↑(vs. crystalline API,
20 �m)  in rats

Onoue et al. (2010b), Tonnesen
et al. (2002), Wahlang et al. (2011)

Danazol  10 �g/mL – II Cmax: 15.1-fold↑; AUC:
16.5-fold↑(vs. crystalline API,
10 �m)  in dogs

Liversidge and Cundy (1995), Wu
and Benet (2005)

Fenofibrate 0.8 �g/mL – II Cmax: 2.3-fold↑; AUC0–inf:
1.9-fold↑(vs. crystalline API, 5 �m)
in rats

Hanafy et al. (2007),  Jamzad and
Fassihi (2006),  Kesisoglou et al.
(2007)

HO-221  (Green cross/Mitsubishi Tanabe) 0.055 �g/mL N/A N/A Cmax: 1.7-fold↑; AUC0–48 h:
1.8-fold↑(vs. crystalline API,
17.2 �m) in rats
Cmax: 1.7-fold↑; AUC0–48 h:
2.1-fold↑(vs. crystalline API,
4.2 �m)  in dogs

Kondo et al. (1993)

Megestrol acetate 2 �g/mL – II Cmax: 2.3-fold↑; AUC0–24 h:
2.7-fold↑(vs. crystalline API,
3.1 �m)  in rats

Kesisoglou et al. (2007), Sylvestre
et al. (2011)

MK-0869 (Aprepitant, Merck) 3–7 �g/mL (pH 2–10)
130 �g/mL (pH 1)

9.7 (base) IV Cmax: 3.7-fold↑; AUC0–72 h:
4.3-fold↑(vs. crystalline API,
5.5 �m)  in dogs

Wu et al. (2004)

Nitrendipine ca. 2.0 �g/mL at 37 ◦C – II Cmax: 8.7-fold↑; AUC0-∞:
5.5-fold↑(vs. crystalline API,
36.6 �m) in rats

Xia et al. (2010)

PG301029 (Procter & Gamble) ∼50 �g/mL N/A N/A Cmax: 2.8-fold↑; AUC0–8 h:
4.2-fold↑(vs. crystalline API, 7 �m)
in rats

Jia et al. (2002)

Tranilast  14.5 �g/mL
0.7 �g/mL (pH 1.2)

3.25 (acid) N/A Cmax: 60-fold↑; AUC0-inf:
31-fold↑(vs. crystalline API,
61.4 �m) in rats

Kawabata et al. (2010)

ucb-35440–3 fumarate (UCB S.A.) ∼650 �g/mL (pH 3)
∼200 �g/mL (pH 5)
<30 �g/mL (pH 6.5)

5.7 (base), 9.6 (base) N/A Cmax: 3.1-fold↑; AUC: 4.2-fold↑(vs.
crystalline API, 140 �m) in rats

Hecq et al. (2006)

Amorphous formulations
ABT-963 (Abbott) 16 �g/mL N/A N/A Cmax: 1.9-fold↑; AUC: 1.9-fold↑(vs.

crystalline API) in dogs
Chen et al. (2004)

Albendazole 1 �g/mL (pH 6.0) 2.68 (base), 11.83 (base) II/IV Cmax: 2.8-fold↑; AUC0–24 h:
3.9-fold↑(vs. physical mixture) in
rabbits

Galia et al. (1999), Kohri et al.
(1999)

AMG  517 (Amgen) ≤7 �g/mL (pH 2–7)
≤0.3 �g/mL (pH 7.1)

Low (base) N/A Cmax: 1.5-fold↑; AUC0-inf:
1.6-fold↑(vs. micronized API
suspension) in monkeys

Kennedy et al. (2008)

Baicalein  ≤130 �g/mL 5.3 (acid) II Cmax: 3.6-fold↑; AUC0–12 h:
2.3-fold↑(vs. crystalline API) in rats

He et al. (2010b), Yoshizuka et al.
(1996)
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Table 1 (Continued)

Solubility in water pKa (acid/base) BCS class PK parameters after oral
administration

References

Benzimidazole derivative (Bristol-Myers Squibb) <1 �g/mL (pH 3.5–5.5)
∼100 �g/mL (pH 1.3–1.6)

∼5.5 (base) N/A BA: 21.0-fold (vs. crystalline API,
7–10 �m) in dogs

Joshi et al. (2004)

Benzopyrimidine derivative (Novartis) 30 �g/mL (pH 1)
≤3 �g/mL (pH 3–9)

2.9 (base), 10.0 (base) N/A BA: 7.0-fold↑(vs. crystalline API with
poloxamer 188) in dogs

Lakshman et al. (2008)

BMS-232632 (Bristol-Myers Squibb) N/A 4.7 (base) II Cmax: 7.8-fold↑; AUC0-∞:
3.4-fold↑(vs. crystalline API) in rats

Fukushima et al. (2007)

BMS-488043 (Bristol-Myers Squibb) 40 �g/mL (pH 4–8) 2.6 (base), 9.3 (acid) II Cmax: 15.0–18.0-fold↑; AUC0–24 h:
7.0–9.0-fold↑(vs. wet-milled
crystalline API) in dogs

Fakes et al. (2009)

Carbamazepine 170 �g/�L – II Cmax: 3.5-fold↑; AUC0-∞:
2.0-fold↑(vs. pure drug) in rabbits

Wu and Benet (2005),  Zerrouk et al.
(2001)

Cyclosporin A 7.3 �g/mL – II Cmax: 5.1-fold↑; AUC0-inf:
5.2-fold↑(vs. amorphous API) in rats
Relative Cmax: 91.8%; relative
AUC0–60 h: 98.2% (vs. Neoral®) in rats

Onoue et al. (2010a)
Liu et al. (2006)

Danazol 10 �g/mL – II Cmax: 2.1-fold↑; AUC0–24 h:
2.3-fold↑(vs. physical mixture) in
mice
Cmax: 1.9-fold↑; AUC0–24 h:
3.8-fold↑(vs. physical mixture) in
mice

Vaughn et al. (2006)

ER-34122 (Eisai) ≤0.01 �g/mL (pH 2–8) N/A N/A Cmax: 82.0-fold↑; AUC0–24 h:
113.5-fold↑(vs. crystalline API) in
dogs

Kushida et al. (2002)

HO-221  (Green cross/Mitsubishi Tanabe) 0.055 �g/mL N/A N/A Cmax: 7.4-fold↑; AUC0–48 h:
6.6-fold↑(vs. micronized API,
0.32 �m) in dogs

Kondo et al. (1994)

Ibuprofen 53  �g/mL (pH 1.2) 4.5
(acid)

II Cmax: 10.0-fold↑; AUC:
10.2-fold↑(vs.
crystalline API) in rats

Newa et al. (2008),  Wu
and Benet (2005)433  �g/mL (pH 5.5)

2010 �g/mL (pH 6.8)

Itraconazole ∼0.001 �g/mL (neutral pH)
∼4  �g/mL (pH 1)

1.5–2 (base, estimated), 4 (base) II Cmax: 11.7-fold↑; AUC0-∞:
9.8-fold↑(vs. crystalline API) in rats

Van Eerdenbrugh et al. (2009)

LAB687  (Novartis) 0.17 �g/mL – II Cmax: 6.3-fold↑; AUC0–48 h:
10.1-fold↑(vs. micronized API) in
dogs

Dannenfelser et al. (2004)

Mebendazole 0.95 �g/mL N/A II Cmax: 3.0-fold↑; AUC0–8 h:
5.9-fold↑(vs. physical mixture) in
rabbits

Chiba et al. (1991),  Wu  and Benet
(2005)

MFB-1041 (Roussel Morishita/Ajinomoto) 1.2 �g/mL N/A N/A AUC: 6.0–16.9-fold↑(vs. crystalline
API) in dogs

Kai et al. (1996)

Nimodipine 3.86 �g/mL
8.4 �g/mL (0.1 M HCl)

II Cmax: 2.7-fold↑; AUC: 2.9-fold↑(vs.
crystalline API) in dogs

Sun et al. (2008), Zheng et al. (2007)

Nobiletin 16.2 �g/mL – N/A Cmax: 7.0-fold↑; AUC0-inf:
9.2-fold↑(vs. crystalline API) in rat

Onoue et al. (2011)

Probucol 5 ng/mL 13.5 (acid) N/A BA: 5.7–38.2-fold↑(vs. crystalline
API) in rabbits

Kubo et al. (2009)

Ritonavir  400 �g/mL (0.1 N HCl)
1  �g/mL (pH 6.8)

1.76 (base), 2.56 (base) II Cmax: 14.9-fold↑; AUC0-∞:
6.1-fold↑(vs. crystalline API) in rats
Cmax: 13.7-fold↑; AUC0-∞:
22-fold↑(vs. crystalline API) in dogs

Sinha et al. (2010), Wu and Benet
(2005)
Gimenez et al. (2004), Law et al.
(2004)

Tacrolimus 1–2 �g/mL – II Cmax: 10.0-fold↑; AUC0–8 h:
9.9-fold↑(vs. crystalline API) in dogs

Wu and Benet (2005),  Yamashita
et  al. (2003)

API, active pharmaceutical ingredient; AUC, area under the curve of plasma or serum concentration vs. time; BA, bioavailability; Cmax, maximum concentration; IR, immediate-release; N/A, not available; PK, pharmacokinetic
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Table 2
Examples of clinically used delivery options for oral administration.

Active ingredients Delivery options Trade name Developer Approved date (FDA)

Griseofulvin Solid dispersion Gris-PEG® PEDINOL 1975
Isotretinoin SEDDS Accutane®a ROCHE 1982
Nabilone Solid dispersion Cesamet® MEDA PHARMS 1985
Nimodipine Solid dispersion Nimotop®a BAYER 1988
Nilvadipine Solid dispersion Nivadil® ASTELLAS 1989b

Cyclosporin A SEDDS Sandimmune® NOVARTIS 1990
Itraconazole Solid dispersion Sporanox® JANSSEN 1992
Tacrolimus Solid dispersion Prograf® ASTELLAS 1994
Cyclosporin A SEDDS Neoral® NOVARTIS 1995
Ritonavir SEDDS Norvir® ABBOTT 1996
Saquinavir SEDDS Fortovase®a ROCHE 1997
Troglitazone Solid dispersion Rezulin®a PFIZER 1997
Amprenavir SEDDS Agenerase®a GLAXOSMITHKLINE 1999
Cyclosporin A SEDDS Gengraf® ABBOTT 2000
Sirolimus Nanoparticle (NanoCrystal®) Rapamune® WYETH 2000
Aprepitant Nanoparticle (NanoCrystal®) Emend® MERCK 2003
Fenofibrate Nanoparticle (NanoCrystal®) TriCor® ABBOTT 2003
Rosuvastatin calcium Solid dispersion Crestor® ASTRAZENECA 2003
Tretinoin SEDDS Vesanoid®a ROCHE 2004
Fenofibrate Nanoparticle (IDD-P®) Triglide® SHIONOGI 2005
Liponavir/Ritonavir Solid dispersion Kaletra® ABBOTT 2005
Megestrol acetate Nanoparticle (NanoCrystal®) Megace® ES PAR PHARM 2005
Tipranavir SEDDS Aptivus® BOEHRINGER INGELHEIM 2005
Etravirine Solid dispersion Intelence® TIBOTEC 2008
Ritonavir Solid dispersion Norvir® ABBOTT 2010
Everolimus Solid dispersion Certican®/Zortress® NOVARTIS 2010
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e
3
t
o

i
t
f
i
a
s

3

h
a
m
t
C
i
N
o
t
m
o
H
p
b
w
l

3

(
o

DA, U.S. Food and Drug Administration; SEDDS, self-emulsifying drug delivery sys
a Discontinued product in USA.
b Approved date in Japan.

nhancement in the solubility in JP 2 medium compared with ER-
4122 alone, and both Cmax and AUC after oral administration of
he amorphous formulation were ca. 100 times higher than those
f pure drug in dog.

Generally, ASD formulations tend to be chemically and phys-
cally less stable than the corresponding crystalline solid. The
ransformation from amorphous form to crystalline form in ASD
ormulation would lead to a reduction of oral bioavailability of the
ncorporated drugs. In contrast to the CSD formulations, the ASD
pproaches might be unsuitable for amorphous drugs with low
tability.

.4. Cyclodextrin complexation

Cyclodextrins are oligosaccharides containing a relatively
ydrophobic central cavity and hydrophilic outer surface (Loftsson
nd Brewster, 1996). Cyclodextrins have been widely used in phar-
aceutical product development, and there are currently more

han 10 marketed cyclodextrin-containing solid dosage forms.
yclodextrins and their derivatives increase the apparent solubil-

ty of poorly water-soluble drugs by forming inclusion complexes.
umerous studies have demonstrated the enhancement of the
ral bioavailability of poorly water-soluble drugs by the cyclodex-
rin inclusion complex (Rajewski and Stella, 1996). The physical

ixture of drug and cyclodextrins has been reported to show no
r limited bioavailability enhancement after oral administration.
owever, enhanced bioavailability was observed by forming com-
lex of drug and cyclodextrins, and the AUC enhancement ratio
y complexation has been reported to be 1.1–46-fold compared
ith that of control formulations such as crystalline drugs and

yophilized drugs (Brewster and Loftsson, 2007).

.5. Self-emulsification
In recent years, self-emulsification drug delivery systems
SEDDS) have been utilized to enhance the oral bioavailability
f poorly water-soluble drugs, especially for highly lipophilic
drugs. Self-emulsification formulations are isotropic mixtures of
oil, surfactant, cosolvent, and solubilized drug (Gursoy and Benita,
2004). These formulations can rapidly form oil in water (w/o) fine
emulsions when dispersed in aqueous phase under mild agita-
tion. SEDDS are additionally classified into self-microemulsification
drug delivery systems (SMEDDS) and self-nanoemulsification drug
delivery systems (SNEDDS) according to the size range of their oil
droplets (Kohli et al., 2010). SMEDDS form microemulsions rang-
ing in droplet size from 100 to 250 nm.  Finer microemulsions of less
than 100 nm can be obtained using SNEDDS. The rapid emulsifica-
tion of these formulations in the gastrointestinal tract can provide
both improved oral bioavailability and a reproducible plasma con-
centration profile. The droplet size of the emulsion would influence
the extent of absorption of the orally administered drugs. Neoral®,
a cyclosporin SNEDDS formulation, is a good example of the effec-
tiveness of the utilization of droplets of a smaller size. Neoral®

showed increased Cmax and AUC compared with Sandimmune®, a
coarse SMEDDS formulation, in human (Mueller et al., 1994). SEDDS
would require a relatively high intrinsic lipophilicity of the drug
substance since the active ingredient should be dissolved in a lim-
ited amount of oil. High chemical stability of the dissolved drug in
oil phase would also be required for the lipid formulations.

3.6. pH modification

pH modification in solid dosage forms is considered to be an
alternative option for an ionizable drug to improve the solubil-
ity and dissolution rate. The pH change significantly influences
the saturation solubility of an ionizable drug by dissociation, as
described in Section 3.2.1. The incorporation of pH modifiers in the
dosage form can alter the microenvironmental pH. Microenviron-
ment is a term used to represent a microscopic layer surrounding
a solid particle in which the solid forms a saturated solution of

adsorbed water (Stephenson et al., 2011). The microenvironmental
pH would affect the performance of the solid dosage form, such as
the chemical stability of the drug substance and the dissolution pro-
file (Badawy and Hussain, 2007). There have been several studies
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emonstrating the pH-independent release of basic drugs form
ontrolled release dosage forms by using pH modification technolo-
ies (Kranz et al., 2005; Streubel et al., 2000; Tatavarti and Hoag,
006). However, the examples of application of pH modification
ystem to IR formulation are limited (Badawy et al., 2006). BMS-
61389 (razaxaban, Bristol-Myers Squibb) is a weak basic drug
ith poor intrinsic solubility (∼0.2 �g/mL). BMS-561389 showed

n enhanced dissolution rate from IR tablet by incorporating tar-
aric acid in the tablet compared with that of the tablet without
artaric acid under non-sink condition (pH 5.5). Furthermore, the
artaric acid-containing tablets showed significant improvements
n AUC and Cmax compared with the control tablets in famotidine-
retreated dogs. These results suggested that pH modification

n dosage form could reduce the variability in the absorption of
dministered drugs.

The solubility, dissolution rate, and pKa of pH modifier would
nfluence the dissolution rate of the drug. To obtain the complete
issolution of the drug from dosage form, the pH modifier may  need
o coexist with the drug particles in tablet or granule until the con-
aining drug is completely dissolved. Accordingly, the excipients
nd manufacturing methods would affect the dissolution perfor-
ance of the drug from the pH-modified solid dosage forms. The

stimation of the microenvironmental pH in the dosage form is
hought to be helpful in designing pH-modified dosage forms.

. Conclusions and future outlook

Several types of approaches have been proposed to improve the
queous solubility of poorly water-soluble drugs. In particular, for
SC class II drugs, increasing their solubility and/or dissolution rate
ould be a promising approach to enhance the oral bioavailability.

n the preformulation research phase, approaches for improving
issolution behavior of drug candidates would include salt forma-
ion, cocrystal formation, and utilization of metastable crystalline
orms. In the pharmaceutical industry, it is generally preferable
o select the most thermodynamically stable crystalline form to
void the polymorphic transformation from metastable form to
ore stable forms during manufacturing and storage. The selec-

ion of the metastable form would be challenging for further drug
roduct development because of its thermodynamic instability.
ince the most thermodynamically stable crystalline forms could
e obtained from salt and cocrystal, these approaches would be
referable from an industrial perspective. Conventional salt screen-

ng is performed by slow cooling, solvent evaporation and slurry
ethods in multiwell plate. Whereas, the most promising meth-

ds to reveal cocrystal formation were reported as slurry and
o-grinding methods (Zhang et al., 2007). However, these screen-
ng methods generally require a relatively large amount of bulk and
ake a long time compared with conventional salt screening meth-
ds. Cocrystal formation would provide an alternative solution for
mproving the physicochemical properties of poorly water-soluble
rugs; therefore, the establishment of more efficient screening
ethods is expected in the near future.
In the phase of formulation design, particle size reduction,

morphization, emulsification, cyclodextrin complexation, and pH
odification would be viable formulation options to improve the

issolution behavior of poorly water-soluble drugs. Micronization
f drug particles is commonly used to enhance the dissolution rate
f a drug. If the pulverization of the drug particle to micron size does
ot provide sufficient absorption, nanocrystal technology could be
n alternative option to obtain higher absorption of drugs. Formu-

ation technologies based on solid dispersion and SEDDS have been
pplied to commercial products since the 1970s–1980s. Over the
ast decade, the breakthrough in nanocrystal technology has pro-
ided nanocrystal formulations on the market, such as Rapamune®,
of Pharmaceutics 420 (2011) 1– 10

Emend®, TriCor®, Triglide®, and Megace® ES. In addition to solid
dispersions, SEDDS formulations, and cyclodextrin-containing for-
mulations, nanocrystal formulations have been considered as one
of the viable options for the final market image formulation. In
spite of various attractive formulation strategies, use of each deliv-
ery option might be limited by various factors. The nanocrystal
approach employing wet-milling techniques might be unsuitable
for drug substances with low melting points since the generation of
friction heat would result in partial amorphization during the wet-
milling process. Liquid formulation, for example, SEDDS, might be
unsuitable for drugs with low solubility in lipid excipients and with
low stability in the liquid state. The amorphous approach might be
unsuitable for drug substances with low chemical and physical sta-
bility since amorphous solids are typically unstable compared with
crystalline solids. Thus, each molecular/physicochemical property
of the drug substance, as well as the nominated clinical dose, could
affect the strategic selection of delivery options.

In general, salt formation, micronization, and pH modification in
dosage forms are categorized into conventional technologies, and
other technologies, such as nanocrystal formation, amorphization,
and SEDDS, can be identified as non-conventional technolo-
gies. These non-conventional formulations can be prepared in
laboratory-scale experiments; however, scale-up manufacturing
might be problematic. In addition, in order to supply a large
amount of pharmaceutical products to the market, these non-
conventional technologies require extensive investment in the
manufacturing process, including spray dryer, hot melt extruder,
bead milling equipment, and high-pressure homogenizer. There is
also a very limited scalable process available for manufacturing
some non-conventional formulations. In contrast, several scal-
able manufacturing processes have been developed to produce
ASD formulations, which include the melting method, the solvent-
evaporation method, and the solvent-wetting method. Considering
the current situation of the technologies available for poorly water-
soluble drugs, the ASD approach might be promising from the
viewpoint of scalability, as well as a marked improvement in dis-
solution behavior and oral bioavailability.

In conclusion, a number of delivery options have been developed
for improving the physicochemical and pharmacokinetic behaviors
of poorly water-soluble drugs in academic and industrial research.
A better understanding of the physicochemical properties of drug
substances and the limitations of each delivery option would lead to
efficient formulation development for poorly water-soluble drugs.
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