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Abstract. As a drug-sparing approach in early development, vibratory milling has been used for the
preparation of nanosuspensions of poorly water-soluble drugs. The aim of this study was to intensify this
process through a systematic increase in vibration intensity and bead loading with the optimal bead size
for faster production. Griseofulvin, a poorly water-soluble drug, was wet-milled using yttrium-stabilized
zirconia beads with sizes ranging from 50 to 1500 μm at low power density (0.87 W/g). Then, this process
was intensified with the optimal bead size by sequentially increasing vibration intensity and bead loading.
Additional experiments with several bead sizes were performed at high power density (16 W/g), and the
results were compared to those from wet stirred media milling. Laser diffraction, scanning electron
microscopy, X-ray diffraction, differential scanning calorimetry, and dissolution tests were used for
characterization. Results for the low power density indicated 800 μm as the optimal bead size which led
to a median size of 545 nm with more than 10% of the drug particles greater than 1.8 μm albeit the fastest
breakage. An increase in either vibration intensity or bead loading resulted in faster breakage. The most
intensified process led to 90% of the particles being smaller than 300 nm. At the high power intensity,
400 μm beads were optimal, which enhanced griseofulvin dissolution significantly and signified the
importance of bead size in view of the power density. Only the optimally intensified vibratory milling
led to a comparable nanosuspension to that prepared by the stirred media milling.

KEY WORDS: bioavailability enhancement; drug nanoparticles; LabRAM; process intensification;
vibratory milling.

INTRODUCTION

The number of poorly water-soluble drug candidates
coming out of drug discovery has increased significantly
(1,2). The bioavailability of poorly water-soluble drugs is lim-
ited by their solubility and dissolution rate (3), which poses
great challenge to pharmaceutical formulators in their devel-
opment. One way for increasing the bioavailability of such
drugs is to increase the surface area via formation of nanopar-
ticles. Size reduction of drug crystals increases the specific
surface area, which can improve the dissolution rate of drugs
(4,5), according to the Noyes–Whitney equation (6). The drug
nanoparticles in suspension form are mostly incorporated into
standard solid dosage forms such as capsules, tablets, sachets
(7–10), and recently into strip films (11) upon drying. Further-
more, drug nanoparticles are also amenable to systemic deliv-
ery via parenteral or inhalation administration (12,13).

Drug nanoparticles can be produced by Bbottom-up^ or
Btop-down^ methods, or their combinations (13,14). The
bottom-up approach refers to methods that create small drug
particles from drug molecules dissolved in a solvent through
nucleation mechanism (15), such as liquid anti-solvent precip-
itation (16), precipitation using supercritical fluid (17), and
evaporative precipitation (18). However, complexity of the
process control and potential risk of residual organic solvents
as well as low drug loading and physical stability issues have
discouraged the development of commercial products (19). In
the top-down approach, two size reduction methods have
been commonly used: wet stirred media milling (20) and
high-pressure homogenization (21). Both of these methods
require high energy consumption and long cycle time
especially at the manufacturing scale. Another disadvantage
of wet media milling is the risk of contamination due to media
wear (22) and phase transition of drug induced by high me-
chanical stresses (23). Despite these disadvantages, wet stirred
media milling has been preferred over other top-down
methods in the pharmaceutical industry as it is continuous,
scalable, solvent-free, and environmentally benign (24–27).
Moreover, nanosuspensions prepared via wet media milling
have the distinct advantages of high drug loading, low excip-
ient side effects, and can be generally formulated for most
drug candidates (28). Several drug nanoparticle-based prod-
ucts, making use of wet stirred media milling, have been
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approved by the US Food and Drug Administration as oral
products (15,29).

In drug discovery and early development phase, the avail-
ability of drug substance is limited, thus entailing the use of
drug-sparing methods for identification of a suitable
nanosuspension formulation and/or evaluation of multiple
drug candidates. Leung et al. (30) reported the resonant
acoustic mixing of drug suspensions with milling media
(beads), which allowed for streamlined identification of an
optimal drug nanosuspension formulation. The acoustic
mixing has been previously used for liquid mixing (31,32),
powder mixing (33,34), and dry coating of drugs and excipi-
ents (35–38). In this process, low-frequency, high-intensity
vibratory energy is applied to the entire mixing vessel to
homogeneously mix the components while the vessel oscillates
at the resonance frequency (39–41). Leung et al. (30) has
successfully adapted the resonant-vibratory mixing to the pro-
duction of drug nanosuspensions with the use of beads in the
mixing vessel, and this process will be referred to as the
vibratory milling throughout this paper. Interestingly, the im-
pact of process parameters on the breakage kinetics and
milled particle size distribution (PSD) has not been investigat-
ed at all. Moreover, Leung et al. (30) reports wet-milling of
drugs under a very narrow set of vibratory milling conditions.
Process parameters such as bead size, vibration intensity, and
bead loading can significantly affect the breakage rate and
milling time required for a desired fineness. In addition, de-
sign and optimization of any wet media milling process entails
a good understanding of the breakage kinetics and its control-
ling process parameters (24). While process parameters of the
wet stirred media milling, the most commonly used process for
preparing drug nanosuspensions, have been widely studied
(24,42,43) and the process has been intensified via a novel
model-guided approach (44), no such investigation for the
vibratory milling exists.

The aim of this study was to intensify the vibratory mill-
ing process through a systematic investigation of the impact of
vibration intensity, bead loading, and bead size for faster
production of drug nanosuspensions. Griseofulvin (GF) parti-
cles were wet-milled in the presence of two stabilizers, hy-
droxypropyl cellulose (HPC) and sodium dodecyl sulfate
(SDS), to prepare stable GF suspensions under various pro-
cessing conditions. Laser diffraction (LD), scanning electron
microscopy (SEM), powder X-ray diffraction (PXRD), differ-
ential scanning calorimetry (DSC), and dissolution tests were
used to characterize the particles and their performance. First,
several milling experiments were performed to determine the
optimal bead size at low power density Pw. Then, the process
was intensified with the optimal bead size and operated at a
much higher Pw by increasing vibration intensity and bead
loading step-wise with the objective of increasing the breakage
rate. After examining the temporal evolution of the particle
size upon intensification, additional experiments were per-
formed with various bead sizes to explore if and how the
optimal bead size depends on the power density. Finally, a
comparative assessment of the performance of vibratory mill-
ing vs. wet stirred media milling has been carried out in view
of the power density, resultant breakage kinetics, and final
drug particle size attained. This study provides a systematic
process intensification approach as well as guidance for bead
size selection and suggests process/design improvement strat-
egies for fast preparation of drug nanosuspensions via vibra-
tory milling.

MATERIALS AND METHODS

Materials

Griseofulvin (GF, BP/EP grade) was purchased from
Le t c o Med i c a l (De c a t u r , AL , USA) . GF i s a
Biopharmaceutics Classification System (BCS) Class II drug
with an aqueous solubility of 7.7 μg/ml (20). It was selected
here as a model BCS Class II drug because it was used in
various wet stirred media milling studies (8,9,45), which helps
to select the stabilizer formulation rationally and allows for
comparative assessment. Hydroxypropyl cellulose (HPC, SL
grade), which is commonly used as a neutral polymeric stabi-
lizer, was donated by Nisso America Inc. (New York, NY,
USA). Sodium dodecyl sulfate (SDS), which is an anionic
surfactant, was purchased from Sigma-Aldrich (Milwaukee,
WI, USA). Its critical micelle concentration (CMC) in water
is 8.2 mM (0.24% w/w) at ambient temperature. Zirmil Y
grade wear-resistant yttrium-stabilized zirconia beads (YSZ)
with nominal sizes of 50, 200, 400, 800, and 1500 μm were
purchased from Saint Gobain ZirPro (Mountainside, NJ,
USA) and used as the milling media. Throughout the paper,
the beads were labeled with their nominal sizes, while their
actual median sizes are 54, 214, 396, and 802 μm, respectively,
which were measured in dry dispersion mode via a laser
diffraction (LD) particle size analyzer (Helos/Rodos,
Sympatec, NJ, USA). Due to the limitation of Helos/Rodos,
actual size of 1500 μm beads was measured using wet disper-
sion mode via LS 13 320 (Coulter Beckman, Brea, CA, USA)
with Fraunhofer method. Its actual median size was found to
be 1458 μm. Deionized water was used in all milling and
particle sizing experiments.

Preparation of Suspensions via Vibratory Milling

Table I presents the process parameters as well as
amounts of drug suspension and slurry (drug suspension with
beads) used in the milling experiments. In all suspensions, GF,
HPC, and SDS concentrations were kept at 10, 2.5, and 0.05%,
respectively, based on the excellent physical stability of the GF
nanosuspensions prepared with HPC–SDS combination via
wet media milling (45). Here, all percentages in formulations
are w/w with respect to deionized water. A 25-ml glass vial
with cap was chosen as the mixing/milling vessel. First, an
aqueous HPC–SDS solution was prepared using the LabRAM
resonant-vibratory mixer (Resodyn Acoustic Mixers, Inc.,
Butte, MT, USA) by adding HPC and SDS into deionized
water, followed by mixing at vibration intensity I of 30% for
20 min. After defoaming at room temperature, GF and YTZ
beads were added in sequence to the stabilizer solution and
mixed manually by shaking for 2 min so as to prepare GF pre-
suspensions. The total volume of the slurry was maintained at
about 90% of the vial volume by adjusting the amount of
suspension (see Table I for the suspension amount) due to
the different bead size and bead loading ɸ, which refers to the
percentage of the vial volume occupied by the beads. Small
amount (1.2–1.8 g) of GF was used in each milling experiment.

Drug pre-suspensions prepared were then milled in the
LabRAM vibratory mixer for 96 min at the conditions pre-
sented in Table I. Frequency was set at 61 Hz, and accelera-
tion a of the oscillatory motion of the vessel, which was
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recorded from the control panel of the equipment, increased
proportionally to the set values of I. Essentially, I modulates a
and vibration energy at fixed frequency. The power consump-
tion P and power density Pw, i.e., power consumption per unit
mass of drug, were calculated using the Excel-based code
provided by Resodyn Acoustic Mixers, Inc., which takes into
account the measured values of vessel mass, slurry mass, I, and
a. In the first part of this study, the impact of bead size Db at
low Pw (∼0.87 W/g) was studied through Runs 1–5, keeping I
and ɸ constant, which were taken from the study by Leung
et al. (30). Then, following the recently proposed novel pro-
cess intensification approach for wet stirred media milling
(44), I and ɸ were sequentially increased (Runs 6–10 with
the exception of Run 9) using the optimal bead size identified
from Runs 1–5. The intensification aims to enhance breakage
kinetics and increase product fineness for a given milling time.
Additional milling experiments (Runs 11–13) were performed
with several bead sizes at the high Pw (∼16 W/g) to explore
the dependence of optimal bead size on Pw. In exploratory
experiments without external cooling, significant temperature
rise occurred due to viscous heat dissipation during the mill-
ing; e.g., in Run 5, the slurry temperature rose to 58°C within
32 min of milling. In view of this, to maintain the slurry
temperature below 35°C throughout 96 min milling, an inter-
mittent cooling strategy (similar to Afolabi et al. (24)) was
followed for all experiments: at 8 min intervals, the glass vial
was dipped into a refrigerated bath (NESLAB RTE 10, Ther-
mo Scientific, Newington, NH, USA). Following each cooling,
the milling was continued until the GF particles were subject-
ed to milling action for a total duration of 96 min in all milling
experiments.

Suspension samples were taken from the supernatant in
the vial after various milling times and used for particle size
analysis. The relatively Bfine^ suspensions with median parti-
cle sizes D50 below 0.5 μm were refrigerated at 8°C for 7 days.
Drug particle size statistics obtained immediately after milling

and after 7-day storage were compared to assess the short-
term physical stability of the suspensions. In general, it was
assumed that the milled suspensions were intended to be dried
shortly after milling (see e.g., refs. (8,9)), justifying the 7-day
stability.

Preparation of Suspensions via Wet Stirred Media Milling

Wet-milling was performed in a Microcer stirred me-
dia mill (Netzsch Fine Particle Size Technology, LLC,
Exton, PA, USA) to make a performance comparison
with vibratory milling using 400 μm YTZ beads. About
226 g GF pre-suspension with identical formulation/
composition to that used in vibratory milling was prepared
and then milled at the conditions selected based on our
previous work (45), i.e., stirrer speed of 11.7 m/s, bead
loading of 196 g, and suspension flow rate of 126 ml/min.
The amounts of the drug suspension and slurry inside the
80-ml milling chamber were calculated to be 53.7 and
250 g, respectively. Both the milling chamber and the
holding tank are equipped with a chiller unit (model
number M1-.25A-11HFX, Advantage Engineering, Green-
wood, IN, USA) that kept the suspension temperature in
the holding tank below 35°C. Details of the equipment
and milling procedure can be found elsewhere (24,45).
The suspensions at several milling time points were col-
lected from the outlet of milling chamber for particle size
analysis. The total energy consumption E was directly
recorded from the mill control panel. Using this informa-
tion, the average power density per unit mass of drug Pw

was calculated as follows:

Pw ¼ E
.

tTmDrug
� � ð1Þ

where tT is the total milling time and mDrug is the drug mass
inside the milling chamber.

Table I. Process Parameters, Suspension Mass, and Slurry Mass Varied in the Vibratory Milling Experiments

Run Nominal bead size, Db Intensity, I Acceleration, a Bead loadingb, ɸ Suspension massc Slurry massc

No.a (μm) (%) (m/s2) (%) (g) (g)
1 50 40 50g 50 17.2 60.5
2 200 40 50g 50 16.6 63.2
3 400 40 50g 50 16.8 63.7
4 800 40 50g 50 16.6 62.5
5 1500 40 50g 50 16.5 63.1
6 800 60 75g 50 16.6 62.5
7 800 75 90g 50 16.6 62.5
8 800 90 100g 50 16.6 62.5
9 800 90 100g 30 20.1 47.9
10 800 90 100g 70 13.1 78.5
11 50 90 100g 70 13.9 74.6
12 200 90 100g 70 13.1 78.9
13 400 90 100g 70 12.9 78.3

a Fixed parameters: GF loading of 10%, HPC/SDS concentration of 2.5%/0.05% (weight percent with respect to deionized water), milling time
of 96 min
b Percent bulk volume of the beads with respect to the vial volume
cAdjusted for some milling experiments due to changes in bead size–loading to ensure that the slurry occupies 90% of the vial volume in all
experiments
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Characterization

Particle size distributions (PSDs) of the milled suspen-
sions and 7-day stored suspensions were measured using laser
diffraction (LS 13 320, Coulter Beckman, Brea, CA, USA). A
polarized intensity differential scattering (PIDS) obscuration
water optical model was employed. The PIDS was maintained
between 40 and 50% while the obscuration was maintained
below 8%. PSD was computed by the equipment’s software
using the Mie scattering theory. Refractive index values are
1.65 and 1.33, respectively, for GF and the measurement
medium (deionized water). Prior to the size measurement,
∼0.2 ml samples of the suspensions were diluted with 0.4 ml
solution of HPC–SDS. SEM imaging was used to examine the
morphology of the GF particles before and after milling.
About 1 ml aliquot of the finest drug suspension prepared
via the vibratory milling, i.e., Run 13 suspension, was diluted
into 30 ml deionized water, vortex-mixed for 30 s, mounted on
a silicon chip (Ted Pella, Inc., Redding, CA, USA), placed on
top of carbon specimen holders, and dried in a desiccator. The
samples were then sputter coated with carbon and examined
under a LEO 1530 SVMP (Carl Zeiss, Inc., Peabody, MA,
USA).

The crystallinity of the as-received drug, unmilled physi-
cal mixture of GF–HPC–SDS, and overnight dried Run 13
suspension was analyzed using PXRD (PANalytical,
Westborough, MA, USA), provided with Cu Kα radiation
(λ=1.5406 Å). The samples were scanned for 2θ ranging from
5 to 40° at a scan rate of 0.165 s−1. The same samples were also
subjected to differential scanning calorimetry (DSC) and USP
II dissolution tests; except that Run 13 suspension was tested
without overnight drying for the dissolution test. A Mettler-
Toledo polymer analyzer (Model: PolyDSC, Columbus, OH,
USA) was used for DSC. The samples were heated at a rate of
10°C/min with a temperature range of 25–250°C under nitro-
gen flow. The peak melting point temperature Tm and fusion
enthalpy ΔHm were determined using the equipment’s soft-
ware. The dissolution test was conducted via a Distek 2100C
dissolution tester (North Brunswick, NJ, USA) according to
the USP II paddle method. The dissolution medium was
1000 ml deionized water that was maintained at 37°C, and a
paddle speed of 50 rpm was used. The samples were weighed
equivalent to a GF dose of 8.9 mg. They were poured into the
dissolution medium, and 4 ml samples were taken out manu-
ally at 1, 2, 5, 10, 20, 30, and 60 min. These aliquots were
filtered through a 0.1 μm PVDF membrane-type syringe filter,
and the amount of GF dissolved was determined by UV
spectroscopy (Agilent, Santa Clara, CA, USA) at a wave-
length of 296 nm using a previously established calibration
curve. The average of three replicates from each sample was
reported along with a standard deviation.

RESULTS AND DISCUSSION

Impact of Bead Size at Low Power Density

Proper selection of bead size Db can have significant
impact on the breakage kinetics and final milled particle size
during vibratory milling. GF particles were wet-milled in the
vibratory mixer (LabRAM) using beads with different nomi-
nal sizes: 50, 200, 400, 800, and 1500 μm at the low power

density Pw of 0.87±0.02 W/g (refer to Table I, Runs 1–5).
Figure 1 presents the temporal evolution of the characteristic
particle sizes D50 and D90 during the milling with different
bead sizes. Since it is well-established that the combined use of
HPC–SDS imparts excellent stability to nanosuspensions of
GF (24,45) and multiple BCS Class II drugs (46), a shallower
slope of theD50 vs. time curves or greaterD50 at select milling
times indicates slower particle breakage and lower breakage
rate. As seen from Fig. 1, the GF particle size decreased
monotonically during the whole milling except for 50 μm
beads whose use led to negligible extent of breakage. After
the fast initial breakage within the first 8 min which can be
attributed to the fast breakage of relatively weak large crys-
tals, the overall breakage rate tended to decrease with
prolonged milling. Table II presents the particle sizes and their
standard deviation (SD) for 96 min milled suspensions. At the
low power density Pw, sub-micron GF particles in terms ofD50

were only produced when 800 μm beads were used, whereas
small beads (50 and 200 μm) were ineffective for breaking the
GF particles. Except 1500 μm beads, larger beads led to the
formation of finer drug particles and faster breakage. The data
presented in Fig. 1 and Table II overall suggest that similar to
the wet stirred media milling process (47,48), an optimal bead
size exists for the vibratory milling process and that 800 μm
beads were optimal at the low power density.

The origin of the optimal bead size warrants some serious
consideration. It is known that smaller beads have a higher
number concentration than larger beads for a given mass
load ing of the beads . L i e t a l . (44) proposed a
microhydrodynamic explanation for the two major
counteracting effects of colliding milling beads in a well-
mixed vessel such as a stirred media mill: on one hand, the
fluctuating motion of the smaller beads was less vigorous,
which led to lower maximum bead contact pressure upon
bead–bead collisions in the mill. On the other hand, the fre-
quency of bead–bead collisions and drug particle compression
events increased dramatically with a decrease in bead size due
to the higher number concentration associated with smaller
beads. Considering that the vibratory mixing of the beads also
led to significant bead–bead collisions and capture/
compression of the drug particles leading to breakage, the
aforementioned counteracting effects are also valid, at least
qualitatively, for the vibratory milling, which is the origin of
the optimal bead size. This size is expected to depend upon
which one of the two counteracting effects above is more
pronounced and how they relate to the mechanical properties
of the specific drug. In view of these counteracting effects,
results from Fig. 1 can be interpreted as follows: small beads
(50 and 200 μm) did not lead to energetic collisions and
sufficiently high mechanical stresses (stress intensity), whereas
1500 μm beads did not lead to sufficient number of bead–bead
collisions (stressing number); apparently, 800 μm beads led to
optimal stress intensity–number, leading to the fastest kinetics
at the low power density regime. It should be mentioned that
in the low power density experiments (Runs 1–5), the bulk
volume of the beads was kept at 50% with respect to vial
volume, which corresponded to a small variation of the bead
mass loading, i.e., 45.9±1.5 g. Therefore, the slight variation of
the bulk volume of the various bead sizes used is expected to
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play a negligible role as compared with the 30-fold change in
bead size in the respective experiments.

Impact of Process Intensification

Despite being optimal at the low power density, 800 μm
beads resulted in a relatively coarse nanosuspension with a

median size of 545 nm and more than 10% of the particles
greater than 1.8 μm, which necessitates enhancement of the
breakage kinetics. The baseline process conditions used in this
study leading to the relatively low power density were taken
from Leung et al. (30). To enhance breakage kinetics and thus
produce drug nanoparticles faster, the impact of vibration
intensity I and (volumetric) bead loading ɸ were investigated
following a process intensification strategy similar to that

Table II. Particle Sizes and Their Standard Deviation SD after Milling, Power Consumption P, and Power Density Pw for Runs 1–14

Run D50±SD D90±SD P Pw

No. (μm) (μm) (W) (W/g)
1 13.38±0.714 26.86±3.755 1.3 0.85
2 2.745±0.054 11.56±3.370 1.3 0.88
3 1.168±0.108 3.185±0.640 1.3 0.87
4 0.545±0.066 1.751±0.320 1.3 0.88
5 1.026±0.124 2.497±0.400 1.3 0.89
6 0.446±0.013 1.516±0.072 2.9 2.0
7 0.395±0.005 1.317±0.054 7.6 5.2
8 0.365±0.006 1.213±0.238 18 12
9 0.450±0.005 1.503±0.066 18 10
10 0.312±0.031 0.560±0.047 18 16
11 1.438±0.030 5.524±0.159 18 15
12 0.301±0.001 1.257±0.080 18 15
13 0.185±0.010 0.296±0.033 18 16
14a 0.158±0.001 0.240±0.001 25 5.2

a Prepared via wet stirred media milling

Fig. 1. Effect of bead sizeDb on the temporal evolution of GF particle
sizes at low power density Pw (Runs 1–5): vibration intensity I=40%

and bead loading ɸ=50%
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developed for wet stirred media milling (44). The wet media
milling process was intensified through sequential increase in I
and ɸ, which resulted in a higher power density Pw (see
Table II).

Figure 2a shows the effects of I on temporal evolution of
GF particles during 96 min milling in Runs 4 and 6–8. An
increase in I led to faster particle breakage and consequently
smaller final particles. However, it should be noticed that 90%
cumulative passing size (D90) of final drug particle size was
still above 1 μm even at the highest I. Further intensification
was achieved by exploring the impact of ɸ in Runs 9 and 10 at
the highest vibration intensity used, i.e., 90% (Fig. 2b), and it
was found that an increase in ɸ also enhanced the breakage
kinetics, further contributing to process intensification.
Among Runs 1–10, only Run 10 with the highest I and ɸ
(most intensified process) led to D90 below 1 μm, i.e.,
0.560 μm, within 96 min of milling. The D50 and D90 values
for the repeat of this most intensified process were 0.314 and
0.557 μm, respectively. The deviations of the repeat particle
size values were less than 1%, signifying the reproducibility of
the vibratory milling, which accords well with the findings of
Leung et al. (30). Short-term physical stability was studied
only for the milled suspensions whose D50 were below
0.5 μm, i.e., Runs 6–10, 12, and 13 suspensions, by storing
respective suspension samples for 7 days at 8°C. Figure 3
shows that the particle size did not change significantly after
7-day storage.

Let us attempt to explain the significant impact of I and
ɸ. It should be noted that during the process intensification
via an increase in I with 800 μm beads, Pw increased

significantly (Table II), which is expected to increase the stress
intensity–number of colliding beads in general. Some useful
insight may be gained by extending the comprehensive
microhydrodynamic analysis of the impact of rotor speed
and bead loading in wet stirred media milling (24) to the
vibratory milling with the beads. It is likely that at higher I
(analogy to higher rotor speed in a wet stirred media mill),
average bead oscillation velocity and maximum bead contact
pressure were higher, which led to the enhanced breakage
kinetics and finer particles. Interestingly, Afolabi et al. (24)
reported counteracting effects for the impact of ɸ for a media
mill: at higher ɸ, the stress intensity decreased while the
number of stressing events dramatically increased (24), noting
the former effect is unfavorable for faster breakage, whereas
the latter effect is favorable. A secondary, yet another positive
effect of higher ɸ is that upon an increase in ɸ, the mass of
suspension and drug both decreased and Pw increased conse-
quently (Tables I and II), which could explain the reduced
milling time required for a desired fineness (24).

Dependence of Optimal Bead Size on Power Density

In this section, the effects of bead sizeDb on the temporal
evolution of GF particles during 96 min milling were investi-
gated at the high Pw (∼16 W/g) in Runs 10–13 and illustrated
in Fig. 4 with final milled sized reported in Table II. We again
find that an optimal bead size exists, i.e., 400 μm (Run 13),
which was smaller than the optimal bead size at the low Pw

(0.87 W/g), i.e., 800 μm (Run 4), suggesting a dependence on
Pw. Repeat of the milling with the optimal bead size (Runs 13)

Fig. 2. Effects of a vibration intensity I (Runs 4, 6–8) and b bead loading ɸ (Runs 8–10) on the temporal evolution of GF particle sizes with the
use of 800 μm YSZ beads

394 Li et al.



Fig. 3. Drug particle sizes after milling and after 7-day storage for
Runs 6–10, 12, and 13

Fig. 4. Effect of bead sizeDb on the temporal evolution of GF particle
sizes at high power density Pw (Runs 10–13): vibration intensity

I=90% and bead loading ɸ=70%
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had D50 and D90 of 0.183 and 0.289 μm, respectively, with less
than ∼2% deviation from the original milling experiment,

suggesting the reproducibility again. A comparison of Figs. 1
and 4 for the same bead size reveals that the breakage rate

Fig. 5. SEM images of GF particles: a before milling (marker size 10 μm, ×2 k magnification) and b after milling in Run 13 (marker size: 100 nm,
×40 k magnification). Run 13 refers to milling with 400 μmYSZ beads in the vibratory mill operating at high power density Pw (I=90%, ɸ=70%)

Fig. 6. a PXRD diffractograms, b DSC thermograms, and c GF dissolution profiles for as-received GF, unmilled physical
mixture, and dried milled suspensions prepared with 400 μm YSZ beads. Run 13 refers to 96 min milling in the vibratory mill

operating at high power density Pw (I=90%, ɸ=70%)
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was much faster at the higher Pw (more intensified). A signif-
icant change to D50 and D90 for Runs 10–13 suspensions over
7-day storage was not observed (see Fig. 3).

In general, a higher Pw (15.5±0.6 W/g) was applied to the
system in Runs 10–13 (Table II) than that in Runs 1–5 (0.87
±0.02 W/g), which led to faster breakage for a given bead size.
This could be explained as follows: it is likely that a higher Pw

could increase average bead oscillation velocity, maximum
bead contact pressure, and number of stressing events, which
all favor drug particle capture and breakage. The shift of
optimal bead size from 800 to 400 μm at higher Pw seems to
be elusive at first. In the section Impact of Bead Size at Low
Power Density, the impact of Db at low Pw was discussed at
length and two counteracting effects of Db were pointed out:
smaller beads have higher number concentration leading to a
higher bead oscillation velocity and number of drug particle
compression events, but lower maximum contact pressure
(lower stress intensity or less forceful collisions). Depending
on which of these two counteracting effects is more pro-
nounced, the optimal Db can shift (44). A higher Pw could
have increased the contact pressure and oscillation velocity of
400 μm beads to such a level that, coupled with their higher
number concentration as compared with 800 μm beads, ren-
dered them optimal.

Further Characterization of the GF Particles

The vibratory milling of the as-received GF particles
(Fig. 5a) led to formation of more rounded particles
(Fig. 5b). The primary GF particles in Fig. 5b appear to be
in the approximate size range of 0.10–0.40 μm, which confirms
the production of nanoparticles after 96 min vibratory milling
in Run 13. Particle sizes observed from SEM qualitatively and
measured from LD quantitatively were close, which suggests
that severe aggregation of GF particles did not take place and
the use of HPC–SDS can stabilize GF nanoparticles, which
confirms the proper selection of the stabilizer system per
Afolabi et al. (24).

Another potential concern with wet media milling is that
the intensified vibratory milling process may lead to significant
changes in the crystalline state of drugs. Figure 6a presents the

PXRD diffractograms of the as-received GF, unmilled physi-
cal mixture of GF with HPC–SDS, and 96 min milled GF
suspension (Run 13) after overnight drying. Only Run 13
suspension was tested in PXRD–DSC among all vibratory
milled suspensions because Run 13 is the most aggressive
run causing the greatest damage to the particles with the
fastest breakage (refer to Fig. 4). As compared to the
diffractograms of both the as-received GF and the physical
mixture, the peak positions remained the same with slightly
lower peak intensity for Run 13, which could be attributed to
defect formation and accumulation during milling (27). DSC
thermograms (Fig. 6b) of the same samples exhibited a nota-
ble endothermic event associated with the melting of the
crystalline GF. Most importantly, the thermogram of the
Run 13 sample was very similar to that of the physical mixture
both having Tm of 216°C, but the ΔHm of the former was
slightly smaller (66.4 J/g vs. 75.6 J/g), most probably due to
the aforementioned defect formation–accumulation during
the milling and the presence of nanocrystals. Comparative
analysis of these thermograms to that of the as-received GF
with Tm=220°C and ΔHm=91.2 J/g suggests that the reduced
ΔHm and Tm upon milling could be mostly attributed to the
dilution and encapsulation of the drug particles by the amor-
phous polymer (HPC). This finding accords very well with
previous work (27) on the wet stirred media milling of GF,
which showed identical DSC thermograms for the milled GF
without stabilizers and the as-received GF. Overall, both the
PXRD and DSC results here suggest that although vibratory
media milling might have caused some defect formation in GF
crystals, the crystalline nature of GF was largely preserved.
This finding is not surprising because comprehensive charac-
terization of the milled GF particles via DSC, XRD, and
Raman spectroscopy demonstrated that even apparently more
aggressive wet stirred media milling process did not cause
notable change to the crystallinity (27,44). Moreover, similar
observations were made for the crystallinity of other wet
media milled, poorly water-soluble drugs such as fenofibrate
(49–51) and indomethacin (44).

Figure 6c illustrates the remarkably fast dissolution, i.e.,
complete dissolution within 2 min, in water for the vibratory
milled GF (Run 13) in comparison to the slow dissolution of
the as-received GF and GF in the physical mixture. Although
the physical mixture shows faster GF dissolution than the as-
received GF due to enhanced wettability imparted by the
stabilizers (HPC–SDS), only ∼30% of GF dissolved after
60 min. The remarkable enhancement for Run 13 originated
from the 64-fold increase in the external specific surface area
Aext of the GF particles from 0.36 m2/g (as-received GF) to
23.2 m2/g (Run 13), in accordance with the celebrated Noyes–
Whitney equation (6). Here, we assumed sphericity of the
drug particles, which is only valid for an approximate analysis,
and calculated Aext using Aext=6/(ρpD32), where ρp is the true
density of GF (1.45 g/cm3) and D32 is the Sauter mean diam-
eter that was obtained from the respective laser diffraction
measurement.

A Comparison to Wet Stirred Media Milling

GF particles having the same formulation (10%GF, 2.5%
HPC, and 0.05% SDS) were wet-milled for 96 min in the
LabRAM vibratory mixer (Run 13) and a Netzsch wet stirred

Fig. 7. Temporal evolution of GF particle sizes with 400 μm YSZ
beads in Run 13 (I=90%, ɸ=70%) using the vibratory mill and Run
14 (stirrer speed=11.7 m/s, bead mass=196 g, flow rate=126 ml/min)
using the wet stirred media mill
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media mill (Run 14) both using 400 μm YTZ beads for a
proper comparative assessment. Run 13 was chosen as the
best vibratory milling run among Runs 1–13 as it resulted in
the fastest breakage and smallest GF particles. It is the most
intensified vibratory milling run with the optimal bead size at
high Pw. The temporal evolution of GF particles during 96 min
is shown in Fig. 7, and final particle sizes after 96 min are listed
in Table II. Wet stirred media milling (Run 14) was faster and
more efficient than the vibratory milling (Run 13) considering
that the former processed a much larger suspension batch
(226 g) than the latter (12.9 g). Also note that Run 14 had a
lower Pw (Table II) and lower volumetric bead concentration
c, which is the ratio of the true bead volume to the total vial/
chamber volume, than Run 13: 0.408 vs. 0.442. Despite the
favorable kinetics expected from higher c and/or Pw for a
smaller suspension mass (batch size) in the vibratory milling
process (Run 13), Fig. 7 portrays a contrary picture. This
discrepancy may be explained by the insight gained from
recent microhydrodynamic studies (24,44,52); while Pw is an
important parameter that controls many microhydrodynamic
parameters in a given geometry/scale of a wet media mill, the
actual specific energy per unit mass used for deforming the
drug particles is a very small fraction of Pw. Moreover, how the
total mechanical energy is spent in a mill is a complex function
of the mill geometry, rheology of the suspension, and the
boundary conditions imposed by a moving wall or stirrer.
The results presented in this section suggest that the wet
stirred media mill uses Pw more effectively. Obviously, a
microhydrodynamic analysis of the vibratory mill is needed
either through computational fluid dynamic or simpler
microhydrodynamic models, which is beyond the scope of this
study.

While this section indicates the superiority of the wet
stirred media milling, it is of utmost importance to mention
that the vibratory milling is still advantageous as a drug-
sparing approach in early drug development (30), e.g., Run
13 used about 6% of the drug used in Run 14. On the other
hand, the faster breakage kinetics and higher efficiency asso-
ciated with wet stirred media milling renders it more attractive
for preparation of clinical supplies and manufacturing at the
large scale. Among all vibratory milling experiments, only the
most intensified vibratory milling run with the optimal bead
size (Run 13) could lead to a nanosuspension comparable
(slightly coarser) to that prepared by the wet stirred media
milling (Run 14).

CONCLUSIONS

Process intensification of the vibratory milling
through an increase in vibration intensity and bead load-
ing with the optimal bead size can lead to significantly
faster production of drug nanosuspensions. The bead se-
lection has been shown to play a major role in the break-
age kinetics; optimum bead size decreases with the power
density. Microhydrodynamic considerations have offered
insight into the roles of process parameters and bead size
optimality. PXRD and DSC results do not indicate signif-
icant changes to drug crystallinity upon vibratory milling.
Compared with the as-received drug particles, vibratory
milled particles exhibit markedly fast dissolution, within
2 min, in water due to their large surface area and

enhanced wettability imparted by the stabilizers. The vi-
bratory milling has led to slower breakage and coarser
nanoparticles than wet stirred media milling, which sug-
gests further process optimization and design modifica-
tions, including a jacketed vessel with integrated chiller.
With enhanced efficiency, the intensified process may al-
low the vibratory milling, which is ideally suited as a
drug-sparing approach in early development, to prepare
a similar nanosuspension to that prepared by wet stirred
media milling, which is well-suited to pilot and large-scale
production, keeping the milling time the same.
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