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Abstract

Nanoparticle dispersion has demonstrated its effectiveness in improving the dissolution rate and oral bioavailability of poorly water-soluble
compounds. When we studied the interactions of drug and polymeric stabilizers and milling parameters of a poorly water-soluble compound,
Compound A, the relaxation behavior that occurred repeatedly in our nanoparticle dispersion formulation was observed. Nanomill® was used to
generate the nanoparticle dispersion, and milling parameters such as time, speed, and stabilizer loading were altered to investigate their effects
on relaxation. The particle size and morphology of milled products were studied using a light-scattering particle analyzer and a scanning electron
microscope (SEM). X-ray powder diffraction (XRD) was employed to characterize particle crystallinity and the crystallite size. The results indicated
that, after milling, nanoparticles agglomerated constantly to form clusters and reached maximum apparent size within the first 24 h. Thereafter, the
clusters relaxed spontaneously and, within a few days, dissociated into individual primary particles and the suspension were stable at sub 100-nm
levels near equilibrium. Milling crystalline drug substance resulted in an XRD pattern in which the peaks were observed to broaden, suggesting
formation of disordered nanocrystalline. Altering milling conditions and stabilizer ratios influences the relaxation behavior and certainly led to

optimization of the process and performance of nanoparticle suspension formulations.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Many of the new chemical entities are considered Biopharma-
ceutic Class II-low solubility and high permeability, according
to the Biopharmaceutics Classification System (BCS) (FDA,
2000). A major challenge in developing poorly water-soluble
drug candidates is dissolution-rate-limited bioavailability. When
evaluating the performance of molecules formulated using
conventional methods, the performance of drug in preclini-
cal screens is often highly variable. The dissolution rate of a
drug is a function of its intrinsic solubility and particle size.
As described by the Nernst-Brunner and Levich modifica-
tion of the Noyces—Whitney model of dissolution, the surface
area of poorly water-soluble drug is directly proportional to
its rate of dissolution (Dressman et al., 1998). A new drug
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delivery approach for poorly water-soluble drug is reduction
of the compound’s particle size into nanometer-sized drug
crystals to enhance dissolution (Kawashima, 2001). There are
various approaches for production of nanoparticle drug formula-
tions. The methods include wet milling (Merisko-Liversidge et
al., 1996), high-pressure homogenization (Wissing and Muller,
2001) and superecritical fluid extraction emulsion (Shekunov et
al., 2005) One novel particle engineering technology is based
on NanoCrystal® technology (Elan Drug Delivery, King of
Prussia, PA, USA), in which poorly water-soluble drugs are
formulated as nanoparticle drug crystal using high-shear mills
(Liversidge et al., 1991) Nanocrystalline dispersions are pre-
pared using a media milling process (Merisko-Liversidge et al.,
2003). The milling chamber is charged with milling media,
water, drug, and stabilizers. The shear force, generated dur-
ing impact of the milling media and the drug, provides the
energy input to fracture drug crystals into nanoparticles. The
challenge of particle-size control in nanoparticle dispersion is
that most small-molecule drugs tend to form relatively large
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crystals in the 10-100-pum size range. To stabilize nanoparti-
cle dispersion and inhibit the crystal growth, triblock polymer
(F108), polyvinyl pyrrolidone (PVP K30), copolymer Plasdone
S630, and substituted cellulosic polymer (HPC, HPMC) are
usually required as GRAS (generally recognized as safe) sta-
bilizers in NanoCrystal® technology. These stabilizers are used
to wet constituent particles by eliminating air and also provide
particle steric and static stabilization. In addition, they reduce
solid surface energy by adsorption and decrease viscosity by
preventing flocculation and creeping of stabilizer molecules
along grain boundaries or in dislocations that occur under shear
stress (Rebinder effect). Inadequate stabilizer in nanoparticle
dispersions induces agglomeration or aggregation, while an
excess promotes Ostwald ripening (larger crystals growing at
expense of smaller crystals). To inhibit the latter and prevent
recrystallization, flocculation, and phase separation, ideal nano
formulation design takes advantage of synergistic interactions
between certain polymers and ionic surfactants.

We evaluated a nanoparticle dispersion formulation to
enhance the dissolution of the poorly water-soluble compound,
Compound A (Johnson & Johnson Pharmaceutical Research
& Development, L.L.C., Raritan, NJ, USA). The post-milling
relaxation in the nanoparticle suspension must be controlled
and minimized because an unpredictable size-evolution profile
is undesirable for subsequent processes, such as spray drying
or lyophilization. Relaxation occurred in the drug suspension
refers to an abnormal behavior that drug formulation system is
most likely to be driven far from thermodynamic equilibrium
under high shear milling. The system that is far from equilib-
rium state became unstable and evolves to a new organized state.
This relaxation behavior can be briefly described as follows:
upon stopping milling, the apparent particle size and viscos-
ity continuously increase. In one day or so, apparent particle
size reaches a maximum and the system turns into immov-
able gel. Thereafter, gel ‘melt’ and suspension turns into free
flow state in few days. The particle size continuously decreases
up to 82nm. The size continually shows excellent long-term
shelf stability. The purpose of this study was to investigate the
relaxation profile of the Compound A nanoparticle dispersion.
Compound A was processed using various milling conditions
and different formulations. The relaxation of nanoparticle dis-
persion was characterized using particle size analysis, X-ray
diffraction (XRD), and scanning electron microscopy (SEM).
Controlling the post-milling relaxation in the nanoparticle dis-
persion was critical to produce stable nanoparticle dispersions in
order to enhance dissolution properties of Compound A, which
is poorly water-soluble. At this writing, we found no other
reports describing relaxation phenomena in nanoparticle drug
dispersions.

2. Materials and methods
2.1. Materials
Compound A was the poorly water-soluble model drug inves-

tigated. Plasdone S-630 (Copoviodone, Vinyl pyrrolidone/vinyl
acetate copolymer, CAS No 25086-89-9,ISP Technologies Inc,
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Fig. 1. Nanoparticle dispersion relaxation phenomenon.

Wayne, NJ, USA) and Docusate Sodium, USP (Cytec Indus-
tries Inc, West Paterson, NJ, USA) were used to stabilize the
Compound A nanoparticle dispersion. A 0.5-mm cross-linked
polystyrene milling media (PolyMill-500 USP, Elan Drug Deliv-
ery, King of Prussia, PA, USA) was used in the milling process.

2.2. Preparation of nanoparticle suspension and
lyophilization of suspension

The nanoparticle drug suspensions were milled in 50-mL
batches using a NanoMill-01 Systems milling apparatus man-
ufactured by Elan Drug Delivery (King of Prussia, PA, USA).
The drug slurry was prepared by mixing compound A with the
solution containing 4.10% Plasdone S-630 (ISP, Inc., Wayne,
NJ, USA) and 0.295% Docusate Sodium, USP (Cytec Industries
Inc., West Paterson, NJ, USA). The slurry was loaded into in the
50-mL milling chamber. PolyMill-500 USP (0.5 mm) milling
beads (Elan Drug Delivery, King of Prussia, PA, USA) w loaded
into chamber and gently mixed with the drug slurry. The recy-
cle chiller temperature was set at 5 °C. The mill was running
for ~1 min at 1800 rpm before the milling speed was gradually
increased to 4400 rpm. The drug dispersion was harvested after
milling for 40-60 min, with an ~85% yield. The apparent par-
ticle size changed with time, increasing initially and might gel,
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Fig. 2. Effects of milling conditions and formulation compositions on relax-
ation. (A) Original formulation (high-shear rate); (B) extended milling time;
(C) increased surfactant; (D) diluted surfactant solution post milling (all curves
here represent milling at 4.4k rpm).
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Table 1

Formulation of nanoparticle dispersion, milling process parameters and mean particle size

Experiment code Formulation drug%/S630%/DS%

Milling speed (rpm)

Milling time (min) Particle size (nm) (after relaxation)

A 15/3.5/0.25 4400
B 15/3.5/0.25 4400
C 15/3.5/0.50 4400
D 15/3.5/0.25 4400
E 15/3.5/0.25 2930

40 82
60 82
40 82
40 82
60 86

then decreasing to 82 nm in a few days after milling as shown in
Figs. 1 and 2. To investigate this distinct relaxation phenomenon,
a series of batches of nanoparticle suspension were prepared as
described in Table 1. The suspension was freeze-dried under
vacuum for 3 days in the Labconco Freezone 6 Liter Benchtop
Freeze Dry System (Labconco Corporation, Kansas City, Mis-
souri, USA). The compositions of the final dried formulation
was given as 56% API 934, 40.6% Plasdone S630 (ISP), 3.4%
DOSS. The lyophilized powder was stored in a glass jar with
plastic lid in a desiccator at room temperature.

2.3. Canine bioavailability

An amount of powder formulation containing 25 mg drug
was weighed into a size 0 HPMC V-cap (Capsugel, Greenwood,
SC) for dosing. The dose per capsule was verified by HPLC
analysis. The capsules were orally dosed followed with water
to non-naive male beagle dogs weighing 11-14kg. No IV dos-
ing for absolute bioavailability determination was conducted.
There was at least a 2 week wash-out period between dosing.
The dogs were fasted for 15—18 h pre-dose and 6-7 h post-dose.
Blood (~2 mL/timepoint) was collected from the cephalic and
saphenous veins and/or the jugular arteries at =0 (pre-dose)
and r=0.5, 1, 2, 4, 6, 9, and 12h post-dose. Sodium heparin
was used as the anticoagulant. Plasma samples were prepared
by centrifugation at 2500 rpm at 4 °C for 10 min and stored at
—20°C until analysis.

Fifty microliters of the plasma sample was mixed with
300 uL of acetonitrile containing 50 ng/mL of the internal
standard. The samples were filtered and 10 pnL was injected
into an Applied Biosystems (Foster City, CA, USA) API
3000 LC/MS/MS system. Separation was achieved with a
MetaChem Polaris, 3 . C18-A 100 mm x 3.0 mm column (Var-
ian, Palo Alto, CA, USA) at room temperature with a flow
rate of 0.42 mL/min. The mobile phase was A: 10 mM ammo-
nium acetate in d.i. water and B: 100% acetonitrile. Elution was
achieved with a linear gradient from 60 to 95% B from 0.1 to
0.5 min, constant 95% B from 0.5 to 2.5 min, and then a linear
gradient from 95 to 60% from 2.5 to 3.0 min. Total run time was
4 min. For mass spectrometry, a turbo spray ion source with a
5500V ion spray voltage and 550 °C temperature was used. The
compound was detected by multiple reaction mode scanning. A
calibration curve from 1 to 1000 ng/mL was constructed from
seven standard concentrations. Quantification of Compound A
was based on weighted linear regression analysis of the standard
peak areas, with a limit of quantification of 1 ng/mL.

The area under the curve for 0-12 h (AUC g_121)) was calcu-
lated from the plasma concentration vs. time data using the linear
trapezoid method. Pair-wise comparisons of the AUCo_12p)
and Cmaxo_12p) values for the different formulations were per-
formed using a two-sided, equal variance t-test. Depending on
the study design, either paired or non-paired #-tests were per-
formed as appropriate.

2.4. Particle size analysis (PSA)

The particle size of each nanoparticle suspension was mon-
itored by using a Horiba LA-910 laser scattering particle size
distribution analyzer (Model LA-910, HORIBA, Ltd. Kyoto,
Japan) to assess suspension quality. A high-quality suspen-
sion exhibits remarkable stability in particle size with minimal
aggregation and crystal growth from ripening processes. Each
formulation sample was stored at room temperature in the lab-
oratory. Prior to sizing suspension, samples were diluted with
freshly filtered de-ionized water. Periodically, a small quantity of
each formulation was dispersed into the circulation reservoir of a
Horiba LA-910till the blue light intensity dropped in the range of
80 £ 1%. The particle-size-distribution analyzer uses uni-modal
analysis of intensity distribution for mean particle size determi-
nation. Mean particle size was measured without sonication and
with 30s of sonication to determine if agglomeration was an
issue.

2.5. Scanning electron microscopy (SEM)

An FEI Quanta 200 FEG field emission environmental
scanning electron microscope (FEI Co., Hillsboro, Oregon,
USA) operating at S5keV, a spot-size setting of 1.0, and a
working distance of 5mm, was used to obtain SEM pho-
tomicrographs of the various samples in the high-vacuum
mode. Prior to SEM analysis, samples were diluted and an
aliquot of the diluted preparation was dispersed on OEM GE
PCTE (Polycarbonate) 0.05-wm filter membranes (GE Osmon-
ics Labstore, Minnetonka, USA) placed on a carbon-tape-coated
aluminum stub. Samples were dried and then coated with 5 nm
of platinum—palladium mixture using a 208HR high-resolution
sputter coater (Cressington Scientific Instruments Ltd., Watford,
UK).

2.6. X-ray diffraction (XRD)

A PANalytical X’Pert PRO PW3040-Pro X-ray diffractome-
ter (PANalytical, Almelo, The Netherlands) equipped with an
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X’celerator™ detector was used to obtain X-ray diffraction
patterns. With the X-ray generator set at 45kV and 40maA, a
copper anode was used to produce a divergent beam with an
average Ko wavelength of 1.541874 A. The range of 4-45° 20
with a step size of 0.0170° 26 and a count time of 29.84 s per
step were used for the measurements. The room-temperature
measurements were conducted on a spinner stage operating at
a rotational speed of one revolution per two seconds. X Pert
Highscore™ data analysis software version 1.0 d (PANalytical,
Almelo, The Netherlands) was used to find peak parameters.

The nanoparticle suspension was transferred via pipette to
the center of a silicon zero-background sample plate (10-mm
diameter, 1-mm cavity; The Gem Dugout, State College, PA
16803 USA). Using a programmable divergence slit and a pro-
grammable receiving slit, a spot of 11.5mm from about the
center of the plate was irradiated with the source; the detec-
tor observed the central 10 mm of the sample plate. The dried
nanoparticles were measured with and without a gentle mor-
tar/pestle grounding.

In X’Pert HighScore analysis, the SCHERRER calculator
(Scherrer, 1918) determines crystallite size by comparing the
profile width of a standard profile with a sample profile according
to the SCHERRER formula or according to the tangent for-
mula. The basis of the simple size-strain analysis is the following
formula:

The SCHERRER formula:

Kx
(Bcosb)

B describes the structural broadening, which is the difference
in integral profile width between a standard and the unknown
sample.

The crystallinity is calculated by separating intensities due to
amorphous and crystalline phase on diffraction phase (Chung,
1974). A computer-aided, curve-resolving technique is used to
separate crystalline and amorphous phases of diffracted graph.
Using X’Pert HighScore, the normalization assumes that the
sum of all identified phases is 100%. This means there are
no unidentified crystalline phases, nor any amorphous phases
present in the sample. Only under these conditions can mean-
ingful semi-quantitative results be obtained.

After separation, the total area of the diffracted pattern is
divided into crystalline (Ac) and amorphous components (A,).

Percentage of crystallinity Xc % is measured as ratio of crys-
talline area to total area.

Crystallite size (average) =

Xcn = {i + Ac} % 100(%) )

a

where Ac =area of crystalline phase, A, =area of amorphous
phase, Xc =percentage of crystallinity.

3. Results
3.1. Particle size analysis

The suspension stability was monitored using PSA and SEM.
The PSA profile of the apparent particle size as a function

Fig. 3. SEM micrographs of the raw drug.

of suspension holding time after milling is shown in Fig. 1
upon stopping milling, the mean (apparent) particle size of
the nanoparticle suspension was ~400nm. Nanoparticle sus-
pensions were prepared routinely with mean particle sizes that
averaged 80nm for Compound A formulation (Table 1). The
apparent particle size increased within the first 24 h after the
milling was stopped. In fact, the individual particle size did
not grow up. The apparent particle size increase was coming
from particles agglomeration and self-organization. Gel forma-
tion was observed for the nanoparticle suspension holding on the
shelf for ~1 day after high shear milling. Generally, the apparent
particle size reached the maximum within 14-48 h after milling
stopped, depending on milling parameters and formulation com-
position (Fig. 2). During storage, the samples were left alone
without agitation, shaking or any disturbance. After reaching
the peak mean size range the gel started ‘melt’ and the apparent
particle size of the suspension constantly decreased. Depend-
ing on the milling conditions and formulation composition, the
profile of the apparent particle size as a function of dispersion
holding time was variable. Our results suggest that relaxation of
the particles could be alleviated by increasing surfactant loading,
increasing shear rate, or extending the milling time as shown in
Fig. 2.

3.2. Scanning electron microscopy

SEM micrographs of the various samples containing Com-
pound A are shown in Figs. 3 and 4. Fig. 3 shows the surface
morphology of raw Compound A. The bulk Compound A
crystals had particle sizes 100-300 pm in length and were
rectangular and aggregated. In Fig. 4a, the scanning electron
micrographs show representative images of the nanoparticle
drug suspension within 1 h after stopped milling. It is evident
that the morphology of milled drug nanoparticles was signif-
icantly different from that of the rectangular-shaped raw drug
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Fig. 4. SEM micrographs of nanosized drug particles as a function of sample holding time: (a) =0 Fresh milled; (b) =24 h; (c) =6 days; (d) =2 years.

crystals. As expected, nanoparticle agglomeration following
milling is clearly observed in SEM micrographs. These micro-
graphs show Compound A formed circular-, and rod-shaped
nanoparticles with a mean particle size of 80—100 nm. Upon
closer investigation, a portion of the milled nanoparticles can
be seen as aggregates and agglomerates of several smaller par-
ticles that are not as uniformly sized and shaped. It seems
that the nanoparticle suspension aggregated, agglomerated, and
remained physically unstable after milling. Following 24 h at
room temperature, a gel is formed. Fig. 4b shows the sur-
face morphology of nanoparticles from the gelled nanoparticle
dispersion. The surface morphology of nanoparticles resem-
bles an elongated needle-like structure that is significantly
larger than the fresh milled nanoparticles. The needle-like struc-
tures appear to blend with the circular-shaped nanoparticle
aggregates and agglomerates originally observed. In the high-
magnification SEM micrograph, the needle-like structures are
more distinct. The needle-like structures consist of the globular-
shaped nanoparticles that aggregate and agglomerate into a
linear structure. After 6 days storage at room temperature with-
out any agitation, the gel formation and the needle-like structures
dissociated; Fig. 4c shows most nanoparticles were rod-shape
and globular-shaped. The aggregate and agglomerate originally
observed on fresh-milled nanosuspension are absent, and the

nanoparticles are more distinguishable and uniform in size. After
2 years at room temperature, the mean particle size of nanopar-
ticle was 85 nm, relatively unchanged from 82nm in a 6-day
measurement. Upon close investigation by SEM, most of the
globular-shaped nanoparticles became rod-shaped (Fig. 4d.).
These nanoparticles are larger and more uniform compared with
the 6-day sample (Fig. 4c). The boundaries between the nano-
sized globular-shaped and rod-shape particles are less apparent,
with the globular nanoparticles “melting” into rod shapes after
long storage. The rod-shape of nanoparticles may be dictated
by the morphology of unprocessed crystalline powder and the
fracture plane of crystals and drug/stabilizer interactions. When
optimally stabilized though, the nanoparticle dispersion did not
aggregate or agglomerate, and remained stable for a least 2
weeks post milling. It is evident that freshly milled Compound
A nanoparticles had a different surface morphology than the
stabilized Compound A nanoparticles.

3.3. X-ray diffraction studies

The XRD pattern of raw un-milled Compound A is shown in
Fig. 5. The bulk Compound A exhibited intense crystalline peaks
between 10° and 30° 260. The XRD patterns of milled nanopar-
ticle Compound A are shown in Fig. 6. The milled nanoparticle
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Fig. 6. XRD patterns of nanosized drug particles as a function of sample holding
time: 1=0 (red), t=2h (blue), =1 day (green) and =2 days (black).

dispersion produced a broad halo as is characteristic of amor-
phous material, indicating the milled sample had a different
crystalline structure than bulk Compound A. Crystalline peaks
from Compound A were seen in XRD patterns at 16.6°, 17.5°,
19.6°,20.7° and 21.9° 26. As seen in Fig. 6, the crystalline peak

intensity was significantly decreased, indicating the high-shear
milling process interfered with the crystalline state of bulk drug.
The reduction in peak intensity and a broad halo characteristic
may be due to particle size reduction and change of crystallinity
of the active ingredient, rather than dilution of nanoparticle parti-
cles in Plasdone S-630 and docusate sodium, USP formulations.
Nanoparticles showed further increases in peak intensity as a
function of the duration of storage time at room temperature.
Milling crystalline drug substance results in an XRD pattern
in which the peaks are observed to broaden, suggesting forma-
tion of a disordered nanocrystalline structure. Such materials
are solids that have lost their long-range crystalline order but
are not amorphous. The broad amorphous halos observed in
disordered nanocrystalline materials are related to the crys-
talline microstructure (crystal size, micro-strain and defects) and
correlated with parent crystalline peaks. The calculated mean
coherent crystal domain size for the nanoparticles just after
milling was stopped was 13 nm (Table 1), indicating a disordered
nanocrystalline was formed. The crystal size then increased from
13 to 23 nm over 6 days. Assuming that crystalline materials give
rise to sharp peaks, and amorphous materials yield broad halo
peaks, percent crystallinity is the normalization ratio between the
integrated crystalline peaks and the amorphous “background”.
The percent of crystallinity increased rapidly and then stabilized
~2 days after milling (Table 2). There may be a continuum of
state between long-range order and short-range order for disor-
dered nanocrystalline, in which the short-range order increases
to equal the long-range order with storage at room temperature.
Alternatively, the result may be a function of an amorphous com-
ponent as suggested by the halo shape seen in Fig. 6. Rietvelt
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X-ray diffraction only sees the crystallite size (or mean coherent domain size),

not the particle size.

Mean: 23 nm. X-ray diffraction only sees the crystallite size (or mean coherent domain size), not the particle size.
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Table 3
Calculated percent of crystallinity and calculated crystallite size

Nanoparticle from dispersion  Calculated% Calculated mean coherence

at different holding times crystallinity crystal domain size (nm)
0 7 13
2h 8 14
1 day 19 15
2 day 29 21
3 day 30 21
6 day 31 23
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Fig. 7. Plasmaconcentration time curve of the raw drug and lyophilized nanopar-
ticle dispersion solid formulation.

molding (Bates et al., 2006) for milled nanoparticles remains to
be studied (Table 3).

3.4. Efficacy of nanoparticle drug suspension

To evaluate efficacy, the lyophilized nanoparticle drug dis-
persion were tested in dogs. Results of these studies are
shown in Fig. 7. The graph shows the plasma concentration
time curve of Compound A. The solid lyocake formulation
(Drug%/S630%/DO0S %, 56/40.6/3.4) was administered orally
at identical dose (25 mg) to fasted dogs as lyophilized nanopar-
ticles or raw drug Compound A. In this study, the bioavailability
of Compound A was significantly improved as the particle size
of raw drug was reduced from 20 um to 85 nm. This pattern
of results is routinely observed in different nanoparticle disper-
sions and lyophilized or spray dried solid formulations when the
primary factors affecting the bioavailability of the drug are rate
and extent of dissolution.

4. Discussion

A poorly water-soluble compound, Compound A was formu-
lated with polymer S630 and surfactant docusate sodium to form
a stable nanoparticle suspension formulation using high-shear
milling. The drug suspension displayed a distinct relaxation

behavior when milling was stopped. Experiments were designed
to identify the effect of the milling conditions and stabilizers
loading on the relaxation profile. Light-scattering size, SEM,
and XRD were employed to monitor the progress of parti-
cle size and morphology during relaxation course. The SEM
observation clearly indicated that after milling, globular primary
nanoparticles agglomerated to form bar clusters that elongated
continuously to from needle-like clusters, which tends to bun-
dle together within the first 24 h. Then the clusters relaxed and,
within a few days, spontaneously dissociated into short, individ-
ual bar clusters. The short bar consisted of 3—5 primary globular
particles in which size was as small as 30-50 nm. XRD showed
that the particles were essentially a disordered nanocrystalline,
which also displayed a slow relaxation behavior. We believe the
synergistic interaction between polymer S630 and the surfac-
tant docusate sodium played a key role in this drug suspension
relaxation. Milling parameters such as time, speed, and stabilizer
loading were altered to investigate their effects on relaxation.

Nanosized particles obtained through high-energy wet
milling could be in a “far-from-equilibrium” state right after
milling. The restricted diffusion and slow adsorption of sta-
bilizer molecules leaves the surface of particles incompletely
covered, which induce particles lined up to form a bar-like
clusters, which may further bundle together and form a kind
of ordering aggregation structure. Watershell particle morphol-
ogy is highly asymmetric (i.e., bar, spindle configurations)
and not dominated by Ostwald ripening. Gel formation in
post-milling suspension system is a self-organization phe-
nomenon in the non-equilibrium steady state. Over time, the
suspension gradually separated into individual primary par-
ticles of a very small size. This process may be the result
of acquiring repulsion through restricted adsorption of anion
surfactant molecules Docusate sodium, which was trapped
within narrow channel between particles. Upon achieving equi-
librium, the particles should remain stable at a sub 100-nm
level.

5. Conclusion

The nanoparticle suspension of Compound A was generated
by formulating raw drug with special stabilizer combination and
using high-energy wet milling. When milling stopped, nanopar-
ticles agglomerated and the nanoparticle suspension formed
large clumps or a gel within 1-2 days. The apparent size of
the particles continued to increase until reaching a maximum
size. Thereafter, the gel relaxed spontaneously with an apparent
size reduction, and clusters automatically dissociated into indi-
vidual particles of nano size within a few days. Following this,
the suspension reached equilibrium and stayed at steady state.
We studied this phenomenon by monitoring the particle size
and morphology; the observed relaxation behavior following
high-energy milling suggested the suspension was unstable and
reorganization occurred far from thermodynamic equilibrium.
Once the particle size decreased and big clusters dissociated into
individual small particles, however, the system showed excellent
long-term shelf stability. Ultimately, nanoparticle suspensions
will be processed as dry powders for solid-dosage development,
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and these forms must be re-dispersed into non-aggregated/non-
agglomerated nanoparticulate suspension.

Our results suggest that milling conditions such as time,
speed, and stabilizer concentration played an important role
in the relaxation process that occurred in a nanoparticle dis-
persion. Altering these parameters resulted in an optimized
milling process and improved product quality. Relaxation in
nanosuspensions appears to relate to a non-equilibrium dissi-
pative structure formed in a “far-from-equilibrium” state.
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