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We report a method for pulverizing poorly water soluble compounds with low melting points to nanoparticles
without producing an amorphous phase using a rotation/revolution pulverizer. Fenofibrate, flurbiprofen, and
probucol were used as crystalline model compounds. They were suspended in a methylcellulose aqueous
solution and pulverized with zirconia balls by the rotation/revolution pulverizer. Beeswax, an amorphous
compound, was also examined to investigate whether nano-pulverization of a compound with a low melting
point was possible. Beeswax was suspended in ethyl alcohol cooled with liquid nitrogen and pulverized with
zirconia balls by the rotation/revolution pulverizer. By optimizing the pulverization parameters, nanoparticles
(D50 < 0.15 �m) of the crystalline compounds were obtained with narrow particle size distributions at a
rotation/revolution speed of 1000 rpm and a rotation/revolution ratio of 1.0 when the vessel was 0 ◦C.
Amorphous fenofibrate and flurbiprofen were not detected by differential scanning calorimetry or powder
X-ray diffraction, whereas small amounts of amorphous probucol were detected. Beeswax was pulverized
to nanoparticles (D50 = 0.14 �m) with ethyl alcohol cooled with liquid nitrogen. Fine nanoparticles of these
poorly water soluble compounds with low melting points were obtained by controlling the rotation/revolution
speed and reducing the vessel temperature.

1. Introduction

Advances in combinatorial chemistry and high-throughput
screening have resulted in an increase in the number of drug
candidates with high pharmacological activity in pharmaceu-
tical development. However, most of them have poor water
solubility and their bioavailability is low (Lipinski 2000, 2002;
Lipinski et al. 2001). Pulverization is one method for enhanc-
ing solubility (Filippos et al. 2007). Reducing the particle size
of a compound increases its surface area and its dissolution
rate according to the Nernst–Brunner and Levich modifica-
tions of the Noyes–Whitney equation for dissolution (Dressman
et al. 1998; Horter and Dressman 2001). Solubility is also
enhanced by reducing the particle size to the order of nanome-
ters according to the Ostwald–Freundlich equation (Kipp 2004).
Nano-pulverization has the advantages of increasing bioavail-
ability and reducing fed/fasted effects of drugs and it also has
the potential to realize intravenous sustained release (Jinno
et al. 2006; Rabinow 2004). However, conventional pulveriz-
ers generate heat during pulverization, which causes heat-labile
compounds to degrade and eventually become amorphous at
high temperatures (Saleki-Gerhardt et al. 1994).
We previously used a rotation/revolution pulverizer to nano-
pulverize phenytoin (Takatsuka et al. 2009). Nanosizing by a
rotation/revolution pulverizer is a form of wet bead milling.
Phenytoin was pulverized at high energy by zirconia balls that
were accelerated by the rotation and revolution of the vessel. The
rotation/revolution pulverizer is superior to conventional bead
mills as it has shorter pulverizing times (a few minutes) and it

can use fewer zirconia balls to pulverize phenytoin to the order
of nanometers without producing the amorphous phase.
In this study, fenofibrate, flurbiprofen and probucol were
selected as poorly water soluble crystalline compounds with
a low melting point (mp) (82, 115, and 125 ◦C, respectively),
which is much lower than that (295 ◦C) of phenytoin. Beeswax,
which is an amorphous compound and has a mp of 60 ◦C, was
also examined to investigate whether nano-pulverization of a
compound with a very low mp was possible. This paper describes
the method used to pulverize poorly water soluble compounds
with a low mp to nanoparticles using the rotation/revolution
pulverizer.

2. Investigations, results and discussion

2.1. Pulverization of fenofibrate, flurbiprofen, and
probucol under the optimum conditions for phenytoin by
the rotation/revolution pulverizer

In preliminary tests, phenytoin was pulverized to nanoparticles
under the optimum conditions by the rotation/revolution pul-
verizer (Table 1). Fenofibrate, flurbiprofen, and probucol were
pulverized under the same conditions as phenytoin. However,
their pulverized particles aggregated so that a well-dispersed
nanosuspension could not be obtained. This is because zirconia
balls with high collision energies seemed to activate the particle
surfaces during pulverization (Inkyo and Tahara 2004; Inkyo
et al. 2006). Tween 80 or SDS was added to 0.3% (w/v) MC
aqueous solution to prevent nanoparticle aggregation. Fenofi-
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Fig. 1: Particle size distribution of original compounds (- - - -) and compounds pulverized by the rotation/revolution pulverizer under the optimum pulverizing conditions for
phenytoin (––)

Table 1: Optimum pulverizing conditions for phenytoin by the
rotation/revolution pulverizer

Parameter

Revolution speed (rpm) 2000
Pulverizing time (min) 2
Volume of 0.3% MC solution (ml) 0.5
Zirconia balls Diameter (mm) 0.1

Mass (g) 2.5
Temperature during pulverizing (◦C) ca. 30

brate and flurbiprofen could be pulverized to nanoparticles with
0.3% (w/v) MC aqueous solution containing 0.1% (v/v) Tween
80 (Fig. 1). However, probucol nanoparticles could not be
obtained by pulverizing with a 0.3% (w/v) MC aqueous solution
containing 0.1% (v/v) Tween 80. Probucol nanoparticles were
obtained when probucol was pulverized with a 0.3% (w/v)
MC aqueous solution containing 1% (w/v) SDS (Fig. 2). SDS
was suitable for preparing stable nanoparticles as in the case
of drug/PVP/SDS (Pongpeerapat et. al. 2004). A freeze-dried

Fig. 2: Particle size distribution of the original probucol (- - - -), probucol pulverized
using 0.3% (w/v) MC aqueous solution containing 0.1% (v/v) Tween 80 (···),
and probucol pulverized with 0.3% MC (w/v) aqueous solution containing
1% (w/v) SDS (––). Probucol was pulverized by the rotation/revolution
pulverizer using the optimum pulverizing conditions for phenytoin

sample of the pulverized compound was analyzed by PXRD to
evaluate the crystallinity of the compound (Fig. 3). As shown
in Fig. 3, the PXRD pattern of the original compound contains
several intense peaks, whereas all the pulverized compounds
exhibit a halo diffraction pattern. This indicates that amorphous
phases of each compound were produced and that the optimum
pulverizing conditions for phenytoin were not suitable for
fenofibrate, flurbiprofen, and probucol. The low mp compounds
are considered to have a lower crystal binding energy than
phenytoin, which has a higher mp. The accumulation of heat
generated by collisions of the zirconia balls, the crystals of the
compound, and the vessel wall increases the temperature of the
vessel and its contents, which promotes the production of the
amorphous phase. When the zirconia balls have a high collision
energy and the compound has a low mp, the heat generated by
collisions may melt the crystals and produce the amorphous
phase. It is thus important to control the collision energy to
suppress heat generation during pulverization. The collision
energy was estimated according to Eq. (1) (Kano et al. 2000):

Ew =
n∑

i=1

1

2w
mv2

i (1)

where Ew is the collision energy, w is the mass of the compound,
m is the mass of a zirconia ball, vi is the speed of a zirconia
ball relative to the compound particles, and n is the number
of collisions between the zirconia ball and the particles of
the compound. Equation (1) shows that the collision energy
decreases with decreasing speed of the zirconia balls relative
to the compound particles. Therefore, the collision energy at
a rotation/revolution speed of 1000 rpm is about one fourth

Table 2: Mild pulverizing conditions for fenofibrate, flur-
biprofen, and probucol by the rotation/revolution
pulverizer

Parameter

Revolution speed (rpm) 1000
Pulverizing time (min) 4
Volume of 0.3% MC solution (ml) 0.5
Zirconia ball Diameter (mm) 0.1

Mass (g) 2.5
Temperature during pulverizing (◦C) ca. 10
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Fig. 3: PXRD patterns of the original compounds (upper) and compounds pulverized by the rotation/revolution pulverizer under the optimum pulverizing conditions for
phenytoin (bottom)

that at 2000 rpm. The increase in the temperature of the vessel
and its content can be reduced by cooling the vessel. The
rotation/revolution speed was reduced from 2000 to 1000 rpm
to reduce the collision energy and the vessel was cooled to
about 0 ◦C.

2.2. Pulverization of fenofibrate, flurbiprofen, and
probucol under mild conditions by the rotation/revolution
pulverizer

Fenofibrate, flurbiprofen, and probucol could be pulverized to
nanoparticles under the optimum pulverizing conditions for
phenytoin, but amorphous phases of these compounds were
produced. The pulverizing conditions under which these com-
pounds could be pulverized to nanoparticles without producing
their amorphous phases were investigated. Table 2 shows the
pulverizing conditions for fenofibrate, flurbiprofen, and probu-
col that reduce the collision energy to suppress heat generation.
The diameter and the amount of zirconia balls and the volume of
the MC solution were the same as above. The pulverizing time
was varied from 1 to 8 min. Fenofibrate were not sufficiently
pulverized after pulverizing times in the range 1 to 2 min, and
the particle size of pulverized fenofibrate did not vary for pul-
verizinig times exceeding 4 min, as shown in Fig. 4. Fenofibrate
was well pulverized after 4 min and D50 and D90 were 0.129 and
0.313 �m, respectively. The conditions in Table 2 that lowered
the collision energy and suppressed heat generation are referred
to as the mild conditions in this study. Fenofibrate and flurbipro-
fen were pulverized to nanoparticles by the rotation/revolution
pulverizer under these mild conditions (Figs. 5a and b). Whereas
a well-dispersed nanosuspension could not be obtained without
Tween 80 for the optimum pulverizing conditions for phenytoin,
it could be obtained without Tween 80 under the mild conditions.
D50 and D90 of the pulverized particles under the optimum pul-
verizing conditions for phenytoin were also smaller than under
the mild conditions (Table 3). Obviously, activation of the parti-

cle surfaces was suppressed by the lower collision energy of the
mild conditions (Inkyo et al. 2006). This demonstrates that acti-
vation of the particle surfaces and particle aggregation can be
prevented by controlling the collision energy. However, probu-
col was not fully pulverized to nanoparticles under the mild
conditions. Probucol is hydrophobic and has a lower wettability
than fenofibrate and flurbiprofen. Probucol was pulverized at
ambient temperature with a 0.3% (w/v) MC solution containing
1% (w/v) SDS to improve its wettability (Fig. 5c). Freeze-dried
samples of pulverized fenofibrate, flurbiprofen, and probucol
were analyzed by PXRD and DSC to investigate the crystallinity
of the pulverized particles (Figs. 6 and 7). As shown in Fig. 6, the
PXRD patterns of all three compounds did not change on pulver-
ization under the mild conditions. Halo diffraction patterns were
not obtained for pulverized fenofibrate and flurbiprofen (Figs. 6a
and b). Exothermal DSC peaks, which indicate the presence of

Fig. 4: Effect of pulverizing time on D50 (––) and D90 (- - - -) of pulverized
fenofibrate (rotation/revolution speed: 1000 rpm)
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Table 3: D50 and D90 of compounds pulverized under the optimum pulverizing conditions of phenytoin and mild pulverizing
conditions by the rotation/revolution pulverizer (n = 3)

Compound Particle size

Optimum conditions for phenytoin Mild conditions

D50 (�m) D90 (�m) D50 (�m) D90 (�m)
Fenofibrate 0.146 ± 0.005 0.435 ± 0.078 0.126 ± 0.002 0.314 ± 0.095
Flurbiprofen 0.163 ± 0.009 0.407 ± 0.033 0.130 ± 0.002 0.312 ± 0.025
Probucol 0.125 ± 0.001 0.259 ± 0.017 0.108 ± 0.004 0.186 ± 0.004

Fig. 5: Particle size distribution of compounds pulverized by the rotation/revolution pulverizer under the mild pulverizing conditions

the amorphous phase, were not observed for pulverized fenofi-
brate and flurbiprofen (Figs. 7a and b). A halo diffraction pattern
(Fig. 6c) and an exothermal peak at 122–123 ◦C (Fig. 7c) were
observed for pulverized probucol, which indicate the presence
of the amorphous phase.

2.3. Pulverizing beeswax

Nano-pulverization by the rotation/revolution pulverizer could
be applied to powders of poorly water soluble compounds with
a low mp. We also investigated nano-pulverization by the rota-
tion/revolution pulverizer of a waxy compound with a low mp,
beeswax. Beeswax could not be pulverized under the optimum
pulverizing conditions for phenytoin. The form of beeswax did
not change and some zirconia balls attached to the surface
of the beeswax after the process. It is thought that beeswax
could not be pulverized because it is soft and extensible at
ambient temperature. Beeswax was therefore frozen using liq-
uid nitrogen to reduce its extensibility during pulverizing. It

was pulverized by applying three processes: dry milling, wet
milling, and dispersion. Dry milling was performed to homog-
enize the particle size of beeswax pounded in a mortar and
pestle. Wet milling was carried out to pulverize the nanopar-
ticles. Ethyl alcohol was used as a solvent to pulverize beeswax
below 0 ◦C. An optimized three-stage dispersion process was
conducted to prevent nanoparticle aggregation (Table 4). By
milling with liquid nitrogen as reported in a previous study
fine nanoparticle were not obtained (Niwa et al. 2010). On the
other hand, the rotation/revolution pulverizer with liquid nitro-
gen could pulverize beeswax to nanoparticles (D50 = 0.139 �m,
D90 = 0.937 �m) under the optimum pulverizing conditions for
beeswax, as shown in Fig. 8.

2.4. Conclusion

The proposed method for pulverizing using a rotation/revolution
pulverizer is highly suitable for reducing the particle sizes of
poorly water soluble compounds with a low mp to the order

Fig. 6: PXRD patterns of the compounds pulverized by the rotation/revolution pulverizer under the mild pulverizing conditions
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Table 4: Optimum pulverizing conditions for beeswax in the three processes by the rotation/revolution pulverizer

Parameter Dry milling Wet milling Dispersion

Revolution speed (rpm) 2000 2000 1000
Pulverizing time (min) 2 4 10
Volume of ethanol (ml) 1 10
Zirconia balls Diameter (mm) 0.1 0.1 0.05

Mass (g) 2.5 2.5 10
Liquid nitrogen (ml) 80 160 Not added

Fig. 7: DSC thermographs of original compounds (- - - -) and compounds pulverized by the rotation/revolution pulverizer under the mild pulverizing conditions (––)

of nanometers. Nanoparticles of crystalline compounds were
obtained with a narrow particle size distribution under mild
conditions. The amorphous phases of fenofibrate and flurbipro-
fen were not detected by DSC and PXRD analysis, whereas
a small amount of amorphous probucol was detected. It is
important to control the collision energy and the temperature
during pulverization and to choose an appropriate solvent to
obtain nanoparticles without producing the amorphous phase
of the compound. Beeswax, a semi-solid and waxy compound,
could also be pulverized using the rotation/revolution pulverizer
with ethyl alcohol cooled in liquid nitrogen. Using the rota-
tion/revolution pulverizer with liquid nitrogen has the potential
to pulverize to nanoparticles both chemicals and biomaterials,
such as phospholipids, proteins, enzymes, and antibodies. Nano-
pulverization of biomaterials will enable the development of
novel methods of drug delivery.

3. Experimental

3.1. Materials

Fenofibrate, probucol, and beeswax were purchased from Wako Pure Chem-
ical Industries Co., Ltd. (Osaka, Japan) and flurbiprofen was purchased from
Sigma-Aldrich Corp. (Missouri, US). Methylcellulose (MC) (Metolose SM-
4000) and polyvinylpyrrolidone K30 (PVP) were purchased from Shin-Etsu
Chemical Co., Ltd. (Tokyo, Japan) and Wako Pure Chemical Industries Co.,
Ltd., respectively. Tween 80 and sodium lauryl sulfate (SDS) were pur-
chased from Wako Pure Chemical Industries Co., Ltd. and Nacalai Tesque
Inc. (Kyoto, Japan), respectively. Zirconia (zirconium oxide) balls with
diameters of 0.1, 0.05, and 0.03 mm were purchased from Nikkato Co.,
Ltd. (Osaka, Japan). All other reagents were analytical-grade commercial
products.

3.2. Methods

3.2.1. Preparation of nanosuspensions of crystalline compounds
(fenofibrate, flurbiprofen, and probucol)

Compound (100 mg) was weighed into the zirconia vessel of the rota-
tion/revolution pulverizer (NP-100, Thinky Corp., Tokyo, Japan); 2.5 g of

0.1-diameter-mm zirconia balls were placed into the vessel and the appro-
priate volume of 0.3% (w/v) MC aqueous solution was added. The following
four steps were used to prepare suspensions: (1) pulverization at 1000 rpm
for 4 min with 0.5 mL of 0.3% (w/v) MC aqueous solution; (2) pulverization
at 400 rpm for 1 min after adding 9.5 mL of 0.3% (w/v) MC aqueous solu-
tion (total volume: 10 mL); (3) separation of 0.1-mm-diameter zirconia balls
from the suspension; (4) pulverization at 2000 rpm for 3 min after adding
2.5 g of 0.03-mm-diameter zirconia balls to the suspension.

3.2.2. Preparation of nanosuspensions of an amorphous compound
(beeswax)

Pellets of beeswax (5-mm-diameter) were frozen with liquid nitrogen and
pounded into a powder using a mortar and pestle. Pounded beeswax pow-
der (100 mg) and 30 mg of PVP were added to the zirconia vessel of the
rotation/revolution pulverizer, then 5 g of 0.1-mm-diameter zirconia balls
and liquid nitrogen were added to the vessel. The following five steps
were used to prepared suspensions of beeswax: (1) (dry milling) pulver-
ization at 2000 rpm for 2 min with about 40 ml of liquid nitrogen, which

Fig. 8: Particle size distribution of beeswax pulverized by the rotation/revolution
pulverizer under the optimum pulverizing conditions for beeswax
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was added every minute; (2) (wet milling) pulverization at 2000 rpm for
4 min after adding 1 ml of ethyl alcohol and 40 ml of liquid nitrogen, liquid
nitrogen was added every minute; (3) dispersion at 400 rpm for 1 min after
adding 9 ml of ethyl alcohol (total volume: 10 ml); (4) separation of 0.1-
mm-diameter zirconia balls from the suspension; (5) dispersion at 1000 rpm
for 10 min after adding 10 g of 0.05-mm-diameter zirconia balls to the
suspension.

3.3. Particle size distribution

The suspensions of the pulverized compounds were diluted threefold with a
saturated solution of each compound and sonicated for 10 min. The samples
were analyzed by a laser diffractometer (Mastersizer 2000, Malvern Instru-
ments, UK) with a small-volume dispersing unit (Hydro 2000 �P, Malvern
Instruments). The size distribution was expressed in terms of the diameters
at 50% (D50) and 90% (D90) of the population distribution.

3.4. Powder X-ray diffraction (PXRD)

PXRD patterns were obtained using RINT (Rigaku Corp., Japan) with Cu
radiation generated at 40 mA and 40 kV. Data were obtained from 3 to 50◦
(2�) at a scanning speed of 5 ◦/min.

3.5. Differential scanning calorimetry (DSC)

DSC was performed using a DTG-60 (Shimadzu Corporation, Kyoto,
Japan). DSC thermograms were obtained in an open aluminum pan using
about 8 mg of the sample and about 7 mg of alumina as the standard mate-
rial. The sample was heated from 50 to 120 or 150 ◦C at a heating rate of
5 ◦C/min with a 50 mL/min argon purge.
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