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Abstract

Comminution has evolved into an effective method to prepare drug nanoparticles. Although nano-comminution has advantages, such as cost-
effectiveness and easy scale-up, the processing is significantly sensitive to the selection of a polymeric stabilizer, which suffers from a lack of
systematic understanding in this field. Herein, the combinations of various water-insoluble drugs and pharmaceutical polymers were systematically
compared to assess the general relationships between the properties of the drugs and polymers. As a rule of thumb, drugs of high molecular weight,
low solubility, high melting points, and a surface energy similar to that of the polymers, can be successfully processed into nanoparticles of unimodal
particle size distribution. The addition of small molecular weight surfactants results in an additional size reduction in certain polymer/drug pairs,
generally by reducing the size of larger particles. Both anionic and cationic surfactants produce similar size reductions in a polymer/drug pair
indicating that the charge—charge interaction between polymer and surfactant is not important.
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1. Introduction

Nanoparticles are inevitably more unstable than microparti-
cles because of the extra Gibbs free energy contribution related
to the particle size and primarily due to surface energy (Adamson
and Gast, 1997; Hill, 2001; Lee et al., 2005; Morrison and Ross,
1992). Therefore, a convenient and efficient method to address
the extra contribution is the key to preparing active pharmaceu-
tical ingredient (API) nanoparticles.

The current preparation techniques of nanoparticles can be
classified into two major groups, depending on their mechanisms
to compensate the extra energy penalty (Lee et al., 2000, 2006).
The first is the thermodynamic approach which uses stabiliz-
ers or a proper medium, such that stable nanoparticles can be
prepared. The emulsion-type method uses surfactants or block
copolymers, such as the spraying process using supercritical
fluids. The second approach is kinetic, using an energy input
to compensate, such as impinging jet processes, electrospraying
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techniques, and extrusion processes using relatively high shear
force. For maximum efficiency, the two approaches are often
combined.

Among the preparation methods, nano-comminution has con-
veniently been utilized to prepare solid nanoparticles due to
simplicity and cost-effectiveness (Craig, 2002; Grau et al., 2000;
Liversidge and Conzentino, 1995; Liversidge and Cundy, 1995;
Leuner and Dressman, 2000; Merisko-Liversidge et al., 1996;
Serajuddin, 1999; Six et al., 2004; Takano et al., 2006; Yamada
et al., 1999; Zheng and Bosch, 1997). The drug crystallinity
remains largely intact during the processing, thus relieving any
stability concerns. Furthermore, no organic solvent or harsh
environment is needed. The wet nano-comminution process can
be easily scaled to industrial pharmaceutical unit operations.
Recently, API nanoparticles have been successfully processed
into solid dosage forms, such as Emend® (Merck & Co.).

Unfortunately, the process is sensitive to the choice of
stabilizer (Lee, 2003; Lee et al., 2005). This critical point dis-
tinguishes nano-comminution from simple milling processes.
Only a few polymeric stabilizers are known to be effective in
reducing the drug size to nanometers. The additional use of
small molecular weight surfactants is a common method to
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further decrease the particle size; however, the choice is also
based on empirical approaches. Currently, the preparation of
drug nanoparticles via nano-comminution requires a series of
trial and error experiments because there is a lack of system-
atic knowledge of the process (Grau et al., 2000; Lee et al.,
2005; Liversidge and Conzentino, 1995; Liversidge and Cundy,
1995; Merisko-Liversidge et al., 1996). In spite of the industrial
importance of the process, a systematic study of stabilizer selec-
tion is far from completed. Furthermore, it is hard to compare
the results of previous reports, since each study used different
processing and characterization conditions.

In our previous studies, a systematic change of the
hydrophilicity of amino acid copolymers was performed to elu-
cidate the role of polymer properties in the nano-comminution of
API (Lee et al., 2005). To attain successful nano-comminution,
a certain level of hydrophobic moieties in the copolymer is
needed. This approach, using tailored polymers, was useful
in investigating the effect of hydrophobicity; however, it was
impractical due to the difficulty in using the tailored amino acid
copolymers for actual pharmaceutical formulation. Therefore,
it is necessary to have knowledge of common pharmaceuti-
cal polymers to develop a more useful guideline in developing
nano-comminution systems (Rowe et al., 2003).

In this study, the combinations of 5 common polymer stabi-
lizers, 2 low molecular weight surfactants and 11 insoluble drugs
were investigated with keeping processing and characterization
conditions the same. An attempt at establishing the relationship
among the properties of polymers, drugs, and surfactants was
made by analyzing the results of mean particle sizes.

2. Materials and methods
2.1. Materials

Poorly soluble drugs, such as ibuprofen (Dr. Reddy’s, India,
48.3 wm), glimepiride (Hanseo Chem., South Korea), biphenyl
dimethyl dicarboxylate (BDD, Pharma Mar S. A., Spain), digi-
toxin (HPLC, >99%, Fisher, USA, 2.8 wm), naproxen (Tokyo
Kansei Kogyo, Japan, 67.0 wm), paclitaxel (95%, Samyang
Genex, South Korea), lipoic acid (Antibioticos, Italy), predin-
isolone acetate (M-030402, Shaanxi Rainbow Pharm., China,
19.6 pm), nifedipin (DY-Mach, India, 23.9 wm), hydrocorti-

Table 1
Physical properties of API

sone acetate (HAC030304, Tianjin Tianyao Pharm., China,
4.1 wm), and itraconazole (Choongwae Pharm, South Korea,
9.3 um) were used without further preparation. The parti-
cle sizes were all greater than one micron. (The original
particle sizes were checked following the method described
below.) The basic physical properties of the drugs are
provided in Table 1. Polymers used without further prepara-
tion were hydroxypropyl cellulose (HPC, My, =80k, Aldrich,
USA), polyvinyl pyrrolidone (PVP, C-30, My, =50k, ISP
Tech., USA), poly(ethylene glycol-co-propylene glycol) F127
(PEG:PPG:PEG = 100:65:100, M, =12.6k) and poly(ethylene
glycol-co-propylene glycol) F68 (PEG:PPG:PEG=78:30:78,
My, =ca. 8.4k) (Pluronic, Sigma—Aldrich, USA), and polyethy-
lene glycol (PEG, My =ca. 80k, Sigma—Aldrich). Sodium
dodecyl sulfate (SDS, Fisher, USA) and benzethonium chloride
(Hyamine, >97%, Sigma—Aldrich, USA) were used as anionic
and cationic surfactants, respectively.

2.2. Preparation of nanosuspensions

Drug particles (8 wt%) were mixed with the polymer
(1.33 wt%) in distilled water. The mixture slurry (0.375 g) and
polystyrene beads (0.354 g, 500 wm) were added to a 2 mL vial.
The comminution process was performed on a high-speed shaker
(Mini Beadbeater, Biospec Product, USA) at 4800 rpm at room
temperature for 30 min. When an additional ionic surfactant
was used, such as SDS and benzethonium chloride (Hyamine),
the material was added at 1% the amount of polymer. After
filtering the polystyrene beads, the resulting suspension was
stored at 5 °C for further characterization. When other prepa-
ration equipment, such as a ball and rotational bead mill was
employed, the concentrations of ingredients remained constant,
with changes only in the total slurry amount according to the
scale of the milling chamber. For ball milling, yttria-stabilized
zirconia beads (500 pm, SamWha Ceramics, South Korea) were
used and the same polystyrene beads and volume fraction were
used for rotational bead milling.

2.3. Characterizations after comminution

Particle size analysis was performed using a Horiba Laser
Light Scattering Particle Size Analyzer LA-910 (refractive

Drugs Molecular weight (g/mol) Solubility (mM) Melting temperature (°C)
Itraconzazole 705.65 1.4 x 107 (RT, neutral pH) (Verreck et al., 2005) 166.2
Paclitaxel 853.9 0.0035 (37 °C, water) (Elkharraz et al., 2006) 213-216
Glimepiride 490.62 0.0082 (37 °C, water) (Frick et al., 1998) 205-207
Digitoxin 765.95 0.013 (20 °C, water) (Merck index, 13ed) 256-257
BDD 270.28 0.013 (25 °C, water) (Kim et al., 2001) 210-212
Nifedipin 346.33 0.023 (Haltner, 2005) 172-174
Hydrocortisone acetate 404.5 0.025 (RT, water) (from Schwarz Pharma, USA) 220
Prednisolone acetate 402.49 0.042 (25 °C, water) (Gani and Pistikopoulos, 2002) 235
Ibuprofen 206.28 0.063 (RT, water) (Godwin et al., 2006) 75-77
Naproxen 230.26 0.12 (25°C, water) (Mura et al., 2005) 152-154
Lipoic acid 206 3.9 (20 °C, water) (Schuhbauer et al., 2002) 50
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index = 1.06, ultrasonic chamber power=40W and 39kHz,
340 mL/min stirring flow (level 3), 95-100 mL water medium).
The drug concentration in the analyzer chamber was 0.02 wt%.
The measurements were repeated at least three times to calcu-
late the error range of the volume averaged mean size. Particle
morphology was investigated using a Hitachi (S-4700, Japan)
scanning electron microscope at 4 kV and 0.5 Hz. Samples were
prepared by drying suspension droplets on clean SEM sample
stages, followed by coating with Pt-Pd at 7 nm/min for 2 min.

Static contact angles of the drugs and polymers were exam-
ined using a contact angle analyzer (Phoenix 450, SEO Co.,
South Korea) at room temperature (15-25 °C). The values were
converted to approximate surface energy values. Various liquids
were dropped over polymer films or drug compacts at 1 pL/s.
The polymer films were prepared by evaporation of 100 L poly-
mer aqueous solutions (5 wt%) on a glass slide for 24 h under
a vacuum. The drug compacts (diameter = 1 cm, thickness = ca.
1 mm) were prepared from compaction of 0.04 g of drug pow-
der at 31.4kg/cm? for 30 s by a Hydraulic Press 3912 (Carver,
USA). Distilled water, ethanol (Sigma—Aldrich, USA), n-octane
(>99%, Acros, USA), decane (95%, Junsei, Japan), chloroform
(99%, HPLC grade, Sigma—Aldrich, Canada), tetrahydrofuran
(99%, Samchun Pure Chem., South Korea), polyethylene diben-
zoate (M, =410, Sigma-Aldrich, USA), isopropyl acetate (99%,
Sigma—Aldrich, USA), and N,N-dimethylformamide (Samchun
Pure Chem., South Korea) were used in the static contact angle
measurements.

3. Results
3.1. Characteristics of particle size reduction

Comminution proceeds via particle fracture, suggesting that
the balance and the type of applied energy are critical in
understanding the particle size reduction as a function of time
(Schonert, 1989, 1995). However, it is more important for the
nano-comminution process whether the surface of drug particles
is fully stabilized (Lee, 2003; Lee et al., 2005). It determines the
steady state (i.e., smallest) particle sizes.

Table 2
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Fig. 1. Particle size reduction as a function of time and rpm in the comminution
of naproxen particles using the three different processing methods. The drop
lines without data points (near the time and rpm=0 axis) have mean particle
sizes near those of naproxen particles as received (67 pm).

Three types of the comminution apparatus were attempted in
the initial trials of this study, with varying rotating or shaking
speed and processing time (Fig. 1). After applying mechanical
energy greater than approximately 2k rpm for 30 min, the mean
particle size reached the steady state value, regardless of the
equipment used. (Only a few data points are plotted in Fig. 1 for
a comprehensible 3D plot.) Herein, the discussion will focus on
the steady state particle sizes.

As stated in earlier reports, the relationship between the
original sizes and steady state particle sizes attained after com-
minution were difficult to determine (Lee, 2003; Lee et al., 2005,
2006; Liversidge and Conzentino, 1995; Liversidge and Cundy,
1995). The as received drug particle sizes ranged from 4 to
70 wm, however the discussion of the original sizes before com-
minution are not meaningful in this study. It was also difficult
to determine the steady state mean particle sizes between 0.5
and 1 pm after significant comminution (Tables 2—4). Further-

Particle sizes of drugs after nano-comminution in the presence of different polymeric stabilizers

Drugs (surface energy, dyn/cm?)

Polymers (surface energy, dyn/cm?)

HPC (49 +2) PVP (43 £3) F127 (41£3) PEG (38+3) F68 (37+5)

Ibuprofen (52 £5) 421 (£76) m m m m
Glimepiride (46 +2) 317 (£85) 141 (£67) 351 (£73) m 537 (£200)
BDD (44 £+ 3) 186 (£50) 330 (£72) 276 (£72) 430 (£139) 398 (£133)
Digitoxin (43 £4) 312 (£312) 302 (£324) 364 (+£317) m 347 (£96)
Naproxen (43 + 3) 119 (£37) 208 (£77) 287 (£35) m 505 (£155)
Paclitaxel (43 +3) 368 (£83) 406 (£116) 443 (£160) 381 (£109) 394 (+124)
Lipoic acid (41 £ 3) m m m m m
Prednisolone acetate (40 % 3) m m m m 361 (£102)
Nifedipin (39 &+ 3) 190 (£68) m m m 417 (£118)
Hydrocortisone acetate (38 + 3) m m m m 421 (£120)
Itraconazole (36 + 3) 305 (£132) m 279 (£90) m 448 (+£140)

The standard deviations of particle sizes are given in the parentheses. The ‘m’ indicates systems of mean particle size above 1 pm.
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Table 3
Particle sizes of drugs after nano-comminution in the presence of a polymeric stabilizer and sodium dodecyl sulfate (SDS, an anionic surfactant)
Drugs (surface energy, dyn/cm?) Polymers (surface energy, dyn/cm?)

HPC (49 +2) PVP (43 £3) F127 (41 £3) PEG (38+3) F68 (37+5)
Ibuprofen (52 £5) A m v 277 (£20) m m m
Glimepiride (46 £ 2) 416 (£146) 483 (£203) 281 (£65) Vv 547 (£224) 394 (£112)
BDD (44 £3) 310 (£86) 316 (£90) 382 (£117) 460 (£163) 368 (£114)
Digitoxin (43 £4) 449 (£129) 181 (£76) 212 (£98) m 426 (£145)
Naproxen (43 +3) 250 (£93) 188 (£74) A m m A m
Paclitaxel (43 £ 3) Am 132 (£102) 379 (£82) 326 (£89) Am
Lipoic acid (41 £ 3) m m m m m
Prednisolone acetate (40 % 3) Vv 412 (£81) m m m 424 (£145)
Nifedipin (39 & 3) 287 (£67) v 176 (£85) m m 535 (£153)
Hydrocortisone acetate (38 + 3) Vv 405 (£123) V¥ 560 (£840) v 295 (£93) m 493 (£150)
Itraconazole (36 + 3) 229 (+94) ¥ 549 (£269) 215 (£96) m 469 (£161)

The standard deviations of particle sizes are given in the parentheses. The ‘m’ indicates systems of mean particle size above 1 micron. The A and ¥ indicate an
increase and a decrease in particle size from the systems without using SDS (Table 2) respectively.

more, particle sizes greater than 0.5 wm were relatively unstable
and sensitive to measuring conditions, such as stirring and son-
ication. The instability appears to be related to the insufficient
surface steric stabilization by the adsorption of polymers on
the drug crystal surface. As the amount of polymer adsorp-
tion decreases, the particle size increases (Lee, 2003). When
the physical adsorption of the polymer occurred, the mean par-
ticle size easily decreased to less than 0.5 wm. Based on these
observations, any particle sizes above 1 wm were labeled ‘m’.

3.2. Properties of polymers

The steady state particle size was unique for a drug/polymer
pair, showing that the stabilization ability of the polymer for the
drug surface was critical. Table 2 shows the volume-averaged
mean particle sizes of various drugs comminuted in the presence
of various polymers. (They are not the smallest sizes because
the preparation method was not optimized for each drug.) Com-
parison between ‘m’ and submicron particle sizes was more
meaningful than the detailed comparison between two submi-
cron sizes due to large batch-to-batch errors.

Table 4

The surface energies of the drugs and polymers calculated
from the static contact angle measurements are in the parenthe-
ses of Table 2. Previous studies have shown that contact angle
measurements for surface energy are only a rough assessment
with possible kinetic and environmental influences (Adamson
and Gast, 1997; Morrison and Ross, 1992).

Table 2 shows that the prediction of steady state particle size is
not straightforward, as can be expected. However, several inter-
esting points were derived. PEG was not a successful stabilizer
in most cases, except with BDD and paclitaxel due to no distinct
hydrophobic units driving the adsorption of polymer chains. All
other polymers were successful in the particle size reduction of
glimepiride, BDD, digitoxin, naproxen, and paclitaxel. Interest-
ingly, the surface energies of drugs were similar to those of the
polymers, suggesting the influence of surface energy.

In addition to the five drugs, four more drugs, prednisolone
acetate, nifedipin, hydrocortisone acetate, and itraconazole,
showed successful size reduction in the presence of F68. F68
appeared to be the most versatile stabilizer, successfully stabi-
lizing 9 out of 11 drugs possibly by strong chain adsorption via
the hydrophobic PPG units.

Particle sizes of drugs after nano-comminution in the presence of a polymeric stabilizer and benzethonium chloride (Hyamine, a cationic surfactant)

Drugs (surface energy, dyn/cm?) Polymers (surface energy, dyn/cm?)

HPC (49 +2) PVP (43 £3) F127 (41 +£3) PEG (38 £3) F68 (37+5)
Ibuprofen (52 +£5) A m m m m m
Glimepiride (46 & 2) 167 (£47) 170 (£41) 336 (£73) V¥ 465 (£132) 300 (£79)
BDD (44 +3) 304 (£83) 273 (£72) 382 (£117) 668 (+468) 360 (£110)
Digitoxin (43 +4) 312 (£86) 272 (£94) 336 (£530) m 507 (£144)
Naproxen (43 +3) Am A m 210 (£114) m 397 (£121)
Paclitaxel (43 +3) Am 370 (£82) 479 (£231) 391 (£118) 698 (£2128)
Lipoic acid (41 £ 3) m m m m m
Prednisolone acetate (40 % 3) m m m m 458 (£165)
Nifedipin (39 +3) 304 (£31) v 328 (£32) v 209 (£24) m 510 (£151)
Hydrocortisone acetate (38 £ 3) v 713 (£168) Vv 923 (£408) Vv 328 (£32) m 487 (£161)
Itraconazole (36 £ 3) 376 (£49) m 298 (£130) m 440 (£147)

The standard deviations of particle sizes are given in the parentheses. The ‘m’ indicates systems of mean particle size above 1 pm. The A and V¥ indicate an increase
and a decrease in particle size from the systems without using SDS (Table 2), respectively.
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Compared to the hydrophobic F127, F68 had a lower molec-
ular weight. Generally, the higher the molecular weight, the
more physical adsorption (Morrison and Ross, 1992; Ploehn
and Russel, 1990). However, it is possible that the 30-min pro-
cessing time was not sufficient for the higher molecular weight
F127 which physically adsorbed to the drug surface. The lower
molecular weight F68, may have a less kinetically restricted
adsorption process. Therefore, the difference between F127 and
F68 may originate from the different molecular weights. [The
similar effect of molecular weight was recently observed in
our lab using 7 different HPC (Mn=7200-29,000 g/mol) and
itraconazole.]

F68, HPC and F127 showed good performance in terms of the
number of successful nano-comminutions. Besides PEG, PVP
appeared to be the worst polymer. PVP has amide functional
groups, while all other polymers had ether or hydroxyl functional
groups.

3.3. Drug properties

In Table 2, chemically similar to prednisolone acetate,
hydrocortisone acetate with an additional double bond in the
6-membered ring, produced similar results. On the other hand,
although the chemical structures were similar, ibuprofen was
significantly different than naproxen. The effect of comminution
heat was related to the crystalline melting behavior of the drugs,
particularly for the drugs with relatively low melting tempera-
tures. The crystalline melting points of ibuprofen and naproxen
are 75-77 and 152-154 °C, respectively. Upon melting of the
drug surface, the steric stabilization from polymer adsorption
can be disrupted and subsequent aggregation can occur.

Among the drugs used, both a-lipoic acid and ibuprofen
have relatively low melting temperatures of 75-77 and 50 °C,
respectively (Table 1). a-Lipoic acid showed distinct evidence
of melting after comminution, such that it appeared as gum.
Differential scanning calorimetry (DSC) and X-ray diffraction
(XRD) analysis was performed to confirm melting. The heat
induced melting and polymerization through disulfide interac-
tions, such that by maintaining the processing temperature below
5°C, a successful nanosuspension was possible (mean particle
size =90—400 nm) (Park et al., 2006).

Ibuprofen was not observed to look like gum, however cool-
ing affected the mean particle size. Additionally, a decrease in
particle size occurred with decreasing rpm, which contradicts
the behavior that is usually observed in other comminution sys-
tems. As aresult, other than HPC/ibuprofen, most ibuprofen and
a-lipoic acid systems were unable to produce enough size reduc-
tion, as shown in Table 2. Comminution at a low temperature
could suppress the melting related problems, however under-
standing crystal melting and related solubility issues were not
straightforward. Detailed experimental results will be discussed
in a separate study of the two drug systems.

A simple rule for selection of a proper polymer was not deter-
mined; consequently, alternative approaches were attempted in
order to determine general rules of thumb. To this end, the
number of successful cases was plotted as a function of drug sol-
ubility of Table 1 (Fig. 2). Fig. 2 generally shows more successful
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Fig. 2. The number of successful cases of drugs in Table 2 vs. the solubility
(molar concentration) of drugs.

cases for the less soluble drugs. Nano-comminution appears to
be good for relatively insoluble compounds, however, due to
the diversity of chemical structures and physical properties, it is
hard to expect a deterministic dependence on solubility.

In addition to surface energy and solubility, the molecu-
lar weight of the drug may be a determining factor in the
nano-comminution process. Fig. 3 shows the molecular weight
dependence for the successful cases. Compared to Fig. 2, the
relation is unclear, however when the molecular weight is greater
than 500 g/mol, the number of successful cases is above three,
indicating that the higher molecular weight may be beneficial. A
weak relationship between the number of successful cases and
functional groups of the drugs was also observed, which was
similar to Fig. 3.
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Fig. 3. The number of successful cases of drugs in Table 2 vs. the molecular
weight of drugs.
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3.4. Effect of anionic and cationic surfactants

The addition of a small molecular weight surfactant often
has a significant effect on nano-comminution. In Tables 3 and 4,
the same polymer/drug pairs of Table 2 were processed in the
presence of an anionic and cationic surfactant.

In Table 3, the eight polymer/drug pairs decreased in
particle size and five increased. In Table 4, six cases
decreased and four increased. To this end, the addition of
small molecular weight surfactants was not always benefi-
cial. The most successful decreases in particle size were
observed for prednisolone acetate, nifedipin, hydrocortisone

el
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acetate, itraconazole with HPC, PVP, and F127. Among the
drugs and materials, these drugs were of relatively low sur-
face energy and the polymers were of relatively high surface
energy.

Among the drugs, only itraconazole, nifedipin, paclitaxel,
and glimepiride have amine or amino groups. The amine groups
might cause repulsive interactions with the cationic surfactants
and attractive interactions with the anionic surfactants; however,
no significant difference existed between the results shown in
Tables 3 and 4. Therefore, the interactions between the polymers
and drugs appear to be more important than those between the
polymers and surfactants. The addition of surfactants appears to

(d)
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Fig. 4. Typical SEM micrographs and a particle size distribution curve of drug particles after nano-comminution. (a) Hydrocortisone acetate as received, (b)
hydrocortisone acetate with HPC, (c) hydrocortisone acetate with HPC and SDS, (d) glimepiride with PVP, (e) glimepiride with PEG and (f) glimepiride with PVP.
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aid the interaction between the polymers and drugs, resulting in
an additional decrease in particle size.

On the other hand, an increase in mean particle size
was observed for cases with naproxen and paclitaxel of
Tables 3 and 4. The addition of a surfactant might hinder the
physical interactions between the polymers and drugs.

3.5. Particle morphology and size distribution

The particle morphology of the as received materials was
diverse. The particle morphologies before and after comminu-
tion were not simply related. Fig. 4a—c shows the hydrocortisone
acetate particles before and after comminution. The sharp edges
in Fig. 4a were rounded by the comminution processing, as
shown in Fig. 4b. When SDS was used, the particle size fur-
ther decreased (Fig. 4c). Additionally, the smallest particle size
was similar in both Fig. 4b and c. Therefore, the addition of
SDS aids in breaking and stabilization of the larger particles in
Fig. 4b.

Fig. 4d shows an example of well-prepared nanosuspension.
The particle morphology was close to spherical due to significant
attrition. In Table 2, when PEG was used as a stabilizer instead
of PVP, the mean particle size of glimepiride increased from
141 nm to greater than 1 pm. Fig. 4e indicates that the smallest
particle size may be larger than the smallest particle of Fig. 4d.

The particle size distribution of successfully prepared
nanosuspensions was unimodal, as shown in Fig. 4f, which was
consistent with the SEM results of Fig. 4d. However, poorly pro-
cessed nanosuspensions often had bimodal distributions which
were consistent with Fig. 4b and e.

4. Discussion

Nano-comminution is more complex than emulsifying pro-
cesses using surfactants. It involves fracture of drug crystals,
adsorption and desorption of polymers on drug surfaces, disso-
lution and precipitation of drug, aggregation and segregation of
particles, and micelle formation of polymers. Therefore, it may
not be possible to find a simple rule guiding selection of a proper
polymeric stabilizer for a specific drug. The surface energy, sol-
ubility, molecular weight, type and number of functional groups,
crystal structure, and thermal properties of the drug crystals have
an effect on nano-comminution.

For effective surface adsorption, a polymer should have
a hydrophobic moiety to drive the free energy reduction
associated with adsorption. Longer desorption time is also ben-
eficial. The hydrophobic surface of the drug is better than a
hydrophilic surface for adsorption, due to reversible dissolution
and precipitation. To prevent particle aggregation and promote
segregation, a hydrophilic moiety of a polymer with sufficient
kinetic energy is necessary, such as F68. Among the poly-
mers, HPC had relatively semi-flexible chains, however it did
not show any distinct differences in performance (Park et al.,
2006).

The fracture process of drug crystals depends on two major
types of parameters: the transfer of mechanical energy and intrin-
sic physical properties of the crystals. The transfer of mechanical

energy involves the slurry viscosity, the size and density of
milling media, and energy input, which influence particle size
reduction as a function of time and not the steady state drug
particle sizes. The intrinsic physical properties involves the
stress intensity factor, yield stress, plastic and elastic nature
of the crystals. Irwin’s equation predicts the size of the dam-
age zone ahead of the crack propagation in a crystal, which
might determine the smallest size of drug particles that can
be attained by nano-comminution (Lee, 2003). Although these
are important parameters, they are difficult to consider in the
discussion of the nano-comminution results, due to fact that
the basic physical properties of drug crystals remain largely
unknown.

The micelle formation of polymers can compete with surface
adsorption, which significantly depends on the concentration of
the polymers. Some of the drug can be solubilized by micelle
formation, although based on the DSC and XRD analysis in
this study, that amount was small. The micelle formation is an
unwanted (amorphous) state of the drug in the ‘nanocrystal’
comminution process.

The use of polymer/surfactant mixtures is often considered
to have synergistic effects in numerous applications such as
suspensions and slurries (Berglund et al., 2003a,b; Evertsson
and Nilsson, 1997). Depending on the type of polymers,
surfactants, and drug surfaces, either attractive or repulsive
interactions between the polymers and surfactants and either
co-adsorption or selective adsorption can occur. Therefore,
four different combinations can be identified, depending on
the types of interactions and adsorption (Berglund et al.,
2003a,b; Evertsson and Nilsson, 1997; Ploehn and Russel,
1990).

Attractive interactions will lead to polymer/surfactant aggre-
gates, according to the string of pearls model (Berglund et
al., 2003a,b; Evertsson and Nilsson, 1997; Ploehn and Russel,
1990). HPC and SDS are known to have attractive (strongly
cooperative) interactions (Berglund et al., 2003a,b; Evertsson
and Nilsson, 1997). It is unclear whether hyamine has an
attractive interaction with HPC, however, this study showed
the synergistic effect of polymer/surfactant aggregates does
not always occur. Alternately, the synergistic effects can be
found in the certain drug and polymer pairs. For example,
HPC/ibuprofen, PEG/glimepiride, HPC/hydrocortisone acetate,
HPC/paclitaxel, PVP/nifedipin, PVP/hydrocortisone acetate,
and F127/hydrocortisone acetate had the same result after sur-
factant addition, regardless of the surfactant types. Therefore,
selective adsorption or co-adsorption of the polymer on the drug
surface appears to be more critical to induce an effect of surfac-
tant addition than on the interaction type between the polymer
and surfactant.

Previous reports show that the total adsorption amount of
the polymer and surfactant decreases with an increase in SDS
concentration (Berglund et al., 2003a,b; Evertsson and Nilsson,
1997). The same phenomenon does not seem to occur in this
study due to the relatively low concentration of SDS (~1 mM).
However, if the concentration of surfactant increases, the same
‘washing out’ effect may occur and the polymer/surfactant inter-
action may be more significant.
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5. Conclusions

The steady state particle sizes of insoluble drugs attained
after sufficient nano-comminution were determined mainly by
the selection of a polymeric stabilizer. The steady state parti-
cle sizes of various systems obtained under the same processing
and characterization conditions were compared. Among the five
common polymers, F68 was the most versatile in terms of the
number of drugs successfully processed into nanoparticles. Sur-
face energy appears to be an important factor, however it does
not provide full predictability. The number of successful cases
was plotted as a function of solubility or molecular weight.
Generally, lower solubility, higher molecular weight, and higher
melting point drugs were found to be better candidates for nano-
comminution. The additional use of small molecular weight
surfactants did not always reduce the particle size, however
the results strongly depended on which pair of polymer/drug
was used, regardless of anionic or cationic surfactants. The par-
ticle size distribution of successfully processed systems was
unimodal, and poorly processed systems often had bimodal
distribution.
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