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1. Introduction

ABSTRACT

Simple and easy methods to prepare oral nanosuspension of a poorly water-soluble pharmaceutical
candidate compound, called a candidate, have been developed to support the discovery and preclinical
studies using animals. The different wet-milling processes in miniature, middle and large preparation
scales have been established in order to cover the various types of studies with wide scale. The powder
of phenytoin, a poorly water-soluble model drug candidate, was suspended in the aqueous medium, in
which the appropriate dispersing agents were dissolved, and milled by agitating together with small
hard beads made of zirconia. Three general-purpose equipments with stirring, oscillating and turbulent
motions were applied instead of the specific milling machine with high power to avoid much investment
at such early development stage. The operational condition and dispersing agents were optimized to
obtain finer particles using the middle-scaled oscillating beads-milling apparatus in particular. It was
found that the nanosuspension, which whole particle distribution was in the submicron range, was suc-
cessfully produced within the running time around 10 min. By applying the newly developed dispersing
medium, the nanoparticles with identical size distribution were also prepared using the stirring and
turbulent methods on miniature and large scales, respectively; indicating only 50 mg to 30 g or more
amount of candidate could be milled to nanosuspension using three equipments. The crystalline analy-
sis indicated that the both crystal form and crystallinity of the original bulk drug completely remained
after wet-milling process. The results demonstrated that the wet-milling methods developed in this
research would be a fundamental technique to produce nanosuspension for poorly water-soluble and
oral absorbable drug candidates.

© 2010 Elsevier B.V. All rights reserved.

sion (Gupta et al., 2002), (3) complex formation with water-soluble
excipients (Brewster and Loftsson, 2007; Carrier et al., 2007),

In the past decade, solubilization technologies has been
strongly desired to develop the pharmaceutical products for poorly
water-soluble drugs because more than 40% of the commercial
pharmaceuticals or the promising compound, so-called “candi-
date”, in the development pipeline are reported to be categorized as
poorly soluble (Prentis et al., 1988; Lipinski, 2000, 2002; Schroter,
2006). To address this need, a variety of solubilization techniques
have been developed, including those based on the following
approaches: (1) self-emulsifying drug-delivery systems (SEDDS)
(Pouton, 2000; Gursoy and Benita, 2004), (2) solid dispersions pre-
pared by coprecipitation (Vasconcelos et al., 2007; Shanbhag et al.,
2008), spray-drying (Friesen et al., 2008; Janssens et al., 2009),
freeze-drying (Ahmed and Aboul-Einien, 2007) or hot melt extru-
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(4) particle size reduction including the use of attrition-milled
nanocrystalline forms (Kesisoglou et al., 2007; Merisko-Liversidge
and Liversidge, 2008), and so on. Some pharmaceutical products
have already been launched using these specific technologies.
Despite the availability of a multitude of these technologies, a uni-
versal approach that can be also applied to exploratory research
activities during the early development stages, i.e. discovery and
preclinical stages, could not be found at present because all tech-
nologies above usually require a specific machine and/or large
amount of the active compound to investigate the feasibility. In
fact, discovery researchers sometimes face the problems that the
enough oral exposure could not be attained to evaluate the bio-
logical performance of candidates even at high dose due to their
poor gastrointestinal dissolution and absorption properties. How-
ever, no easily accessible solubiliztion technique is available to data
to execute their animal experiments using limited resources (time,
investment, compound).
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In order to satisfy such requirement of the discovery researchers,
e.g. medicinal chemists, pharmacologists, toxicologists and ADME
researchers, it was investigated that a solubilization methodol-
ogy and process, so-called “solubilization tool” fitted for in vivo
screening and profiling researches, would be established. To attain
this object, the micronization of drug candidate to submicron-
sized particles has been proposed in the current research. Among
this approach, the high-shear beads milling technique in aque-
ous medium was adopted since its preparation process is simple
and the suspension to be orally administered to animals could be
directly prepared. The drug particles were size-reduced in aque-
ous suspension by grinding with small hard beads. The advanced
wet-milling technique, which is well-known as “NanoCrystal tech-
nology” (Merisko-Liversidge et al., 2003), has ever given four
pharmaceutical products currently on market (Junghanns and
Miiller, 2008). The author previously developed the simple wet-
milling technique using a rotation-revolution mixer to produce
the aqueous suspension (Niwa and Hashimoto, 2008), but the tar-
get of the present investigation is to prepare the suspension with
submicron-sized particles, called nanosuspension, to support the
animal studies. In addition, it was also researched that the man-
ufacturing scale would be downsized and upsized to widely cover
the discovery and preclinical studies including early screening ones
using around 10-100 mg of compound and late safety ones using
around 10-100 g of compound, respectively.

In this research, the simple nano-milling technique using an
oscillating beads-milling apparatus, which is widely utilized in
pharmacological and physiological fields as a crushing device for
biological tissues such as cartilage, organs and yeast (Katou et al.,
2003; Takagi et al., 2010), was newly developed as a standard
method to supply the nanosuspension of poorly water-soluble
candidate to the animal studies. The operational procedure and
the formulation in dispersing medium were optimized to obtain
nanosuspension with higher recovery. The particle size distribu-
tion of the candidate was periodically monitored during treatment
to check the milling progress. Phenytoin was mainly used as a
model drug candidate and other two compounds with low aque-
ous solubility were additionally applied to confirm the robustness
independent of drug properties. Further, smaller- and larger-scaled
manufacturing techniques than the oscillating procedure were also
established using stirrer and turbulence mixer, respectively, with
different milling motion. Especially miniature method using a con-
ventional laboratory stirrer is likely convenient for exploratory
researches due to its simplicity and universality. Physicochemical
properties of resultant suspended particles were fully character-
ized with emphasis on surface morphology, electrostatic charge,
crystallinity and thermal behavior to reveal the pharmaceutical
advantages.

2. Materials and methods
2.1. Chemicals

Phenytoin and nifedipine were purchased from Wako Pure
Chemical Co., Ltd. (Osaka, Japan) and Daito Pharmaceutical Co.,
Ltd.(Toyama, Japan), respectively. Pranlukast hydrate was provided
by Ono Pharmaceutical Co., Ltd. (Osaka, Japan). Several water-
soluble polymers including polyvinylpyrrolidone (Kollidone 30),
hydroxypropyl cellulose (HPC-L), hydroxypropyl methylcellulose
(Metolose 60SH-50), polyvinyl alcohol (polymerization degree:
2000) were provided by BASF Japan Ltd. (Tokyo, Japan), Nip-
pon Soda Co., Ltd. (Tokyo, Japan), Shin-Etsu Chemical Co., Ltd.
(Tokyo, Japan), Wako Pure Chemical Co., Ltd., respectively. Two
surfactants of sodium lauryl sulfate and polysorbate 80 were
purchased from Wako Pure Chemical Co., Ltd. Polyvinylpyrroli-

done, hydroxypropyl cellulose, hydroxypropyl methylcellulose,
polyvinyl alcohol, sodium lauryl sulfate and polysorbate 80 were
abbreviated to PVP, HPC, HPMC, PVA, SLS and Tween 80 in this
report, respectively. All other chemicals and solvents were of
analytical reagent grade, and deionized-distilled water was used
throughout the study.

2.2. Manufacturing instruments

The oscillating beads-milling apparatus (Multi-Beads Shocker,
Yasui Kikai, Osaka, Japan), which is originally used to extract bioac-
tive components, e.g. DNA, RNA, proteins from physiological tissues
or cells such as bone, tooth, cartilage, yeast, was mainly used in
this study. The laboratory magnetic stirrer (HS4-SP, AsOne, Osaka,
Japan) and the shaking mixer with turbulent rotating motion (Tur-
bula Mixer T2F, Willy Bachofen, Basel, Switzerland), described
turbulence mixer hereafter, were also used to reduce and enlarge
the manufacturing scale, respectively. Zirconia (zirconium oxide)
hard small balls, called as “beads” hereafter, with 1 mm, 0.5 mm,
0.3 mm and 0.1 mm in diameter (YTZ-1, -0.5, -0.3, -0.1) were pur-
chased from Nikkato Co., Ltd. (Osaka, Japan).

2.3. Preparation of milled particles

The wet-milling in aqueous phase was executed by three types
of beads-milling equipment, which were newly developed, to
prepare the drug nanosuspension. Among them, the oscillating
beads-milling apparatus was mainly used, which is applied to the
middle manufacturing scale in this research. The schematic dia-
gram expressing its fundamental structure and milling process was
illustrated in Fig. 1. 0.6 g of poorly water-soluble drug and 60 g of
zirconia beads were weighed to a conical tube with 50-mL capacity,
and suspended in 15 mL of aqueous dispersing medium. Then, the
tube was put into the holder and oscillated at 2700 rpm for 12 min
as standard. The holder was cooled at 0°C by circulating a refrig-

Conical tube (50 mL)

Drug suspension

Zirconia beads

Fig. 1. Schematic diagram of oscillating beads-milling apparatus to prepare
nanosuspension of the drug. Three tubes can be set in the holder and simultaneously
treated.
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erant. The drug loading was increased up to 2.4 g with keeping the
volumes of beads and dispersing medium. As shown in Fig. 1, three
sets of suspension in three tubes were simultaneously milled, and
then mixed after treatment. Phenytoin and 0.5% PVP plus 0.1% SLS
mixed aqueous solution were mainly used as a model drug and a
standard dispersing medium, respectively. The beads with 0.3 mm
in diameter were mainly used and the effect of beads diameter on
milling power was also investigated.

For small manufacturing scale, the magnetic stirrer was selected
instead of the oscillating beads apparatus. The glass vials with 10-
mL or 50-mL capacities were filled with same quantity ratio of
drug, beads, and dispersing medium as that in the oscillating sys-
tem above, which amount were 0.1 or 0.6 g, 10g or 60 g, and 2.5 mL
or 15 mL, respectively. The suspension was ground with beads (0.3-
mm in diameter) by stirring a magnetic bar at 700 rpm for 24 hr as
standard. The drug loading was changed to 0.05-0.5g or 0.6-3 g
for 10-mL or 50-mL vials, respectively. Further, the turbulence
mixer was applied to the large manufacturing scale. The suspen-
sion composed of 7.2-28.8 g of phenytoin, 720 g of 0.3-mm zirconia
beads and 180 mL of aqueous medium were loaded in a steel bot-
tle with 570-mL capacity and rotated at 96rpm for 90 min as
standard.

After milling process, the resultant nanosuspension of the drug
was manually withdrawn by means of a pipette to separate from
beads, and then supplied to analysis of particles.

2.4. Particle size distribution (PSD)

The particle size distributions of the original bulk particles
and wet-milled particles in the prepared nanosuspension were
measured by a laser diffraction scattering method using the diffrac-
tometer (LMS-30, Seishin Enterprise Co., Ltd., Tokyo, Japan). The
original particles dispersed in 0.5% of PVP aqueous solution or small
aliquot of nanosuspension were diluted with water appropriately
in the batch-type cell. The obtained data were plotted as frequency
distribution as a function of logarithmic particle size. The diame-
ters at the 10%, 50%, and 90% of the cumulative volume distribution
(D10, D50, and D90, respectively) were represented as size dis-
tribution. In some cases, the particle size distributions were also
measured by a dynamic light scattering method using Zetasizer
Nano-ZS (Sysmex, Kobe, Japan) to check the consistency between
methods. For measurement, one drop of drug nanosuspension was
diluted with ca. 4mL of the water passed through a 0.22 pum dis-
posable filter (Millex GV-13, Nihon Millipore, Tokyo, Japan) and
dispersed homogeneously at 25.0 °C. A mean diameter (Z-Average)
and a polydispersity index (PDI) were calculated based Cumulants
fitting analysis. The PDIranges from O for a perfectly monodispersed
particle population to 1.0 for a very broad size distribution. All mea-
surements of PSD were repeated in triplicate and the average sizes
were reported.

2.5. Zeta potential

Electrophoretic mobility measurements were performed with
Zetasizer Nano-ZS (Sysmex) at 25.0°C. 750 pL of wet-milled
nanosuspension diluted by the filtered water was set into the spe-
cific cuvette for the instrument. The zeta potentials were calculated
by the instrument according to the Helmholts—-Smoluchowski’s
equation. The measurements were performed in triplicate.

2.6. Morphology

The morphology of the milled particles was observed compared
to the original bulk particles under a scanning electron microscope
(SEM, JSM-6060, JEOL Ltd., Tokyo, Japan). The powdery particles
lyophilized by freeze-dryer (PFR-1000/UT-2000, Tokyo Rikakiki,

Tokyo, Japan) were fixed to the special sample stage and coated
using a platinum sputtering equipment (JFC-1600, JEOL Ltd.).

2.7. Crystalline analysis

The suspension obtained after the oscillating beads-milling
operation was ultracentrifuged at 40,000 rpm for 60 min (Optima
XL-90, Beckman Instruments Inc., CA, USA) to separate the solid
component from aqueous phase. Then, the settled wet mass, or
concentrated slurry, was recovered and dried in the tray drier (DRA-
630DA, Advantec Toyo Ltd., Tokyo, Japan) at 60°C. In addition,
the suspension was also frozen in liquid nitrogen and freeze-
dried using the drier (RLE-52, Kyowa Vacuum Engineering Co., Ltd.,
Tokyo). The concentrated or dried wet-milled particles were pro-
vided to the following crystal analyses; X-ray powder diffraction
(XRPD) analysis was conducted using a Geiger-Flex diffractometer
(RAD-2VC(, Rigaku Co., Tokyo, Japan) with Cu Ko radiation and a
Ni filter at a voltage of 30 kV and a current of 20 mA. Samples were
scanned over 26 range of 5-40° at a rate of 5°/min. Differential
scanning calorimetry (DSC) was performed using DSC instrument
(DSC-60, Shimadzu Co., Ltd., Kyoto, Japan). Around five milligram
of each test sample was placed in an aluminum pan. The heating
program was carried out using a modulated setting at 10°C/min
over 30-310°C under nitrogen gas flow.

3. Results and discussion
3.1. Concept of present wet-milling to prepare nanosuspension

The simple and universal technique to prepare the oral sus-
pension over wide scale has been required at the discovery and
preclinical stages for pharmaceutical development. Especially, the
miniature-scaled manufacturing applicable to much less than 1g
of candidates is indispensable to the initial biological screening
researches in small animals, e.g. mice and rats. Three types of wet-
milling technique have been developed in this study to provide
the nanosuspension of poorly water-soluble compounds for the
early development research. Each manufacturing technique is cor-
responding to the screening and regulatory studies approximately
as follows:

(1) Miniature scale using a laboratory magnetic stirrer: pharmaco-
logical and pharmacokinetic researches at discovery stage.

(2) Middle scale using an oscillating beads-milling apparatus: tox-
icological (acute, sub-acute) research at preclinical stage.

(3) Large scale using turbulence mixer: toxicological (chronic, large
animals) or preformulation researches at preclinical and clinical
stages.

The milling manner is basically common among these tech-
niques, in which the drug particles are size-reduced by grinding
between beads although the collision impact is different in each
technique. Here these techniques applicable to any amounts of
compound could become reasonable tool to realize the nanosus-
pension in such early development stage, but it should be
emphasized that the present research does not mention the scale-
up on manufacturing. Additional investigation including scale-up
manufacturing oriented to the industrial production would be
required to develop the clinical and commercial dosage form as
reported previously (Merisko-Liversidge et al., 1996, 2003; Kipp,
2004; Junghanns and Miiller, 2008).

The amount of dispersing agents, which were required to pro-
mote the size reduction and stabilize nanometer-sized dispersion
effectively, was investigated to be minimum in order to avoid their
toxicity attributing to such surface active action especially at high
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Fig. 2. Effect of dispersing agents dissolved in aqueous medium on particle size distribution of wet-milled phenytoin particles using oscillating beads-milling apparatus. As
dispersing agents, the effects of (A) various water-soluble polymers and (B) various surfactants on milling were investigated. Key: (®) 0.5% PVP +0.1% SLS, (¢) 0.5% HPC+0.1%
SLS, (A) 0.5% HPMC +0.1% SLS, (x) 0.5% PVA+0.1% SLS, (a) 0.5% PVP, (O) 0.5% PVP + Tween 80, (O) original bulk particles of phenytoin.

dosing. In addition, the formulation in the dispersing medium, so-
called “vehicle” in vivo studies, is strongly desired to be common on
any scales because the vehicle formulation work should be mini-
mum due to restricted amounts of compounds in exploratory stage.

3.2. Optimization of driving conditions and formulation for
oscillating beads-milling apparatus

First, the loading of materials into the milling vessel, a 50-mL
conical tube, were investigated using the oscillating beads-milling
apparatus in order to produce the nanometer-sized particles of
drugs. As a result of the preliminary manufacturing trials it was
found that the loading volume of the zirconia beads should be
approximately equal to that of dispersing solution to enhance the
milling power. Therefore, the volume of solution and beads loading
were fixed to 15mL and 60 g, equivalent to 16 mL of packing vol-
ume, respectively, throughout the study irrespective of the drug
loading. The drug loading was set to 0.6 g as standard, which is cal-
culated to 40 mg/mL of suspension concentration, and increased
with keeping the volumes of beads and dispersing medium. The
driving time of the apparatus was fixed to 12 min unless mentioned
specifically. Three sets of suspension tube were simultaneously
milled to obtain the samples as much as possible although the
driving with one or two tubes loading is practicable.

Secondly, the effect of components of dispersing agent dissolved
in the aqueous medium on the particle size was investigated under
the fixed condition just mentioned above. The particle size distribu-
tions are shown in Fig. 2, in which the left (A) and right (B) figures
are displaying the effects of water-soluble polymers and surfac-

Table 1

tants, respectively. It was found that the combination of PVP and
SLS could generate the smallest particles, which distribution was
entirely shifted to submicronrange (<1 wm). D10, D50, and D90 val-
ues of the wet-milled particles of phenytoin were 0.141, 0.292, and
0.550 um, respectively, as listed in Table 1. By using water-soluble
cellulose polymers such as HPC and HPMC instead of PVP, the nan-
onization was also achieved in combination with SLS. Whereas, the
particles in single-micron size were still remained in case of PVA.
Pongpeerapat et al. (2008) suggested that the PVP-based layering
structure adsorbed around the drug particles, as steric barriers,
effectively prevented the agglomeration of the primary particles
prepared by ground mixture. According to their theory, it was
assumed that the adsorption tendency of such hydrophilic poly-
mers on the surface of the drug particles might contribute to the
milling efficiency. The polymeric molecular having hydrophobic
side chain such as pyrrolidinyl group (PVP), hydroxypropyl group
(HPC and HPMC) might have strong interaction with the hydropho-
bic surface of the particles, resulting in effective size reduction
(Fig. 2A). On the other hand, if surface active component was not
formulated or changed from anionic SLS to nonionic Tween 80,
the sufficient milling was not attained (Fig. 2B). The higher neg-
ative values of zeta potential than —30 mV, which is reported to
be the minimum to stabilize the colloidal particles by electro-
static repulsion (Jacobs and Miiller, 2002), were given by using SLS
as a surfactant (Table 1). The insufficient milling in only PVP or
PVP +Tween 80 systems might be probably derived from their low
zeta potential level about —20 mV. These results show that the size
reduction was successfully promoted through a combination of a
steric stabilizer, PVP, and an electrostatic stabilizer, SLS. This combi-

Representative particle sizes and zeta potential of original bulk and milled particles of phenytoin using various dispersing agents.

Dispersing media D10 (m)? D50 (m)? D90 (m)? Zeta potential (mV)P
0.5%PVP +0.1%SLS 0.141 0.292 0.550 -41.0
0.5%HPC +0.1%SLS 0.160 0.334 0.623 -34.6
0.5%HPMC +0.1%SLS 0.177 0.430 0.968 -32.0
0.5%PVA +0.1%SLS 0.525 0.994 2.023 -25.0
0.5%PVP 0.558 1.030 2.092 -20.7
0.5%PVP +0.1%Tween 80 0.496 0.930 1.819 -20.5
Original bulk particles 5.404 9.606 16.72 N.M.¢

2 D10, D50, D90 are diameters at the 10%, 50% and 90% of the cumulative volume distribution, respectively.

b Zeta potential of the particles was measured by electrophoretic mobility method.
¢ N.M.: not measured.
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nation also resulted in best milling performance on the miniature-
and large-scaled preparation as mentioned later. Additionally, little
size reduction happened in phenytoin particles without using the
dispersing agents (data not shown), indicating that the wet-milling
in aqueous medium is attributed to not only mechanical stress but
also molecular interaction with dispersing agents.

The progress of size reduction during the oscillating beads-
milling process was exhibited in the 0.5%PVP plus 0.1%SLS system
using 0.3-mm beads (Fig. 3). The particles were drastically
micronized at only 3 min-driving and the whole distribution was
shifted to submicron size at 12 min, further asymptotically reach-
ing to a plateau for 12-24 min (Fig. 3B). Such much shorter running
time than that of the conventional planetary beads-milling, e.g. 24 h
(Van Eerdenbrugh et al., 2008a, 2008b), is advantage of the current
oscillating apparatus. The running time of this apparatus was fixed
to 12 min throughout the study regardless of drug loading. The tem-
perature of suspension could be controlled under 15 °C during the
treatment while circulating a coolant in the vessel holders. This
result indicates that the heat sensitive drug can be also applied.

The effect of beads diameter on the particle size distribution
was investigated in the range of 0.1-1 mm at 2700 rpm using oscil-
lating beads-milling apparatus. It was found that the smaller the
diameter of zirconia beads became, the finer particles were pre-
pared as shown in Fig. 4. Especially, the nanosuspension, which
whole particle distribution was in the submicron range, was suc-
cessfully produced using 0.1 and 0.3 mm beads. Takatsuka et al.
reported that the total collision energy was a function of both
the weight of a bead and the number of collisions between the
beads and particles of compound (Takatsuka et al., 2009). How-
ever, the present results suggested that the number of collisions
might be more predominant to pulverize the particles than the
weight of a bead in the current oscillating system because the cor-
relation between the bead diameter and the milled particle size
was a monotone function and there was no local minimum of the
milled size. The beads diameter was fixed to 0.3 mm as standard in
this research because the 0.1-mm beads were somewhat difficult
to separate from the nanosuspension by passing through a sieve or
withdrawing through a pipette.

3.3. Application of other compounds using oscillating
beads-milling

Other poorly water-soluble compounds were applied to the cur-
rent oscillating beads-milling in order to expand its application.

Nifedipine, anti-hypertensive agent, and pranlukast, anti-bronchial
asthma agent, were milled in the standard condition optimized
using phenytoin. The sizes of original particles of nifedipine and
pranlukast were much larger and smaller than those of phenytoin,
respectively, as shown in Fig. 5. The representative diameters mea-
sured by two instruments based on different spectroscopic analyses
are also listed in Table 2. Irrespective of compounds and original
particle sizes applied, three size distributions of the milled parti-
cles were highly equivalent each other and ranged below 1 pm.
All average diameters of milled particles were around 0.3 wm and
180 nm measured by laser diffraction and dynamic light scatter-
ing methods, respectively. Although both mean values obtained
by the different detection methods were not identical, their good
inter-consistency of diameters might assure that the nanoparti-
cles were formed in any cases without doubt. In addition, much
smaller PDI values, which are close to 0, compared to those in the
previous report (Jacobs and Miiller, 2002) indicate that the dis-
tributions were quite narrow and nearly monodispersed particle
population.
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Fig. 4. Effect of zirconia beads diameter on particle size distribution of wet-milled
phenytoin particles using oscillating beads-milling apparatus. The phenytoin par-
ticles were wet-milled under oscillating at 2700 rpm for 12 min using (x) 1 mm,
(A) 0.5mm, (@) 0.3mm, and (¢) 0.1 mm-sized zirconia beads. The particle size
distribution of the original bulk particles of phenytoin (OJ) was also shown.
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Table 2
Representative particle sizes of various drugs before and after wet-milling using oscillating beads-milling apparatus measured by laser diffraction and dynamic light scattering
methods.
Drugs Particles Laser diffraction Dynamic light scattering
D10 (pm)? D50 (m)? D90 (pm)? Z-Average (nm)P PDI¢
Phenytoin Original bulk 5.404 9.606 16.72 N.M.4 N.M.
Wet-milled 0.141 0.292 0.550 160.0 0.167
Nifedipine Original bulk 8.370 19.00 4391 N.M. N.M.
Wet-milled 0.171 0.353 0.650 1914 0.173
Pranlukast Original bulk 1.819 3.232 6.496 N.M. N.M.
Wet-milled 0.169 0.334 0.598 186.3 0.147

D10, D50, D90 are diameters at the 10%, 50% and 90% of the cumulative volume distribution.

a
b Z-Average is a mean diameter based on Cumulants fitting analysis.
¢ PDI is poly-dispersity index based on Cumulants fitting analysis.

4 N.M.: not measured.
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Fig. 5. Particle size distributions of various drugs before and after wet-milling
using oscillating beads-milling apparatus. Key: (C),M) original and milled particles
of phenytoin; (A,a) original and milled particles of nifedipine; (O,®) original and
milled particles of pranlukast.
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3.4. Manufacturing line-ups corresponding to various loading
amounts of drug

Taking the formulation supply to animal studies at discovery
and preclinical stages into consideration, the widening of load-
ing amount of the drug candidate was investigated. The amount
of phenytoin loaded in 15 mL of dispersing medium was increased
stepwise from 600 mg, which corresponds to 40 mg/mL of concen-
tration, using oscillating beads-milling apparatus. The drug was
milled in the standard condition mentioned above (0.3-mm zirco-
nia beads, 2700 rpm, 12 min). The size distributions and their D10,
D50, and D90 values were plotted as a function of drug concen-
tration in Fig. 6. The identical submicron-sized distributions were
obtained irrespective of drug loading until the concentration was
increased up to 100 mg/mL, in which the phenytoin loading was
1500 mg per a vial. Whereas, the single-micron particles were still
remained when the concentration was increased to 120 mg/mL or
more. 12 min of the milling time was assumed to be too short to
prepare entirely nanometer-sized suspension because it was found
that the prolongation of driving time successfully resulted in com-
plete shift to nanometer range up to 160 mg/mL (data not shown).
Since the present oscillating apparatus has triplet holders and treat
them simultaneously as shown in Fig. 1, 4.5¢g of the drug can be
nano-milled as a maximum through the standard operation.

The broadening of preparation scale is strongly required at dis-
covery and preclinical stages. Their scales are generally spread from
less than 100 mg to over 50 g, which is dependent on the types of
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Fig. 6. (A) Effect of drug concentration in suspension on particle size distribution and (B) representative particle diameters as a function of drug concentration using oscillating
beads-milling apparatus. 600-2400 mg of phenytoin were loaded in 15 mL of dispersing medium and wet-milled for 12 min. D10, D50, and D90 indicate the 10%, 50%, and

90% diameter on the cumulative volume distribution, respectively.
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study and animal species, dose, and duration of the test. Further,
the available compound for formulation design is strictly limited
in general. The smaller- and larger-scaled manufacturing methods
compared to the oscillating beads-milling apparatus were inves-
tigated to prepare oral nanosuspension of compounds oriented to
the various types of in vivo study, such as early pharmacological
screening study, preclinical safety study.

As a smallest manufacturing scale, the phenytoin and 0.3-
mm zirconia beads were suspended in the optimized dispersing
medium loaded in 10-mL vial and stirred by a magnetic stirrer for
laboratory use. 50-mL vial was additionally used as a second small-
est preparation. It was found that the size distributions in both vials
were gradually decreased with time and reached to a plateau level
for 24-48 h, and their sizes after 24-h milling were entirely dis-
tributed in submicron region (data not shown). The same milling
effect was also achieved by using 0.5-mm glass beads instead of
zirconia beads. The temperature of suspension was almost kept at
ambient during milling due to its mild grinding. These results indi-
cate that the specific milling machine with high power is not always
required to prepare nanosuspensions if the dispersing agents in
the medium were appropriately formulated. 0.5% PVP+0.1% SLS
was also the most effective medium to obtain the finer particles
on the miniature scale in the same way as shown in Fig. 2. Such
simple milling method using the laboratory stirrer is quite con-
venient to screen candidates because much investment cannot be
paid at early development stage. The size distribution curves of
the milled particles and their representative sizes were shown in
Fig. 7 when the loading of phenytoin in 2.5 mL of aqueous medium
was varied from 50 mg to 500 mg in stirrer method. The particles
with equivalent submicron distributions to those in the oscillating
apparatus were produced except 200 mg/mL of concentration, in
which the drug loading was 500 mg in a vial. As also shown in the
oscillating method (Fig. 6), the distribution was partially spread to
single-micron range at higher concentration. Therefore, it is fea-
sible to break 50-400 mg of the particles down to submicron-size,
namely nano-mill, using the present miniature-scaled method. Fur-
ther, 0.6-2.4 g of phenytoin was completely nano-milled in a same
manner using 50-mL vial (data not shown).

On the other hand, the large-scaled manufacturing method was
also developed to cover the preclinical studies required the largest
amount of compound such as a long-term safety study in dogs.
Assuming that the micronization would be promoted by making
beads to collide each other in suspension frequently, the turbu-
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lence mixer was adopted. Fundamentally this equipment is used
to mix the dry samples by rotating a container in the planetary
and twisting motion, different from the agitation mixers with a
settled container. Any sizes, shapes and materials of the container
such as a polyethylene bottle and a glass vial can be attached to
the mixer. The aqueous suspension having same drug concentra-
tion as that of the oscillating beads-milling apparatus was put into
a steel bottle and rotated together with beads. The preliminary tri-
als demonstrated that it took around 90 min to reduce the whole
size distribution to submicron region using common dispersing
medium (0.5% PVP+0.1% SLS). The drug loading in the bottle was
increased from 7.2 g as a standard using the turbulence mixer. The
effect of suspension concentration on the milled particle size dis-
tribution was exhibited in Fig. 8 as contrasted with the oscillating
and stirring methods (Figs. 6 and 7). These resultant similar dis-
tribution curves exhibited that a maximum concentration to be
entirely nano-milled was around 160 mg/mL on any scales regard-
less of milling manner. The scale-up trials revealed that 28.8 g of
phenytoin was effectively treated as a maximum amount using the
turbulence mixer. Although the further scale-up experiments have
not been done due to lack of the compound, 50 g or larger amount
of drugs would be nano-milled if the bottle with larger capacity is
used.

The milling results on each preparation scale were summarized
in Fig. 9, in which the representative particle diameters (D10, D50,
D90) were plotted as function of drug loading. This figure indicates
that the nanometer-sized particles with 200-400 nm in average
diameter were successfully prepared throughout the wide range
of loading from 10-mg to 10-g orders independent of the equip-
ments. The nanoparticles were successfully recovered with high
yield (>95%) in any methods because there is little adhesion of
particles to the beads and wall of vessel. The common dispersing
medium, 0.5%PVP +0.1%SLS aqueous solution, is applicable to any
manufacturing scales and any drug loadings, that is advantageous
to the animal studies at discovery and preclinical stages for the fol-
lowing reasons: (1) the extra amount of the candidate compounds
is not available to optimize the formulation due to their restricted
synthesis; and (2) the exposure to excipients can be set uniform
among animals at any oral dose of the candidates. In addition, the
present technique can provide the nanosuspension while keeping
the quite low composition of PVP and SLS, ranging in 1/8-1/32 and
1/40-1/160 weight ratio against the candidates, respectively. In
some previous report the much larger amount of excipients than
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Fig.7. (A)Effect of drug concentration in suspension on particle size distribution and (B) representative particle diameters as a function of drug concentration using magnetic
stirrer. 50-500 mg of phenytoin were loaded in 2.5 mL of dispersing medium and wet-milled for 24 h. D10, D50, and D90 indicate the 10%, 50%, and 90% diameter on the

cumulative volume distribution, respectively.
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Fig.8. (A)Effect of drug concentration in suspension on particle size distribution and (B) representative particle diameters as a function of drug concentration using turbulence
mixer. 7.2-28.8 g of phenytoin were loaded in 180 mL of dispersing medium and wet-milled for 90 min. D10, D50, and D90 indicate the 10%, 50%, and 90% diameter on the

cumulative volume distribution, respectively.

drug was formulated to mill the drug particles down to submicron
(Moribe et al., 2008; Pongpeerapat et al., 2008; Kawabata et al.,
2010). So, the toxic response of these excipients could be negligible
because their administration dose can be reduced as minimum.

3.5. Physicochemical properties of nanoparticles

The wet-milled particles suspended in the aqueous dispersing
medium were freeze-dried to be provided for microscopic observa-
tion. SEM photographs in Fig. 10 obviously demonstrated that the
original bulk particles (A) were drastically broken down and the
freeze-dried product appeared to be mosaic structure assembled
from lots of tiny pieces (B-1 and B-2). Each piece was considered to
be a milled particle of phenytoin because 93% weight in solidified
mass was composed of phenytoin. The size of each milled parti-
cle was visually found to be 200-300 nm in diameter, which was
highly consistent with the results measured by the laser diffraction
method. Thus, the complete nano-milling through the current wet-
milling technique was also confirmed by the visual observation.

The effect of milling operation on the crystalline property of
phenytoin was investigated by X-ray powder diffraction (XRPD)
and DCS. The nanosuspension was ultracentrifuged to separate

the solid component from aqueous medium. Then, the paste-like
precipitate was recovered and dehydrated by a tray-dryer. The
ultracentrifuged product and its tray-dried product composed of
the milled particles as well as the freeze-dried product mentioned
above were provided for the analyses. As shown in Fig. 11, the posi-
tions of diffraction peaks and the onset temperature at endothermic
peak (297°C) of any treated particles were identical to those of
the original bulk, suggesting that any polymorphic transforma-
tions might not occur during wet-milling process. The XRPD peak
intensities of the tray-dried particles (C) were almost equivalent
to those of the original bulk (A), proposing that the crystallinity
of milled particles maintained same crystalline state as starting
materials after nano-milling. The diffraction interference by water
in wet sample or co-existing with PVP and SLS might weaken the
peak intensities in the ultracentrifuged (B) or freeze-dried products
(D), respectively. These results concluded that the current media
milling process in aqueous phase might not induce a polymorphic
transition and amorphization of the drug as other authors have
been previously reported (Van Eerdenbrugh et al., 2008b; Kawabata
etal,, 2010; Tanaka et al., 2009). Consequently, the crystalline state
was still kept even if the drug were broken down into nano-sized
particles.
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Fig. 9. Summary of representative particle diameters as a function of drug loading in the suspension using three types of milling apparatus. D10 (diamond), D50 (circle), and
D90 (triangle) indicate the 10%, 50%, and 90% diameter on the cumulative volume distribution, respectively.
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Fig. 11. X-ray powder diffraction patterns (left) and DSC profiles (right) of the or

iginal bulk and wet-milled particles of phenytoin. Key: (A) original bulk particles; (B)

ultracentrifuged product of wet-milled particles; (C) tray-dried product of wet-milled particles; (D) freeze-dried product of wet-milled particles.

4. Conclusion

In the present study, the wet-milling technique in aqueous
medium was developed to prepare the oral nanosupension focused
on the discovery and preclinical animal studies for poorly water-
soluble candidate compounds. The preparation scale was widened
from 10-mg to 10-g orders to apply to various types of study such
as initial screening study using smaller animals (mice and rats) and
advanced profiling study using larger animals (dogs and monkeys).
Three milling systems based on stirring, oscillating and turbulent
motions were established to break drug particles down to sub-
micron size, nanoparticles. It was found that the combination of
two dispersing agents such as a steric stabilizer and an electro-
static stabilizer (0.5% PVP +0.1% SLS) efficiently promoted the size

reduction of drug particles even if the specific milling equipments
were not used. Especially the nanosuspension was available even
in such short time as 10 min or thereabouts by using the oscil-
lating apparatus. The equivalent size distributions were obtained
among three model drugs, possibly demonstrating that this tech-
nique could be applied to various physicochemical properties of the
compounds. The crystalline analyses revealed that the process gave
rise to no crystalline change, polymorphization or amorphization
of the candidates, which is highly beneficial in the drug develop-
ment aspect because the physicochemical stability issue might not
be required to be discussed at later development stage. The gas-
trointestinal absorption would be overestimated at this stage if
the commercial dosage composed of amorphous drug is difficult to
develop. The authors believe that the nanosuspension prepared by
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the present technique would be a good tool to evaluate the poorly
water-soluble candidates from pharmacological, toxicological and
pharmacokinetic perspectives at discovery stage. However, the
potential risks for contamination derived from abrasion of beads
should be addressed prior to clinical administration, which could be
common issue in such beads milling technique. Finally, the inves-
tigation for drying of nanosuspension and its redispersion is now
progressing to apply the present technique to development of the
major pharmaceutical dosage forms such as tablets, capsules.
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