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a b s t r a c t

During the last 10–15 years, the formulation of drugs as nanocrystals has rapidly evolved into a mature
drug delivery strategy, with currently five products on the market. The major characteristic of these sys-
tems is the rapid dissolution velocity, enabling bioavailability enhancement after oral administration. This
mini-review focuses on recent advances with respect to three topics considering drug nanocrystals. The
vailable online 31 July 2008

eywords:
anosuspension
tabilization
iniaturization

first topic is nanosuspension stabilization. A current literature status is provided and special attention is
given to studies attempting to extend our physicochemical understanding of the underlying principles.
The second part describes recent advances on miniaturization of nanosuspension production, to enable
formulation screening during preclinical development. Finally, literature available on further nanosuspen-
sions solidification is discussed, focussing on the maintenance of the preservation of the rapid dissolution
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properties of the nanocrys

. Introduction

Given the increasing number of compounds emerging from
iscovery programs having poor aqueous solubility and/or disso-

ution (Lipinski, 2002), pharmaceutical scientists are constantly
eeking new formulation approaches in order to obtain an ade-
uate oral bioavailability. Currently, novel possibilities are offered
y the rapidly emerging field of nanoscience. An illustration of the
ncreasing interest in nanosciences in general and nanoparticles in
articular within the field of pharmaceutical sciences is provided

n Fig. 1. Interest in this field began in and rose steadily during the
ineties. Since 2000, the number of scientific and patent publica-
ions increased dramatically.

One of the nanoscience approaches that has rapidly gained a
roven record within the pharmaceutical sciences is the formu-

ation as nanoparticles. These particles have a size below 1 �m,
ypically a few hundred nanometers (Müller et al., 2006). The par-
icles can be obtained either by particle size reduction of larger
rystals, forming nanocrystals (top-down approach) or by building
p particles by precipitation of dissolved molecules (bottom-

p approach) (Rabinow, 2004). Top-down approaches for drug
anocrystal production comprise high-pressure homogenization
nd media milling. While the former technique consists of particle
ize reduction by repeatedly forcing a suspension through a very

∗ Corresponding author. Tel.: +321 6330304; fax: +321 6330305.
E-mail address: Guy.VandenMooter@pharm.kuleuven.be (G. Van den Mooter).

p
s
n
i
c
t
t
a

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.07.023
fter further downstream processing.
© 2008 Elsevier B.V. All rights reserved.

hin gap (typically about 25 �m) at extremely high velocity, the
atter comprises mechanical attrition of suspended drug particles
sing milling media such as glass (yttrium stabilized) zirconium
xide or highly cross-linked polystyrene resins (Date and Patravale,
004). Typically, these production processes are conducted in liq-
id, hence forming a nanosuspension. As the total surface area of
he resulting nanosuspension particles is typically orders of mag-
itude larger compared to a coarse suspension, large quantities of
dditives may be necessary to ensure adequate stabilization. There-
ore, whatever method used for the production of nanosuspensions,
careful evaluation of the type and concentration of the stabilizer
sed is key to the successful production of nanosuspensions. Both
olymeric stabilizers and surfactant stabilizers can be used for this
urpose (Rabinow, 2004).

Table 1 summarizes key characteristics of drug nanocrystal
roducts currently on the market. As can be seen from the table,
roducts have been approved by the FDA from the year 2000
n. Second, all five products are based on top-down approaches,
our relying on media milling and one on high-pressure homog-
nization. Although the bottom-up approaches hold tremendous
otential with respect to improving bioavailability in obtaining
maller particle sizes (<100 nm) and amorphous drug particles,
o commercial application of these systems has yet been real-
zed (Kesisoglou et al., 2007b). A third remarkable point is that all
ommercial products are intended for oral delivery. This is an illus-
ration of the general preference of the oral route, since it avoids
he pain and discomfort associated with injections and is more
ttractive from a marketing and patient compliance perspective

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Guy.VandenMooter@pharm.kuleuven.be
dx.doi.org/10.1016/j.ijpharm.2008.07.023
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Fig. 1. “Small talk”: evolution of the number of scientific (�) and patent (♦) publica-
tions per year on nanoparticles in the pharmaceutical sciences (period 1972-2006):
both exhibit a gradual increase in the nineties followed by exponential growth since
2000 [scientific literature source: Science Citation Index Expanded using the query
“(nanoparticle* or nanosuspension*) and (drug* or pharmaceutical* or bioactive)”
in the title or abstract; patent literature source: esp@cenet® , using the query “A61K
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and oral or parenteral applications of nanosuspensions (Kipp, 2004;
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human necessities – medical or veterinary science, hygiene – preparations for med-
cal, dental, or toilet purposes)” for the European classification and “nanoparticle* or
anosuspension*” in the title or abstract; databases were queried on 29/03/2008].

Fasano, 1998). Furthermore, four of the five products are solids,
ossible drivers for the latter fact are the convenience of solid
osage forms (marketing aspects) and possible stability issues asso-
iated with nanoparticles in their suspended state. These stability
ssues can be both physical (e.g. Ostwald ripening and agglomer-
tion) and chemical (e.g. hydrolysis), although examples exist for
hich formulation as a nanosuspension actually prevents the latter,

ompared with formulation as a solution (e.g. Merisko-Liversidge
nd Linden, 2003; Müller et al., 2006). Finally, the major advantage
f nanocrystals for oral delivery is generally regarded as being a
eans to increase the dissolution velocity and hence oral absorp-

ion, based on the increased specific surface area of the particles.
n addition, other advantages such as reduced fasted/fed variability

nd ease of administration accompany this formulation approach,
s denoted in the table.

In view of the above, it is worthwhile to elaborate a bit on the
refix “nano”, since it is often the subject of discussion. First, it

R
a
o
a

able 1
ey product characteristics of available commercial products relying on drug nanoparticl

roduct, active ingredient, company Date of FDA
approval

Manufacturing approach,
manufacturing technique

apamune® , Sirolimus, Wyeth August 2000 Top-down, media milling

mend® , Aprepitant, Merck March 2003 Top-down, media milling

riCor® , Fenofibrate, Abbott November
2004

Top-down, media milling

egace® ES, Megestrol acetate, Par
Pharmaceutical

July 2005 Top-down, Media milling

riglide® , Fenofibrate, Skye Pharma May 2005 Top-down, high-pressure
homogenization
al of Pharmaceutics 364 (2008) 64–75 65

hould be noted that there is currently no consensus on what the
erm should address (Joachim, 2005). As an example, the definition
f nanoscience provided in the UK Royal Society and Royal Academy
f Engineering report “Nanoscience, and Nanotechnology: Oppor-
unities and Uncertainties”, reads “Nanoscience is the study of
henomena and manipulation of materials at atomic, molecular
nd macromolecular scales, where properties differ significantly
rom those at a larger scale.” (Royal Society and Royal Academy of
ngineering, 2004). For drug nanocrystals, the unique dissolution
roperties that can be ascribed to the particles, in combination with
roven examples of increased bioavailability (Kondo et al., 1993;
iversidge and Conzentino, 1995; Liversidge and Cundy, 1995; Jia et
l., 2002; Merisko-Liversidge et al., 2003; Wu et al., 2004; Langguth
t al., 2005; Hecq et al., 2006b; Jinno et al., 2006; Hanafy et al., 2007;
umar et al., 2007) make it correct to classify these systems into the
anotechnology field. On the other hand, more stringent meanings
ave been ascribed to the prefix, for example the British Standards

nstitution defines a nanoparticle/nanoparticulate as a “particle
ith one or more dimensions at the nanoscale”, “nanoscale” being
efined as “having one or more dimensions of the order of 100 nm
r less” (British Standards Institution, 2005). The fact that drug
anocrystals have dimensions typically larger than 100 nm conflicts
ith this definition as they belong to the colloidal domain. How-

ver, nanoparticle production clearly contrasts with micronization.
icronization yields “microparticles” characterized by a mean par-

icle size in the lower micrometer range and used to be the ultimate
article size achievable. During the last 10–15 years, evolutions

n particle size reduction processes have made the production of
ubmicron-sized particles possible. Taking this evolution in mind,
he wide use of terms as “nanonization”, “nanoparticles”, “drug
anocrystals” to describe these processes or particles within the
harmaceutical sciences are acceptable. The terms will be used as
uch in the remainder of this mini-review.

The aim of this mini-review is not to provide an extensive
verview on all aspects of drug nanosuspensions. The interested
eader is referred to excellent reviews available in the field consid-
ring nanosuspensions in general (Müller and Böhm, 1998; Müller
t al., 1999a,b, 2000a,b, 2001; Merisko-Liversidge et al., 2003;
üller and Keck, 2004; Patravale et al., 2004; Rabinow, 2004; Rao

t al., 2004; Gupta, 2006), their manufacturing techniques (Jahnke,
998; Horn and Rieger, 2001; Müller et al., 2003; Date and Patravale,
004; Hu et al., 2004; Keck and Müller, 2006; Müller et al., 2006)
abinow and Chaubal, 2006; Kesisoglou et al., 2007a,b; Wong et
l., 2008). Rather, the aim of this paper is to provide an update
n a number of topics that the authors feel have not received
dequate attention. First, nanosuspension stabilization for the pre-

e technology (Elan, FDA Orange Book, SkyePharma)

Dose, dosage
form

Rationale for development as a nanocrystalline dosage
form

1 and 2 mg,
tablets

Reformulation of the oral solution that requires
refrigeration storage and is less easy to administer.

80 and 125 mg,
capsules

New chemical entity, formulation as nanocrystals
reduces fed/fasted variability.

48 and 145 mg,
tablets

Reformulation for a more flexible dosing regime and to
prevent the need of administration with a meal

125 mg/ml,
nanosuspen-
sion

Reformulation of the oral suspension to obtain a higher
dissolution rate, bioavailability and ease of
administration (reduced dosing volume and
suspension viscosity).

50 and 160 mg,
tablets

Reduce fed/fasted variability, as for TriCor® .
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ention of nanoparticle agglomeration is reviewed. Second, in view
f the current importance of formulation miniaturization for pre-
linical formulation screening purposes, a synthesis of the available
iterature is provided. Finally, given the importance of further trans-
ormation of nanosuspensions into solids, solidification of drug
anosuspensions is discussed.

. Nanosuspension stabilization

.1. Stabilization principles

The manufacturing of a nanosuspension implies the creation of
dditional surface area and hence interface. As the Gibbs free energy
hange, associated with the formation of additional interface is pos-
tive, the nanosuspensions formed are thermodynamically unstable
nd will tend to minimize their total energy by agglomeration
Gonzáles-Caballero and de Dios Garciá López-Durán, 2000). Kinet-
cally, the process of agglomeration depends on its activation
nergy. This activation energy can be influenced by adding stabi-
izers to the system. A first requirement for a stabilizing system is
hat it provides wetting of the hydrophobic surfaces of the drug
articles. Additionally, the stabilizers should prevent agglomera-
ion of the nanoparticles, by increasing the activation energy of
he process. In other words, an adequate stabilizer should pro-
ide a barrier to agglomeration. Possible mechanisms for providing
his barrier are electrostatic and steric stabilization which can
e obtained by adding charged surfactants and non-ionic sur-
actants/polymers, respectively. Theoretically, the concept of an
nergetic barrier can be understood by the (classical/extended)
LVO theories (Derjaguin and Landau, 1941; Verwey and Overbeek,
948; van Oss et al., 1990; Israelachvili, 1992; van Oss, 1994;
urán et al., 1995), describing the interaction of solid particles in
liquid medium in terms of (i) attractive, Lifshitz-van der Waals

nteractions, (ii) repulsive, electrostatic interactions between the
lectric double layers surrounding the particles in solution and (iii,
xtended) solvation, or structural forces coming from the more or
ess structured layer of solvent molecules around the solid par-
icles that can be attractive (hydrophobic particles) or repulsive
hydrophilic particles). The stabilizer exerts its effect through its
nfluence on the different components contributing to the over-
ll interaction. An illustrative example of the total free energy of
nteraction as a function of interparticle distance (classical DLVO
heory, taking into account only the first two contributions of the
otal interaction) is provided in Fig. 2. In this case, the total poten-
ial energy (Vtot) is the sum of the (repulsive) electrostatic energy
Vel) and the (attractive) Lifshitz-van der Waals energy (Vlw). The
oncept of electrostatic stabilization can be understood by its influ-
nce on Vel. For steric stabilization, influences on the free energy
f interaction are less straightforward to interpret. However, it can
e understood that, as two particles surrounded by an adsorbed
olymer layer approach each other, there will be a local increase

n polymer concentration in that region. The latter can result in a
local) increase in osmotic pressure, yielding a positive contribution
o Vtot.

.2. Literature examples

Table 2 provides an overview of scientific literature examples for
hich nanosuspension production was successful. Examples from
atent literature were not included, since list is too extensive (for

xample, Elan’s NanoCrystalTM technology has been protected by
ver 700 patents). A first remark on these data is that the group
f stabilizers typically selected for nanosuspension production is
ather limited. This is in contrast with the number of potential sta-
ilizers that could be applied for the purpose [see e.g. Rowe et al.,

t
c
p
s
2

ig. 2. Illustration of the potential energy as a function of interparticle distance
classical DLVO): total potential energy (Vtot), electrostatic energy (Vel) and Lifshitz-
an der Waals energy (Vlw).

003 (in general) and Marti-Mestres and Nielloud, 2000 (for sur-
actants)]. Second, stabilizers are being applied either alone or in
ombination. The most popular non-ionic surfactants applied are
he poloxamers and Tween® 80; sodium lauryl sulfate is the typical
onic surfactant used for this purpose. Additionally, natural bio-
ogical surfactants such as lecithins and cholic acid derivatives are
requently applied. Polymers used include cellulosics (HPMC, HPC)
nd polyvinyl alcohol. Numerous patent examples describing the
se of povidones can also be found. The drug/stabilizer ratios (w/w)

n the formulations vary widely, ranging from 1:3 to 50:1.
Although the number of articles describing nanosuspension for-

ulations is extensive, very little literature is currently available
hat aims to (i) evaluate and compare the ability of different stabi-
izers in their stabilizing potential from a more fundamental point
f view or (ii) consider the influence of the drug compound with
espect to the ease of nanosuspension stabilization. An exception
o this is the work from Lee and Choi on polymeric stabilizers. In a
rst study (Lee et al., 2005), they designed a number of amino acid
opolymers with lysine as a hydrophilic segment and phenylala-
ine, leucine or alanine as the hydrophobic segment. Copolymers
ere varied in molecular weight (5–25 kDa), chain architecture

random/diblock), lysine content and lysine-hydrophilic amino acid
ombination. The performance of the stabilizers was evaluated
n terms of particle size obtained upon wet comminution using
aproxen as a model compound. They concluded that hydropho-
icity of the copolymers, rather than molecular weight and chain
rchitecture, was determining the performance of the stabilizer.
he less hydrophobic lysine–alanine proved to be unsuccessful. For

ysine–phenylalanine and lysine–leucine combinations, the mole
raction of hydrophobic moieties needed to be at least 15 mol% for
dequate stabilization. Hydrophobicity was interpreted as neces-
ary to obtain stable polymer adsorption onto the hydrophobic drug
urfaces. In a subsequent smaller study (Choi et al., 2005), the abil-
ty of povidone (PVP) and hydroxypropylcellulose (HPC) to obtain
anosuspensions for 7 model compounds by wet comminution was
valuated. They tried to relate the particle size results with the sur-
ace energy of the model drugs and the stabilizers, determined by
ontact angle measurements. For HPC, surface energy seemed not
o be a dominant factor. For PVP, on the other hand, surface energy

ould to some extent explain the obtained results. Better nanosus-
ensions were produced when surface energy values of drug and
tabilizer were comparable. Finally, in a recent paper (Lee et al.,
008), they reported on a screening of five polymers [HPC, PVP,
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Table 2
Overview of examples of stabilizing systems for nanosuspensions found in scientific literature.

Stabilizing system (% w/w to compound) Compound (% w/v or w/w
in suspension)

MM/HPHa Literature reference

1. Single stabilizer systems
1.1. Surfactants

Cremophor® EL (100%) 1,3-Dicyclohexyl urea (1%) MM Wahlstrom et al. (2007), Chiang et
al. (2007)

Cremophor® RH 40 (12.5%) Albendazole (4%) HPH Kumar et al. (2008)
Lecithin (6.7%) RMKP 22 (9%) HPH Müller and Peters (1998)
Lecithin (20%/40%/167%) RMKP 22 (3%) HPH Peters et al. (1999)
Poloxamer 188 (12.5%) Albendazole (4%) HPH Kumar et al. (2007), Kumar et al.

(2008)
Poloxamer 188 (30%/100%) Azithromycin (1%) HPH Zhang et al. (2007)
Poloxamer 188 (20%) Buparvaquone (2.5%) HPH Müller and Jacobs (2002)
Poloxamer 188 (100%) Buparvaquone (1%) HPH Hernández-Trejo et al. (2005)
Poloxamer 188 (4%) Dexamethasone (2.5%) HPH Kassem et al. (2007)
Poloxamer 188 (4%) Hydrocortisone (2.5%) HPH Kassem et al. (2007)
Poloxamer 188 (60%) Naproxen (5%) MM Liversidge and Conzentino (1995)
Poloxamer 188 (10%-100%) Omeprazole (1%-10%) HPH Möschwitzer et al. (2004)
Poloxamer 188 (4%) Prednisolone (2.5%) HPH Kassem et al. (2007)
Poloxamer 338 (50%) Camtothecin (2%) MM Merisko-Liversidge et al. (1996)
Poloxamer 338 Itraconazole MM Mouton et al. (2006)
Poloxamer 407 301029 MM Jia et al. (2002)
Poloxamer 407 (50%) Danazol (1%) HPH Crisp et al. (2007)
Poloxamer 407 (50%) Etoposide (2%) MM Merisko-Liversidge et al. (1996)
Poloxamer 407 (20%) Iodipamide

(5%/7.5%/15%/20%/30%)
MM Zheng and Bosch (1997)

Poloxamer 407 (50%) Itraconazole (1%) HPH Crisp et al. (2007)
Poloxamer 407 (50%) Paclitaxel (2%) MM Merisko-Liversidge et al. (1996)
Poloxamer 407 (2%) ucb-35440-3 (5%) HPH Hecq et al. (2006a)
Poloxamine 908 (20%) Ethyl diatrizoate

(20%/30%)
MM Na et al. (1999)

Polyglyceryl-10 laurate (16.7%) HO-221 (30%) MM Kondo et al. (1993)
Sodium lauryl sulfate (12.5%) Albendazole (4%) HPH Kumar et al. (2008)
Sodium lauryl sulfate (5%) Spironolactone (10%) HPH Langguth et al. (2005)
Tween® 80 (12.5%) Albendazole (4%) HPH Kumar et al. (2008), Kumar et al.

(2007)
Tween® 80 Atovaquone HPH Schöler et al. (2001)
Tween® 80 (30%) RMKP 22 (1%) HPH Grau et al. (2000)
Tyloxapol (20%) Beclomethasone

dipropionate (10%)
MM Ostrander et al. (1999)

Tyloxapol (50%) Budenoside (1%) HPH Jacobs and Müller (2002)

1.2. Polymers
Acacia gum (2%) ucb-35440-3 (5%) HPH Hecq et al. (2006a)
HPC (60 kDa; 16.7%) Undisclosed

(1.8%/6.1%/11.5%)
MM Lee and Cheng (2006)

HPC (60 kDa; 2.4%/4.8%/9.6%/19.3%) Undisclosed (16%) MM Lee (2003)
HPMC (Methocel E15; 10–200%) Nifedipine (5%) HPH Hecq et al. (2006b)
HPMC (Methocel E15; 2%) ucb-35440-3 (5%) HPH Hecq et al. (2006a)
Polyvinyl alcohol (30–70 kDa; 50%) Beclomethasone

dipropionate (5%)
MM Wiedmann et al. (1997)

Polyvinyl alcohol (13–23 kDa; 2%) ucb-35440-3 (5%) HPH Hecq et al. (2006a)
Povidone K15 (30%) Danazol (5%) MM Liversidge and Cundy (1995)

2. Multiple stabilizer systems
2.1. Surfactant combinations

Lecithin (20%)–Sodium cholic acid (16.7%) Prednisolone (3%) HPH Müller and Peters (1998)
Lecithin (20%)–Sodium cholic acid (16.7%) RMKP 22 (3%) HPH Müller and Peters (1998)
Lecithin (20%)–Sodium cholic acid (16.7%) RMKP 23 (3%) HPH Müller and Peters (1998)
Lecithin (50%)– Tyloxapol (20%) Budenoside (1%) HPH Jacobs and Müller (2002)
Poloxamer 188 (20%)–Lecithin (10%) Azithromycin (1%) HPH Zhang et al. (2007)
Poloxamer 188 (10–100%)–Lecithin (5–50%) Bupravaquone (1–10%) HPH Jacobs et al. (2001)
Poloxamer 188 (100%)–Lecithin (50%) Buparvaquone (1%) HPH Müller and Jacobs (2002)
Poloxamer 188 (7.5%)–Lecithin (2.5%) Oridonin (5%) HPH Gao et al. (2008)
Poloxamer 188 (25%)–Lecithin (30%)–Sodium cholic acid (12.5%) Clofazimine (2%) HPH Peters et al. (2000)
Poloxamer 188 (120%)–Sodium cholic acid (80%) Nimodipine (0.5%) HPH Xiong et al. (2008)
Poloxamer 188 (62.5%)–Sodium cholic acid (12.5%)–Tween® 80 (125%) Amphotericin B (0.4%) HPH Kayser et al. (2003)
Poloxamer 18–Sodium deoxycholic acid Itraconazole HPH Rabinow et al. (2007)
Poloxamer 188 (50%)–Sodium deoxycholic acid (5%) Zn-Insulin (2%) MM Merisko-Liversidge et al. (2004)
Poloxamer 188 (12.5%)–Sodium lauryl sulfate (12.5%) Albendazole (4%) HPH Kumar et al. (2008)
Poloxamer 188 (12.5%)–Tween® 80 (12.5%) Albendazole (4%) HPH Kumar et al. (2008)
Poloxamer 188 (50%)–Tween® 80 (50%) Loviride (17%) MM Van Eerdenbrugh et al. (2007)
Poloxamer 188 (5%/10%)–Tween® 80 (2.5%/5%) Tarazepide (10%) HPH Jacobs et al. (2000)
Poloxamer 188–Tween® 80–Sodium cholic acid Atovaquone HPH Schöler et al. (2001)
Tween® 80 (20%)–Lecithin (10%) Azithromycin (1%) HPH Zhang et al. (2007)
Tween® 80 (2.5–5%)–Potassium oleate (5–10%) RMKK99 (10%/20%/30%) HPH Krause and Müller (2001)
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Table 2 (Continued )

Stabilizing system (% w/w to compound) Compound (% w/v or w/w
in suspension)

MM/HPHa Literature reference

Tween® 80 (12.5%)–Sodium lauryl sulfate (12.5%) Albendazole (4%) HPH Kumar et al. (2008)
Tween® 80 (16.7%)–Span 80 (33.3%) Piposulfan (2%) MM Merisko-Liversidge et al. (1996)

2.2. Polymer—surfactant combinations
Carbopol 974 P (2.5%)–Tween® 80 (12.5%) Albendazole (4%) HPH Kumar et al. (2008)
HPC–Sodium lauryl sulfate Cilostazol MM Jinno et al. (2006)
HPC (80%)–Sodium lauryl sulfate (1.6%) MK-0869 (5%) MM Wu et al. (2004)
HPMC (K4MCR; 12.5%)–Tween® 80 (12.5%) Albendazole (4%) HPH Kumar et al. (2007)
Polyvinyl alcohol (50%)–Poloxamer 188 (50%) Buparvaquone (1%) HPH Hernández-Trejo et al. (2005)
Polyvinyl alcohol (100%)–Poloxamer 188 (200%) Buparvaquone (1%) HPH Müller and Jacobs (2002)
Povidone K15 (11.3%)–Sodium lauryl sulfate (0.57%) AZ68 (10%) MM Sigfridsson et al. (2007)

(15%)
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PVP VA (23.3%)–Sodium lauryl sulfate (1.67–3.33%) Undisclosed

a MM = Media milling, HPH = High-pressure homogenization.

oloxamer 407, polyethylene glycol (PEG) and poloxamer 188] and
1 model drugs for nanosuspension stabilization. In addition, the
erformance of the polymeric stabilizers in combination with the

onic surfactants sodium lauryl sulfate and benzethonium chloride
added 1 wt% relative to the polymer weight) was investigated. For
he polymeric stabilizers alone, they interpreted the poor results
btained for PEG as a result of the lack of hydrophobic units in
he polymer to enable adsorption onto the drug surfaces. For the
ther four polymers, nanosuspension production was successful for
ve drugs having similar surface energies as the polymers. Addi-
ionally, poloxamer 188 was able to stabilize most of the other

odel compounds. The better performance compared to polox-
mer 407 was suggested to originate from the lower molecular
eight. Although a polymer with a lower molecular weight is less
hysically adsorbing, it enables a less kinetically restricted adsorp-
ion process (a similar molecular weight trend was also reported
or the case of itraconazole stabilized with 7 HPC types). The effect
f adding ionic surfactants to the polymer systems on the obtained
article size was variable. The authors also analyzed the obtained
esults in terms of the properties of the drug compounds studied.
rugs with lower aqueous solubility, higher molecular weight and
igher melting point showed to be better candidates for nanosus-
ension production (i.e. easier to stabilize). However, the fact that
nly five different polymers were tested for each drug compound,
ombined with the identification of three, sometimes interrelated,
rug properties as being critical for the outcome, makes the analysis
omewhat over-interpreted.

In a recent study of our group (Van Eerdenbrugh et al.,
ubmitted for publication-a), we evaluated nanosuspension pro-
uction with 13 stabilizers of different classes, each used in 3
oncentrations. Media milling was performed for each of these
tabilizing systems for 9 model compounds of structurally dif-
erent classes using a planetary mill. In general, applying higher
tabilizer concentrations [1–10 wt% for the semi-synthetic poly-
ers and 10–100 wt% for the other stabilizers evaluated (relative

o the drug weight)] had a positive effect on nanosuspension
roduction and subsequent stability. Semi-synthetic polymers
hydroxypropylmethylcellulose, methylcellulose, hydroxyethylcel-
ulose, HPC, sodium carboxymethylcellulose, sodium alginate)
isplayed a rather poor stabilizing performance (10% success rate
n average, i.e. one out of ten formulations resulted in a nanosus-
ension), partly due to the viscosity-limited concentration in which
hey can be prepared. The linear synthetic polymers PVP K30

nd PVP K90 showed a better stabilizing potential when applied
n higher concentrations (up to a success rate of 56% for PVP
30 in a 100 wt% concentration, relative to the drug weight), an
ffect that was even more pronounced for the synthetic copoly-
ers poloxamer 188 and Kollicoat IR® (both 67% success rate in a

d
d
h
s
l

MM Deng et al. (2008)

00 wt% concentration). The effect of a lower molecular weight of
VP yielding higher success rates coincided with the observations
n poloxamer and HPC described above. Finally, the surfactants
ween® 80 and TPGS showed the best stabilizing performance.
hereas Tween® 80 applied in concentrations of 25 and 100 wt%

f the drug weight had a success rate of 89%, TPGS proved to be a
niversally applicable stabilizing system in these concentrations.
pon investigating the cause of the large discrepancies observed in

he % success rate of nanosuspension production between the dif-
erent compounds (15–69% success rate), typical physicochemical
roperties such as molecular weight, melting point, logP, aque-
us solubility and density were unable to explain the results.
nvestigation of the surface properties of nanosuspensions of the
ifferent compounds containing 25 wt% TPGS showed that surface
ydrophobicity (as illustrated by the amount of TPGS adsorbed
er unit of surface area) was able to explain the tendency of
anoparticle agglomeration and hence the probability of successful
anosuspension production.

. Miniaturization of nanosuspension production

Early identification of enabling formulation approaches helps
o guide molecules through preclinical development. Tradition-
lly, formulation efforts are situated during development stages,
here compound availability is relatively large. In the prefor-
ulation stage and during late discovery, in contrast, compound

vailability is scarce. Therefore, formulation development in these
tages should be performed on minute amounts of drug com-
ound, preferentially in a screening approach. During the last years,
n increased interest in the downscaling of different formulation
trategies can be noted, illustrated by reports published on the
atter (e.g. Chen et al., 2003; Gardner et al., 2004a,b; Dai et al.,

007; Mansky et al., 2007; Shanbhag et al., 2008) and commer-
ial activity developed around it (e.g. Avantium; Symyx; TransForm
harmaceuticals).

For nanosuspension process development purposes using high-
ressure homogenization, the Avestin EmulsiFlex-B3 has been
escribed with a volume of 3.5 ml (Müller et al., 2001). For media
illing, the Nanomill® System has been reported (Kesisoglou et

l., 2007b). Again, the working capacity of the smallest cham-
er is still 10 ml. These volumes make screening studies difficult
hen compound supply is low and production of large num-

ers of different formulations in parallel is impossible with these

evices. The lack of a sufficiently downscaled system to support
iscovery was acknowledged in the latter reference. The fact that
igh-pressure homogenization relies on the forcing of a suspen-
ion through a small gap makes miniaturization of this technology
ess straightforward. Media milling, on the other hand, can be per-
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ormed by agitation of devices containing the starting suspension
nd milling media. Furthermore, nanosuspension production by
edia milling is characterized by its ease of scale-up (Date and

atravale, 2004), making results generated on nanosuspensions in
ownscaled designs valuable.

When looking into literature, we found only two references in
atent literature on the downscaling of media milling (Cunningham
t al., 2004; Hansell, 2005). The first document describes media
illing on milligram to microgram amounts of drug compound. In

he examples provided in this document, milling is performed in 24
r 48 well plates. The lowest amount of suspension discussed in the
xamples of the second patent is 0.5 g. In both patents, the focus lies
n the production of nanosuspensions and unfortunately, a thor-
ugh physicochemical characterization on these small amounts of
anosuspensions is not discussed. However, for a downscaled pro-
ess, production of minute amounts of nanosuspension should be
omplemented with a thorough physicochemical characterization
n small amounts of sample. Examples of important physicochem-
cal evaluations of nanosuspensions and/or nanoparticles include
ize, drug content, morphology, thermal characteristics and X-ray
owder diffraction. In a parallel screening design, such a process
ould enable a rapid optimization of nanosuspension production

or compounds in preclinical development. Examples of screen-
ng parameters that can be evaluated include the drug content,
tabilizer type, stabilizer content and type and amount of milling
aterial used for nanosuspension production.
In a recent study (Van Eerdenbrugh et al., submitted for

ublication-c), we explored scaling down production (by media
illing) and evaluation of nanosuspensions. For nanosuspension

roduction, two different milling designs were evaluated that allow
arallel production of nanosuspensions for screening purposes.
mounts of drug compound used for nanosuspension produc-

ion were as low as 10 mg per experiment, an amount of drug on
hich a thorough physicochemical characterization is still possi-

le. Scaling down of the nanosuspension production process by
edia milling using amounts as low as 10 mg of drug compound
as feasible for seven model drug compounds tested in a 96
ell plate design. Although the 96 well plate can be easily inte-

rated into high throughput settings, well deformation or wear
bserved in the study might limit its practical use. To circumvent
his problem, milling in glass vials in a ball mill was evaluated as
n alternative, as medium and low-energy mills have previously
een described for their capability in obtaining nanosuspensions
e.g. Liversidge and Conzentino, 1995; Liversidge and Cundy, 1995;

erisko-Liversidge et al., 1996; Lee, 2003; Lee and Cheng, 2006;
an Eerdenbrugh et al., 2007). Again, scaling down was feasible for
0 mg of drug compound and results obtained were comparable
o those obtained in the 96 well plate design. As a miniaturiza-
ion of nanosuspension characterization goes hand in hand with a
ownscaled production process, feasibility of performing evalua-
ions on amounts of nanosuspension corresponding to 1 mg was
nvestigated. Drug content evaluation was precise and accurate,
nabling transfer of minute amounts in a quantitative manner. For
ize measurement in a miniaturized way, dynamic light scattering
as identified as the method of choice. For morphology evaluation

y SEM, data quality depended to a large extent on the method of
ample preparation. Thermal analysis (DSC) was feasible by dif-
erent sample preparation techniques, although the preparation

ethod applied was found to impact the melting behavior of the
tabilizer. Further solid state characterization of the nanoparticles

y X-ray powder diffraction in capillaries was possible. Measuring
reeze-dried nanosuspension yielded superior results, compared to
irectly measuring the nanosuspension in the capillary. The latter,
owever, can be used as a fingerprint for solid-state identification
f the drug compound after milling. Summarizing, both production

d
o
a
a
U

al of Pharmaceutics 364 (2008) 64–75 69

nd a thorough physicochemical characterization of amounts of
anosuspension containing as low as 10 mg of drug compound was

ound to be feasible. Concluding, the approach presented proved
romising for nanosuspension formulation screening studies in
arallel designs, a valuable tool in preclinical development settings.
owever, it should be born in mind that characteristics such as
btained particle size and solid state could differ between small
cale experiments and large scale production, due to differences in
nergy input and particle size reduction mechanisms in different
illing designs.

. Further transformation into solid products

For oral administration, the rapid dissolution originating from
he increased specific surface area of drug nanocrystals is gener-
lly regarded as its main advantage. In the suspended state, this
an be achieved by the selection of a proper stabilizing system,
reventing nanoparticle agglomeration, as discussed in Section
. However, as highlighted in the introduction, further transfor-
ation into solid products is often required for physical stability

nd/or patient convenience reasons. Technically, transformation
f nanosuspensions into solid products can be achieved using
stablished unit-operations such as freeze-drying, spray-drying,
elletization and granulation (Müller et al., 2006). The obtained
owders could be used as such, e.g. as a powder for recon-
titution or as rapidly disintegrating freeze-dried single dosage
orms. Alternatively, further processing steps such as capsule fill-
ng or compression into tablets can be performed. During all
hese steps, maintenance of the rapid dissolution characteris-
ics of the nanoparticles is imperative and should be evaluated.

etting and disintegration characteristics of the products upon
ddition of the solid dosage form to water should be good in
rder to maintain these dissolution characteristics. Therefore, often
matrix former is added to the suspension prior to the drying

peration. Typical matrix formers added prior to drying are water-
oluble sugars, as adapted from freeze-drying (Kesisoglou et al.,
007b).

Table 3 summarizes the examples found in literature on solidi-
cation of nanosuspensions. Prior to discussing the results of these
tudies, it should be stressed that the stabilizers used during pro-
uction can have an effect on the redispersability of the dried
roduct. Albendazole serves as a nice example to illustrate this
oint. In contrast to formulations containing HPMC or carbopol
s a nanosuspension stabilizer, agglomeration was observed when
ther nanosuspension stabilizers were used.

Most examples provided in the table are based on freeze-drying
r spray-drying. As can be seen from the table, mannitol and
ucrose are very popular as matrix formers for these purposes. For
reeze-drying, their performance relies partly on their cryoprotec-
ive action. An example of the cryoprotective action is given for
ompound AZ68, where the addition of mannitol prior to freez-
ng is necessary to prevent agglomeration. In the study by Lee
nd Cheng (Lee and Cheng, 2006), the importance of the freezing
ate applied as well as the drug concentration of the nanosus-
ension that was frozen was demonstrated. Higher freezing rates
nd lower drug concentrations resulted in less agglomerated prod-
cts. Clear examples where the final dried product showed good
econstitution characteristics due to the inclusion of sugars are
anazol (sucrose and to some extent mannitol, freeze-drying),
oviride (sucrose, freeze-drying) and Nifedipine (mannitol, spray-

rying). An example where this was clearly not the case is that
f itraconazole freeze-dried with sucrose (Van Eerdenbrugh et
l., 2008b); although the cryoprotective effect could be observed,
gglomeration occurred during the last phase of the drying step.
nexpectedly, this became more pronounced upon using higher
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Table 3
Overview of examples of nanosuspension solidification found in literature.

Technology Compound MM/HPHa Matrix formers (%wt relative to drug) Evaluation(s) and result(s) Literature reference

Cooling
(freezer/refrigerator)b

AZ68 MM None Refrigerator: Sigfridsson et al. (2007)
Mannitol (2632 wt%) No mannitol: no agglomeration (DLSc)

Mannitol: no agglomeration (DLSc)
Freezer:

No mannitol: agglomeration
Mannitol: no agglomeration, cryoprotective (DLSc)

Freeze-drying Albendazole HPH Mannitol (25, 125, 250 wt%) Without additional HPMC or carbopol: Kumar et al. (2008)
Agglomeration

Sucrose (250 wt%) With additionally 12.5 wt% HPMC or 2.5 wt% carbopol:
No agglomeration (DLSc)

Freeze-drying Azithromycin HPH None Dissolution compared to micronized powder: Zhang et al. (2007)
65% vs. 20% dissolved in 5 h
Still rather poor dissolution characteristics

Freeze-drying Clofazimine HPH Mannitol plus: Reconstituted powders (manual shaking, 2 min) have: Peters et al. (2000)
(280 wt%) A size comparable to that prior to drying (DLSc)

None An dv;99% comparable to that prior to drying (LDd)
Trehalose (100, 400 wt%)
Mannitol (400 wt%)

Freeze-drying Danazol MM PVP plus: Upon reconstitution, number of particles
larger than:

Liversidge et al. (1994)

(30 wt%) 10 �m 30 �m 80 �m 100 �m

None None 17063 2153 1 0
Tween® 80 (0.4 wt%) Tween® 80 18148 3071 2 0
Mannitol (40 wt%) Mannitol 19196 77 0 0
Sucrose (40 wt%) Sucrose 6368 94 0 0

Freeze-drying Itraconazole MM None Sucrose: Van Eerdenbrugh et al.
(2008b)

Sucrose (50, 100, 200 wt%) Higher amounts of sucrose result in decreased
dissolution rates

Microcrystalline Although sucrose acts cryoprotective, it triggers
agglomeration during the last phase of the drying step

Cellulose (50, 100, 200 wt%) Microcrystalline cellulose:
Higher amounts of microcrystalline cellulose result

in increased dissolution rates
Freeze-drying Loviride MM None No sucrose: Van Eerdenbrugh et al.

(2007)
Agglomeration (DLSc)
Only 58.1 ± 26.3% dissolution after 15 min

Sucrose (100 wt%) Sucrose:
No agglomeration (DLSc, LDd)
Complete dissolution within minutes

Freeze-drying Naproxen MM None No agglomeration (DLSc, short sonication) Ain-Ai and Gupta (2008)

Freeze-drying Oridonin HPH Mannitol (20 wt%) 103.3 ± 1.5 nm nanosuspension (DLSc): dissolution: Gao et al. (2008)
93.2% dissolved after 5 min
99.9% dissolved after 10 min

897.2 ± 14.2 nm nanosuspension (DLSc): dissolution:
35.4% dissolved after 5 min
75.2% dissolved after 10 min

Freeze-drying Oridonin HPH Mannitol (100 wt%) Dissolution enhanced: Gao et al. (2007)
98% dissolved after 24 min
40.3% after 2 h for commercial powder
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Freeze-drying Undisclosed MM None Agglomeration upon redispersion (LDd): Lee and Cheng (2006)

Agglomeration suppressed above a certain critical
freezing rate

Critical freezing rate increases with concentration

Freeze-drying and
spray-drying

9 drug compounds MM None For the six compound where dissolution could
discriminate between milled and unmilled products:

Van Eerdenbrugh et al.
(2008a)

For all compounds, spray-drying and freeze-drying
in general gave similar dissolution results

For compounds with more hydrophobic surfaces,
dissolution decreased more due to the drying step

Spray-drying 3 drug compounds MM Microcrystalline The matrix former performance in terms of the
preservation of high dissolution rates showed the rank
order: anhydrous dicalcium
phosphate < microcrystalline cellulose < colloidal
silicon dioxide < hydrophobically modified inuline

Van Eerdenbrugh et al.
(submitted for
publication-b)

Cellulose (100 wt%)
Anhydrous dicalcium phosphate
(100 wt%)
Colloidal silicon dioxide (100 wt%)
Hydrophobically modified inuline
(100 wt%)

Spray-drying Amphotericin B HPH PVP (50, 500 wt%) Upon redispersion in water: Müller et al. (2006)
500 wt% PVP: no aggregation detectable (LDd)
50 wt% PVP: small aggregation peak (LDd)

Spray-drying Cilostazol MM None Dissolution in water, FaSSIF and FeSSIF: Jinno et al. (2006)
Complete within minutes for NanoCrystal® product
Significantly slower for jet-milled and hammer

milled
Spray-drying Nifedipine HPH None No mannitol: Hecq et al. (2005)

d(v;0.5) 3.70 ± 0.09 �m; d(v;0.9) 8.60 ± 0.33 �m (LDd)
Dissolution of 20% after 2 min

Mannitol (100 wt%) Mannitol:
d(v;0.5) 0.339 ± 0.006 �m; d(v;0.9) 1.60 ± 0.04 �m (LDd)
Dissolution of 75% after 2 min

Spray-drying Undisclosed MM None Bimodal particle size distribution (LDd): Lee (2003)
Submicron peak and peak around 10 �m
Slow disintegration: 10 �m disappears after 25 h

Spray-coating on sugar
spheres

Hydrocortisone Acetate HPH None Controlled release products Möschwitzer and Müller
(2006)

Eudragit® L 30 D-55 top coating
Dissolution: after 2 h pH shift from acidic to 6.8

Faster for submicron product than for micronized
Still controlled release, no burst release

Pelletization of the
spray-dried powder
in a high shear mixer

Ketoconazole MM Pellet formulation Controlled release formulation Vergote et al. (2001)

Tabletting after
pelletization of the
spray-dried powder
in a high shear mixer

Ketoconazole MM Pellet formulation Controlled release formulation: Vergote et al. (2002)
Pellets: in vivo (dogs):

Nanocrystalline: tmax: 1.0 h, t75%Cmax: 1.0 ± 0.3 h
Microcrystalline: tmax: 2.0 h, t75%Cmax: 2.2 ± 0.3 h

Compressed pellets: in vivo (dogs):
Nanocrystalline: tmax: 6.0 h, t75%Cmax: 5.6 ± 0.6 h
Microcrystalline: tmax: 6.0 h, t75%Cmax: 5.4 ± 0.5 h
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ucrose amounts. In the same study, the water-insoluble micro-
rystalline cellulose (Avicel®PH101) proved to be a better matrix
ormer for freeze-drying of the itraconazole nanosuspensions. In
subsequent study, we evaluated the effect of freeze-drying and

pray-drying without additional matrix formers for a set of nine
ompounds (Van Eerdenbrugh et al., 2008a). For three of the
ompounds (griseofulvin, mebendazole, naproxen), the dissolu-
ion conditions were unable to discriminate between nanosized
nd coarse products, all products yielding very rapid dissolution.
or the remaining compounds (cinnarizine, indomethacin, itra-
onazole, loviride, phenylbutazone, phenytoin), dissolution rates
learly increased due to nanosizing. Upon further analysis, it was
ound that compounds with more hydrophobic surfaces (cinnar-
zine, itraconazole, phenylbutazone) resulted in powders for which
isintegration became a limiting factor for the overall dissolution
rocess. These data strongly suggest that the need for inclusion of
dditional matrix formers is largely dictated by the surface prop-
rties of the drug compound for which the nanosuspension is
ade. Finally, for the three compounds that showed an impor-

ant decrease of the dissolution rate (cinnarizine, itraconazole,
henylbutazone), four alternative matrix formers were evaluated:
icrocrystalline cellulose (Avicel®PH101), anhydrous dicalcium

hosphate (Fujicalin®), colloidal silicon dioxide (Aerosil®200) and a
ydrophobically modified inuline (Inutec®SP1) (Van Eerdenbrugh
t al., submitted for publication-b). Concerning their ability with
espect to preservation of rapid drug dissolution after spray-
rying, the alternative matrix formers showed the following rank
rder: Fujicalin® < Avicel®PH101 < Aerosil®200 < Inutec®SP1, with
erosil®200 and Inutec®SP1 showing very good results for all three
rug compounds.

Studies in which further processing, such as pelletization and
abletting, are described are harder to find. Moreover, they fre-
uently report on the formulation of dosage forms intended for
ontrolled release purposes. The latter is a bit in contrast with
he general appreciation of drug nanocrystals as being systems to
chieve rapid dissolution. Although it can be expected that dis-
olution rate will decrease due to these processes, we could only
nd one patent describing the formulation of tablets (Naproxen)
hat still had very attractive characteristics with respect to rapid
issolution or onset of action. This is a nice illustration that it is
ossible, even after tabletting, to obtain a final dosage forms that,
o a large extent, still exhibits the original characteristics of the
arent nanosuspension, i.e. rapid dissolution.

Finally, it is interesting to briefly consider the inactive ingre-
ients that can be found in the labeling information of the
arketed products (Drugs@FDA). The following inactive ingredi-

nts can be found in the different marketed solid dosage forms:
apamune® (sucrose, lactose, polyethylene glycol 8000, calcium
ulfate, microcrystalline cellulose, pharmaceutical glaze, talc, tita-
ium dioxide, magnesium stearate, povidone, poloxamer 188,
olyethylene glycol 20,000, glyceryl monooleate, carnauba wax,
nd dl-alpha tocopherol), Emend® (sucrose, microcrystalline cellu-
ose, hydroxypropyl cellulose and sodium lauryl sulfate), Tricor®:
hypromellose 2910 (3cps), docusate sodium, sucrose, sodium
auryl sulfate, lactose monohydrate, silicified microcrystalline cel-
ulose, crospovidone, and magnesium stearate, polyvinyl alcohol,
itanium dioxide, talc, soybean lecithin, xanthan gum) and Triglide®

crospovidone, lactose, monohydrate, mannitol, maltodextrin, car-
oxymethylcellulose sodium, egg lecithin, croscarmellose sodium,
odium lauryl sulfate, colloidal silicon dioxide, magnesium stearate,

nd monobasic sodium phosphate). It is remarkable that sucrose
s used in the first three formulations and mannitol in the fourth.
lthough the functionality of inactive ingredients added remains
peculative to some extent, these are the traditional matrix-
ormers.
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. Perspectives

Although drug nanocrystals are nowadays considered as a
ature drug formulation strategy, a number of issues have still not

eceived adequate attention in literature. Concerning nanosuspen-
ion stabilization, it is only during the last few years that reports
ttempting to rationalize the physicochemical aspects of the pro-
ess using screening-based approaches have been published. The
easibility of miniaturizing of media milling for screening purposes,
part from its value during preclinical formulation evaluation,
ight be applied as a tool to further extend our understanding of

anosuspension stabilization. Concerning nanosuspension solidi-
cation, the majority of the current publications are dealing with

reeze-drying or spray-drying technology. Processing steps as gran-
lation, bead-layering and tabletting have been largely ignored
ntil now. It is the authors’ believe that further research aiming
t deepening our understanding on nanosuspension stabilization
s well as on the further downstream manufacturing processes can
reatly contribute to future applications of drug nanocrystals for
ral delivery purposes. There is, still, plenty of room at the bottom
Feynman, 1959).
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