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INTRODUCTION

In recent years, innovative technologies such as high-
throughput screening and combinatorial chemistry have facil-
itated the rapid development of new drug compounds with 
excellent pharmacological activity. Nevertheless, approximate-
ly 40–70% of all new drug candidates have been estimated to 
have very low water solubility.1,2) This may cause undesirable 
effects and eventually lead to poor patient compliance, poor 
bioavailability, dosing restrictions due to food effects, and the 
use of harsh excipients or extreme basic or acidic conditions to 
enhance solubilization.3) Hence, new technologies to improve 
water solubility are being actively investigated.4)

Nano-milling technology is useful for improving the disso-
lution rates of drugs with low solubility. It increases specif-
ic surface area according to the Noyes–Whitney equation,6) 
which can improve drug dissolution rates.5) Thus, formulations 
that use nano-milling technology to produce medication with 
nanosized particles have been demonstrated to have improved 
dissolution and absorption rates after oral administration.7–9)

Nanosized particles can be prepared by bead milling,10,11) 
high-pressure homogenization,12,13) antisolvent precipitation,14) 
or a combination of these methods. As one of the most wide-
ly used nano-milling technologies,15) bead milling has been 
adopted by many industries both related and unrelated to phar-
maceuticals.16) In pharmaceutical bead milling applications, 

a grinding medium such as yttria-stabilized zirconia beads, 
is typically used to grind and disperse drugs. The process 
exploits the collision energy between beads as they are stirred 
in the grinding chamber of a mill; its high grinding efficiency, 
scalability, and reproducibility are widely recognized.17)

However, metal contamination arising from the grinding 
process is considered to limit its application in the pharmaceu-
tical manufacturing process.18,19) For instance, 100–500 μg/g  
of zirconium contaminant (per weight of drug) was found in a  
drug that was manufactured using 0.1 mm zirconia beads as 
the grinding medium.20) Nonetheless, several pharmaceutical 
products that rely on bead milling technology for production 
are still being marketed to consumers.21–24) The NanoCrystal®  
technology applied in the manufacture of these products is 
widely known as a contamination-less bead milling technolo-
gy; it uses highly cross-linked polystyrene beads as a grinding 
medium.17) A previous report from a different research group 
demonstrated that the amount of insolubles generated dur-
ing the NanoCrystal® grinding process was < 0.005% (w/w).5) 
The patents associated with this technology also suggest it that 
can maintain heavy metal contamination at levels < 10 μg/g.25) 
Therefore, NanoCrystal® technology is currently the bead mill-
ing technology of choice in the global pharmaceutical industry. 
While several other nano-milling technologies that minimize  
metal contamination have been investigated, a suitable alterna-
tive to NanoCrystal® technology has not yet been developed.
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Milling and bead material parameters have been reported 
to be closely tied to metal contamination in bead milling. For 
instance, Inkyo et al.26) have reported that zirconium contami-
nation can be reduced from 1400 to 220 ppm by reducing bead 
size from 100 to 15 μm. Li et al.27) evaluated the effect of rota-
tion speed on zirconium contamination and demonstrated that 
contamination can also be reduced by lowering rotation speeds 
from 14.7 to 11.7 m/s. However, these previous reports only 
evaluated the effect of milling parameters on metal contami-
nation within a limited range, and the majority of them have 
focused on evaluating the corresponding effects on the stabil-
ity of the nanocrystal drug suspensions;28) either disregarding 
or paying little attention to the metal contamination aspect. 
Therefore, in this study, the effects of bead milling parame-
ters on milling time and metal contamination were systemat-
ically evaluated, using zirconia beads as a grinding medium. 
We also evaluated various permutations of the parameter con-
figurations to identify the parameter sets that produce minimal 
metal contamination.

MATERIALS AND METHODS

Materials   Phenytoin (D50 = 8 μm, D90 = 14 μm) was pur-
chased from Shizuoka Caffeine Industries (Shizuoka, Japan), 
polyvinylpyrrolidone (PVP) K-25, and sodium dodecyl sulfate 
(SDS) from BASF Japan Ltd. (Tokyo, Japan). Yttria-stabilized 
zirconia beads with diameters of 0.1, 0.2, 0.3, 0.5, 0.8, and  
1.0 mm were purchased from Nikkato Corporation (Osaka, 
Japan). All other chemicals and solvents were of analytical rea-
gent grade, and purified water was used for solution preparation.

Preparation of Suspensions for Bead Milling   A previous-
ly optimized formulation for phenytoin containing PVP K-25 
and SDS was selected to evaluate the effect of milling param-
eters on the milling time and metal contamination.29) Pheny-
toin at 5–50% (w/w) in purified water was stabilized with 
3% (w/w) PVP K-25 and 0.25% (w/w) SDS. The dispersion 
medium was prepared using a stirrer, at 250 rpm for 20 min  
(SM-103, AS ONE Corporation, Osaka, Japan), to dissolve 
PVP K-25 and SDS in purified water. Phenytoin was dispersed 
in a dispersion medium with the stirrer, at 500 rpm for 30 min, 
to form a suspension. A total of 500 g of phenytoin suspension 
was prepared.

Procedure for Bead Milling with Apex-Mill Type-015   
Wet milling was performed using an Apex-mill type-015 appa-
ratus (Hiroshima Metal & Machinery Co., Ltd., Hiroshima, 
Japan). Yttria-stabilized zirconia beads were used as the grind-
ing medium. Bead milling was carried out at a rotation speed 
of 0.5–12 m/s, bead diameter of 0.1–1.0 mm, and bead filling 
rate of 25–90% (v/v). The process was performed in the re-cir-
culation mode using a Masterflex 7554-80 (Yamato Scientific  
Co., Ltd., Tokyo, Japan). Flow rate was set to 10 L/h. Dur-
ing the bead milling process, the suspension in the tank was 
stirred using a stirrer (SM-103, AS ONE Corporation, Tokyo, 
Japan) for uniformity. The grinding chamber was connected to 
an external cooling device RKE7500A-V (ORION machinery 
Co., Ltd., Nagano, Japan) to dissipate the heat generated dur-
ing milling. Samples were taken from the outlet of the grind-
ing chamber at pre-determined time intervals, for particle size 
measurement and the determination of metal contamination.

Determination of Particle Size Distribution in the Nano-
sized Particle Suspension   Particle size distribution was 
measured by the laser diffraction method (LA-950, HORIBA,  

Ltd., Kyoto, Japan). Measurements were performed at room 
temperature using purified water as the diluent. The volumet-
ric median particle size was calculated using a refractive index 
value of 1.61 for phenytoin and 1.33 for the measurement 
medium (water).

Determination of Metal Contamination in the Nanosized 
Particle Suspension   The metal contamination in the nano-
sized particle suspension was determined by inductively cou-
pled plasma-mass spectrometry (ICP-MS, iCAPQ, Thermo  
Fisher Scientific, MA, Waltham, USA). The samples were 
placed in a metal-free chamber and an internal standard sub-
stance (Co) and an NMP/HCl/HNO3 mixture (90:5:5) were 
added. The samples were completely dissolved via ultrasonic 
irradiation. Elemental analysis was performed with four differ-
ent calibration solutions and an internal standard. The range of 
the calibration was 0.5–2.0 μg/mL. In this study, the units of 
the metal contamination are described as μg/mL per volume of 
suspension and μg/g per weight of the drug in the suspension.

RESULTS AND DISCUSSION

Effects of Bead Diameter and Rotation Speed on Milling  
Time   Because particle size reduction by bead milling is 
essentially determined by the collision energy30,31) and collision 
frequency of beads,32) bead milling parameters such as bead 
diameter, rotation speed, and bead filling rate28) are critical for 
optimizing bead milling conditions. Rotation speed and bead 
diameter have been recognized as two of the major parame-
ters that determine the extent of metal contamination dur-
ing the grinding process.33) Considering the influence of these  
factors on the grinding process, the bead diameter, rotation 
speed, and bead filling rate, had to be carefully determined 
because they substantially affect milling time and the extent of 
metal contamination.

The particle size distribution of drug nanocrystals was sug-
gested to be 0.2–0.6 μm with an average particle size.34) There-
fore, in our study, the target particle size of phenytoin in 
D50 after milling was < 0.2 μm. Considering D50 and D90 
after treatment of wet milling were in the range of 0.1854–0. 
1998 μm, and 0.2486–0.2732 μm, respectively, the particle size 
distributions with < 0.2 μm (D50) were expected to be equiva-
lent among used treatments. The milling time required to reach 
the target particle size was < 120 min, given the practical con-
siderations for wet milling at production scales. The influence 
of bead diameter on the time (milling) taken to grind phenyto-
in to 0.2 μm was evaluated for each rotation speed; the results 
are shown in Fig. 1. At a bead diameter of 0.5 mm, the mill-
ing time shortened as the rotation speed increased. The same 
tendency was observed for bead diameters of 0.2 and 0.3 mm, 
suggesting that higher rotation speeds reduce the milling time 
required to obtain the target size of the drug particle. Addition-
ally, when the rotation speed was set to 4–8 m/s, the milling 
time required shortened as the bead diameter decreased. When 
the rotation speed was set to 2 m/s, the milling time required 
shortened as the bead diameter decreased over the range 
of 0.2–1.0 mm. However, the milling time increased for the  
0.1-mm bead diameter, compared to that required for the  
0.2-mm diameter. These results indicated that for the various 
bead diameters tested, smaller bead diameters required short-
er milling times, except for the combination of 0.1-mm bead 
diameter and 2 m/s rotation speed. This last result was attribut-
ed to a reduction in per bead collision energy, due to the small-
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er bead mass and lower rotation speed.
It is worth noting that phenytoin particles could be ground 

to < 0.2 μm in D50 even at an ultra-low rotation speed of  
< 4 m/s (Fig. 1). Recently, horizontal bead mills have been 
commonly used for nano-milling28) and the typical rotation 
speed has been reported to be 5–15 m/s.35) The Apex-mill used 
in the present study is a vertical mill, which allows the zirco-
nia beads to flow downwards uniformly in the grinding cham-
ber, even at ultra-low rotation speeds. This could be one of the 
reasons behind the efficient milling of the phenytoin particles 
observed in this study.

Effects of Bead Diameter and Rotation Speed on Metal  
Contamination   In this study, zirconia-toughened alumina, 
the material of the grinding chamber, and yttria-stabilized zir-
conia beads were considered as possible sources of metal con-
tamination. The amounts of zirconium (Zr), yttrium (Y), and 
aluminum (Al) contaminates were measured after the grind-
ing process, and we evaluated the effects of the bead diameter 
on the metal contamination (per volume of suspension) at each 
rotation speed (Fig. 2). When the bead diameter was 0.5 mm 
and rotation speeds were 2 and 8 m/s, the minimum and max-
imum metal concentrations of metal contamination were 2.21 
and 46.5 μg/mL, respectively. Metal contamination was mini-
mal for all bead diameters, except that of 0.1 mm, with rota-
tion speeds of 2 m/s. This result suggests that lower rotation 
speeds would ensure lower metal contamination. Across all the 
rotation speeds tested, the lowest metal contamination concen-
tration was obtained with a 0.3 mm bead diameter. In summa-
ry, the combination of 0.3 mm bead diameter and 2 m/s rota-
tion speed produced the lowest metal contamination across all 
tested configurations.

Theoretically, the number of beads per volume is inverse-
ly proportional to the cube of the bead diameter, and the col-
lision energy of the beads is proportional to the cube of the 
bead diameter. Therefore, the effective number of 0.1-mm 
beads per volume increased approximately 27 times over that 
of the 0.3-mm beads. The frequency of collisions between the 
beads increased accordingly, producing the observed incre-
ments in metal contamination. In configurations with bead 
diameters of 1.0 mm, the collision energy was approximately 
37 times higher than that of similar configurations with bead 
diameters of 0.3 mm. Thus, the metal contamination increased 
because the zirconia beads experienced higher mechanochem-

ical stresses. Although a suitable mechanism that supports this 
observation has not been elucidated, the minimum metal con-
tamination with 0.3-mm diameter beads indicates that an opti-
mum balance between the energy and frequency of collisions 
can be obtained. Particle simulation analyses, such as the dis-
crete element method (DEM),36,37) are necessary to investigate 
this, and will be the subject of our further studies.

Effects of Bead Filling Rate on Milling Time and Metal  
Contamination   We evaluated the effects of the bead fill-
ing rate on the milling time and metal contamination (per 
volume of suspension), when the bead diameter and rotation 
speed were 0.3 mm and 2 m/s, respectively (Fig. 3). When the 
bead filling rate was set to 25% (v/v), the metal contamina-
tion was minimized, with the concentration of metal contam-
ination being 0.66 μg/mL. Conversely, the required milling 
time was the longest (600 min). However, although the mill-
ing time was the shortest (90 min) with a bead filling rate of 
90% (v/v), the maximum metal contamination (2.08 μg/mL) 
was observed under this combination of parameters. A differ-
ent research group investigating the optimum bead filling rate 
has also reported that there is a trade-off between metal con-
tamination and milling time.38)

In this study, we considered a milling time of > 120 min to 
be impractical. It was < 120 min when the bead filling rate was 
75 and 90% (v/v). However, the concentrations of the metal 

Fig. 1.   Effect of Bead Diameter on Milling Time Required for Grinding 
Drug Particles to 0.2 μm for Each Rotation Speed of the Grinding Process 

Drug concentration and bead filling rate were set to 5% (w/w) and 75% (v/v),  
respectively (n = 1).

Fig. 2.   Effect of Bead Diameter on Metal Contamination for Each Rotation 
Speed of the Grinding Process 

Drug concentration and bead filling rate were set to 5% (w/w) and 75% (v/v),  
respectively (n = 1).

Fig. 3.   Effect of Bead Filling Rate on Metal Contamination and Milling 
Time Required for Grinding to 0.2 μm in the Grinding Process 

Drug concentration, rotation speed, and bead diameter were set to 5% (w/w), 2 m/s, 
and 0.3 mm, respectively (n = 1).
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contaminants corresponding to these filling rates were 1.24 
and 2.08 μg/mL, respectively, with the former being 40.9% 
lower than the latter. Therefore, the 75% (v/v) bead filling rate 
was the more optimal configuration for this parameter.

Based on the obtained results shown in Figs. 1, 2 and 3, the 
following optimized bead milling parameters were determined, 
for minimal metal contamination: bead diameter, 0.3 mm; 
rotation speed, 2 m/s; bead filling rate, 75% (v/v)—these opti-
mized parameters were used hereafter. First, the reproducibili-
ty of the results for these optimized parameters was evaluated 
in triplicate, and the results were found to be highly reproduc-
ible, with the average concentration of the metal contaminants 
being 1.27 ± 0.08 μg/mL (Zr: 0.73 ± 0.09 μg/mL, Y: 0.35 ± 
0.03 μg/mL, Al: 0.19 ± 0.05 μg/mL). Furthermore, our unpub-
lished data revealed that these optimized bead milling param-
eters allow the grinding of other poorly water-soluble drugs 
with different physicochemical properties (itraconazole, fenof-
ibrate, sulfamethoxazole, and mefenamic acid) to < 0.2 μm  
(manuscript in preparation). The reduced metal contamina-
tion results of our optimized zirconia bead milling parame-
ters demonstrate comparable performance to alternative bead 
milling technologies. For instance, a patent specification for a 
bead milling technology using polycarbonate beads reported a 
zirconium contamination concentration of 0.7 μg/mL for mate-
rials ground to 225 nm39)—only about 0.03 μg/mL lower than 
our average result.

Effects of Drug Concentration on Productivity and Metal  
Contamination During the Grinding Process   The effect of 
phenytoin concentration on the productivity of the ground phe-
nytoin under the optimized bead milling conditions was eval-
uated. In this experiment, the milling time was set to 90 min 
because a drug concentration of < 50% (w/w) did not affect 
the time required to grind phenytoin to < 0.2 μm (D50). Con-
sidering D50 and D90 after treatment of wet milling, the par-
ticle size distributions with < 0.2 μm (D50) would be equiv-
alent among drug concentration applied (Table 1). To gauge 
the effect of the drug concentration on the productivity of the 
entire manufacturing process, for nanosized particle suspen-
sions, the production rate was defined and calculated as the 
amount of phenytoin ground to < 0.2 μm per hour (Table 1).  
When the drug concentration was low, that is 5% (w/w), the 
production rate was 17 g/h. However, when the drug con-
centrations were increased to 30 and 40% (w/w), the produc-
tion rate drastically improved to 100 and 133 g/h, respective-

ly. These production rates were equivalent to those previously 
reported by another research group, who milled a 20% naprox-
en suspension at the production scale.40)

The effect of phenytoin concentration on metal contami-
nation was also evaluated, with the total metal contamination 
during the grinding process was normalized by the suspen-
sion volume and weight of phenytoin; the results obtained are 
listed in Table 1. When the drug concentration was set to 5% 
(w/w), the total concentration of the metal contaminants was  
1.24 μg/mL, and the metal contamination per weight of phe-
nytoin was calculated as 24.3 μg/g. Increasing the drug con-
centration to 30 and 40% (w/w) only slightly increased the 
contamination per suspension volume over the 5% (w/w) treat-
ment. However, the total concentration of the metal contami-
nants per weight of phenytoin was determined to be 4.02 and 
3.14 μg/g. The bead wear was reported to be lower for materi-
als with lower hardness than the grinding medium.41) The par-
ticle hardness of pharmaceutical materials is considered to be 
approximately 10 times lower than that of zirconia beads.42,43) 
Therefore, it has been suggested that metal contamination will 
not increase even if the concentration of phenytoin increas-
es, and thus, that the metal contamination per weight of drug 
would be drastically reduced with the suspensions of high-
er concentrations of drugs. The observed values (4.02 and  
3.14 μg/g) were comparable to those observed for NanoCrystal®  
technology, a world-leading bead milling technology.25) Howev-
er, unlike NanoCrystal® technology, for which polymeric con-
tamination level are < 1000 μg/g,25) there is no risk of non-metal-
lic contamination from the erosion of resin beads in our system.

Conclusion   Based on the results obtained in this study, the 
optimization of bead milling parameters (bead diameter, rota-
tion speed, and bead filling rate) can minimize metal contam-
ination. Our optimized bead milling configuration using zir-
conia beads minimizes metal contamination and demonstrates 
performance comparable to the NanoCrystal® technology. Fur-
ther studies are still required to elucidate the detailed mech-
anisms driving the influence of milling parameters on bead 
milling processes. Nevertheless, the results reported herein 
provide valuable information for the development of a con-
tamination-less bead milling technology with zirconia beads.

Conflict of interest   The authors declare no conflict of 
interest.

Table 1.   Effect of Drug Concentration on Production Rate and Metal Contamination During the Grinding Process (n = 1)

Drug concentration
[% (w/w)]

Production rate
 (g/h)

Particle size distribution Contamination
D50
(μm)

D90
(μm)

Zr
(μg/mL)

Y
(μg/mL)

Al
(μg/mL)

Total
(μg/mL) (μg/g drug)

5 17 0.1998 0.2732 0.65 0.35 0.24 1.24 24.31
30 100 0.1941 0.2576 0.77 0.32 0.20 1.29 4.02
40 133 0.1907 0.2534 0.84 0.33 0.21 1.38 3.14
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