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a b s t r a c t

Drying nanosuspensions into redispersable powders is a critical issue in developing solid dosage forms of
drug nanoparticles. The particle fusion and chain entanglement of polymeric steric stabilizers adsorbed
onto the nanoparticle surface should be prevented to retain redispersibility after drying. Herein, we
report that only a small amount of polymeric dispersants such as carrageenan, gelatin, and alginic acid
between 0.5 and 3 wt.% in various drug nanosuspensions can provide sufficient redispersibility in vacuum,
convection, and freeze drying. In vacuum and freeze drying of naproxen nanosuspensions, the addition
eywords:
illing

article size
anoparticles
anocrystals
reeze drying

of only 0.5 wt.% carrageenan resulted in the formation of redispersable nanoparticulate powders. The
amounts of polymeric dispersants required for redispersibility was lowest for carrageenan and highest
for gelatin. The specific interactions between the dispersants and steric stabilizers (or drugs), in addition
to viscosity increase during drying, appeared to effectively prevent irreversible particle aggregation.

© 2010 Elsevier B.V. All rights reserved.

uspensions
ispersion

. Introduction

Particle size engineering of drugs is a convenient tool to control
he bioavailability of a solid dosage form (Amidon et al., 1995; Lee,
003; Liu, 2000). The recent development of nano-comminution
echnology has widely increased the range of particle sizes avail-
ble for processing into solid dosage forms. So far, it has successfully
mproved the bioavailability of various poorly water-soluble drugs,
.g., Rapamune®, Emend®, Tricor®, and Megace® ES (Lee et al.,
008; Serajuddin, 1999; Yamada et al., 1999; Yin et al., 2005; Zheng
nd Bosch, 1997).

As the particle size of drugs decreases, the Gibbs free energy
ncreases mainly due to the extra subdivision potential term
elated to the increase in surface energy (Hill, 2001). Thus,
ano-comminution uses mechanical energy and surface steric sta-
ilization to compensate for the extra energy (Lee et al., 2008;
iversidge and Conzentino, 1995; Liversidge and Cundy, 1995;
erisko-Liversidge et al., 2004). Steric stabilization using polymers

s an effective mechanism for nanoparticles, as it is more effec-

ive for smaller particles than for ionic stabilization (Berglund et
l., 2003a,b; Ploehn and Russel, 1990). A liquid medium is used in
he preparation of nanoparticles by nano-comminution. Therefore,
eliable conversion methods of nanoparticle suspensions to solid

∗ Corresponding author. Tel.: +82 2 820 5269; fax: +82 2 824 3495.
E-mail address: jong@cau.ac.kr (J. Lee).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.07.010
powders are required for the preparation of oral solid dosage forms.
However, the drying unit operations are still quite challenging in
the pharmaceutical industry (Eerdenbrugha et al., 2008; Grau et al.,
2000; Kesisoglou et al., 2007; Schmidt and Bodmeier, 1999).

Properly dried powders are able to restore their original
emulsion or suspension states of nanoparticles when they are redis-
persed in water (‘redispersibility’), since they did not go through
irreversible aggregation during drying (Saez et al., 2000). Freeze
drying is a commonly chosen method because of its ability to retain
the structure of an emulsion or suspension. A significant amount of
cryoprotectant such as sucrose (usually more than drug content) is
commonly used for effective structure preservation (Abdelwahed
et al., 2006a,b; Bakaltcheva et al., 2000; Berejnov et al., 2006;
Goldblith et al., 1975; Hirsjarvi et al., 2006; Konan et al., 2002; Layre
et al., 2006; Lee, 2003; Quintanar-Guerrero et al., 1998). With the
aid of large amount of dispersants, spray or fluidized bed drying was
also attempted in some cases (Chaubal and Popescu, 2008; Sonner
et al., 2002). However, to the best of our knowledge, simple vac-
uum or convection drying has never been reported because they
are thought to inevitably impair the stabilization mechanism used
in the preparation.

Furthermore, the use of a significant amount of dispersant lim-

its drug loading in a final dosage form. While the amount of
liquid medium is continually diminished, the effect of the dis-
persants will be determined both by the kinetic parameters and
by the thermodynamic parameters (Philip et al., 2003; Ryde and
Ruddy, 2002). Therefore, it is strongly needed to develop a reli-

dx.doi.org/10.1016/j.ijpharm.2010.07.010
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:jong@cau.ac.kr
dx.doi.org/10.1016/j.ijpharm.2010.07.010


l of Ph

a
d

s
M
w
o
d
w
n

2

2

T
(
c
(
c
p
y
L
w

2

p
h
s
s
d
t
w
a

s
t
w
4
p
d
t
2
(
3
J

2

m
d
w
w
V
u
C
h
m
p
a
c
p

gelatin, the transition appeared to exist between 1 and 3 wt.%, and
for alginic acid it existed between 0.5 and 1 wt.%. Among the three
polymeric dispersants, carrageenan seems to be the most effective
dispersant for improving the redispersibility of drug nanoparticles,
as it requires the smallest amount of dispersant.

Table 1
Volume-averaged particle sizes of drug suspensions prepared by
nano-comminution for 5 days (parenthesized numbers are standard
deviations).

Drug Mean particle size (�m)
S. Kim, J. Lee / International Journa

ble drying method for nanosuspensions using a limited amount of
ispersant.

In this study, we attempted to minimize the amount of disper-
ants and to apply common drying methods for nanosuspensions.
ucoadhesive water-soluble polymers of limited concentrations
ere used as dispersants for three common drying processes in

rder to retain the redispersibility of nanoparticles. The restricted
iffusion of nanoparticles and repulsive forces provided by the
ater-soluble polymer chains effectively led to redispersable
anoparticulate powders.

. Materials and methods

.1. Materials

Naproxen ((±)-2-(6-methoxy-2-naphthyl)propionic acid) from
okyo Kasei Kogyo (Japan), itraconazole from Kapex Chemicals
Maharashtra, India), sofalcone (Dae He Chemical, South Korea),
ilostazol (PacificPharma, South Korea), gelatin from Geltech
South Korea), and chitosan from KittoLife (chitosan oligosac-
haride lactate, 3000 g/mol, South Korea) were used without
urification. �-Carrageenan, fenofibrate, alginic acid, and hydrox-
propyl cellulose (HPC) were purchased from Sigma–Aldrich (St.
ouis, MO, USA). Water (HPLC) from J.T. Baker (NJ, USA) was used
ithout purification.

.2. Preparation and drying of nanosuspensions

A media milling method (nano-comminution) was used to
roduce the drug nanosuspensions. A polymeric steric stabilizer,
ydroxypropyl cellulose (HPC), was first dissolved in water, and the
olution was mixed with drug powders (naproxen, itraconazole,
ofalcone, and fenofibrate) and yittria-stabilized zirconia (1 mm
iameter, 50 v/v%) in a 30 mL vial. The final drug concentration in
he liquid medium was 8 wt.%, and the weight ratio of HPC to drug
as 1–6. Comminution proceeded for 5 days at room temperature

nd 125 rpm.
Before mixing with the nanosuspensions, the polymeric disper-

ants, carrageenan, gelatin, and alginic acid, were prepared in water
o produce homogeneous solutions. Carrageenan and alginic acid
ere dissolved at room temperature, and gelatin was dissolved at

0 ◦C overnight. The prepared solutions were mixed with nanosus-
ensions at a 1:1 weight ratio for 30 min (final concentrations of
ispersant before drying = 5, 3, 2, 1, 0.5, and 0.1 wt.%). The solu-
ions underwent either vacuum drying at room temperature for
4 h (chamber 64 L, 76 cm Hg), drying in a convection oven for 24 h
40, 60, 80 ◦C, accuracy ±2 ◦C) or freezing in a −25 ◦C freezer for
h and subsequent freeze drying for 24 h (FD-1000, EYELA, Tokyo,

apan).

.3. Characterizations

The redispersibilities of the dried powders were assessed by
easuring the volume-averaged particle sizes before and after

rying. After complete drying, 0.01 g of dried powder was mixed
ith 10 mL of water, and immediately after mixing, the dispersion
as placed into the sample chamber of a particle size analyzer.
olume-averaged particle sizes were measured in 150 mL water
sing a laser light scattering particle size analyzer (LA-910, Horiba
o., Kyoto, Japan) (relative refractive index = 1.06, Mie & Fraun-
ofer type). A 1-min sonication (40 W, 39 Hz) was applied before

easurement at a stirring speed of 340 mL/min. The rheological

roperties of the suspensions before drying were measured by
n AR2000 rheometer (TA Instrument, DE, USA) using a 40 mm
one and plate (1◦, stain rate from 0.01 to 200/s) at room tem-
erature. Zeta potential was measured for 5 wt.% dispersant cases
armaceutics 397 (2010) 218–224 219

by a dynamic electrophoretic light scattering spectrophotometer
ELS-Z2 (Otsuka Electronics, Japan, avg. electric field −16.53 V/cm,
conversion equation: Smoulchowski) at 25 ◦C.

For the examination of the particle morphology, a scanning elec-
tron microscope S-4800 (Hitachi, Tokyo, Japan) was used at 4 kV,
and the specimens for SEM were coated with carbon (ca. 3 nm).
For atomic force microscopy (AFM), 1 mg of dried particles was
dispersed in 1 mL of water, and the dispersion was used to coat a
glass slide using a spin coater SPIN-1200D (MIDAS SYSTEM, South
Korea, 3000 rpm, 33 s). The particle morphology was visualized by
an AFM XE-100 (Park systems, Gyeonggi, South Korea) at 0.5 Hz
in non-contact mode. Etched silicon tips on a cantilever (NSC15,
Park Systems, South Korea) with a force constant of 40 Nm−1 (as
specified by the manufacturer) were used.

3. Results

3.1. Polymeric dispersants

Five different drugs were first processed into submicron parti-
cles in the presence of a steric stabilizer, HPC, as shown in Table 1.
Since the same polymeric stabilizer was used for all of the drugs,
the drug surfaces were covered by the same polymer chains, which
provided a similar balance between inter-particular attraction and
repulsion. The volume-averaged particle size varied from 100 to
320 nm. The differences in the particle sizes showed the stabiliz-
ing ability of HPC on the surfaces of the different drugs. The bulk
physical chemical properties of the individual drugs may also be
the reason for the differences, such as the melting point, molecular
weight, solubility, or hydrophobicity (Lee et al., 2008). However, in
this study, the differences in the particle sizes listed in Table 1 are
not significant, as the redispersibilities of the dried particles were
assessed by a much larger difference in particle size (typically far
less than 1 �m (bold numbers in Tables 2–4) or several microns)
(Lee and Cheng, 2006).

Table 2 shows the volume-averaged particle sizes from the
redispersion experiments of vacuum and freeze-dried powders.
First of all, vacuum drying successfully produces redispersable
powders with the use of a small amount of polymeric disper-
sants between 0.5 and 3 wt.%. The redispersibilities of drug particles
significantly depended on the concentration of the polymeric dis-
persant. When carrageenan was used as a dispersant in vacuum
drying, the particle size increased from 200–300 nm to 2–22 �m
as the concentration of carrageenan decreased from 3 to 0 wt.%.
A critical concentration was observed as the transition in parti-
cle size primarily occurred between 0.5 and 0.1 wt.%. Therefore,
for good redispersibility, a small amount of carrageenan greater
than 0.5 wt.% was necessary in the vacuum drying of the naproxen
nanosuspension. The transition from 200 to 300 nm to several
microns occurs at a different concentration for each polymer. For
Naproxen 0.10 (±0.06)
Itraconazole 0.11 (±0.06)
Fenofibrate 0.16 (±0.09)
Sofalcone 0.32 (±0.11)
Cilostazol 0.20 (±0.10)
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Table 2
Effect of dispersant concentration on the redispersability of naproxen nanoparticles. The redispersability was verified by the volume-averaged particle size (�m) after
reconstitution of the dried powder in water by changing the type of dispersant and the drying method.

Concentration of dispersant solution (wt.%) Vacuum drying Freeze drying

Carrageenan Gelatin Alginic acid Carrageenan Gelatin

5 – – – 0.12 (±0.05) 0.16 (±0.05)
3 0.23 (±0.06) 0.36 (±0.10) – 0.26 (±0.07) 0.13 (±0.06)
2 0.21 (±0.06) – 0.19 (±0.05) 0.23 (±0.06) 0.16 (±0.08)
1 0.26 (±0.06) 1.75 (±5.60) 0.31 (±0.41) 0.28 (±0.08) 0.45 (±0.89)
0.5 0.36 (±0.71) – 2.02 (±4.05) 0.31 (±0.10) 3.89 (±86.7)
0.1 2.32 (±4.63) – – 0.91 (±2.00) –
0 22.2 (±16.1) 22.2 (±16.1) 22.2 (±16.1) 16.2 (±14.4) 16.2 (±14.4)

Table 3
Effect of drying temperature on the redispersability of naproxen nanoparticles dried
in a convection oven (with carrageenan 2 wt.%).

Temperature (◦C) Mean particle size (�m) Standard deviation (�m)
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40 0.36 0.29
60 0.39 1.01
80 20.79 2.70

When freeze drying was employed instead of vacuum drying,
smaller amount of polymeric dispersant prevented irreversible

ggregation as shown in Table 2. However, the differences in
he required amounts of polymeric dispersants were surprisingly
mall. When gelatin was used, a higher concentration (>1 wt.%)
han that of carrageenan was necessary; however it was still
ower than the concentration required for vacuum drying (>3 wt.%).

hen 5 wt.% carrageenan was used, particles of 0.12 �m size
ere obtained, which was quite close to the original particle size

0.10 �m) before drying.
An average particle size between 400 and 1000 nm was observed

nly for freeze-dried carrageenan/naproxen composite powders
0.91 �m in Table 2). In all the other cases, irreversible aggrega-
ion produced a relatively sharp transition in particle size, i.e., from
few hundred nanometers to several microns. Fig. 1 demonstrates
reason for the sharp transition; the particle size distributions had

wo distinct peaks, one less than 1 �m and the other greater than
everal microns. As the concentration of carrageenan increases, the
eak greater than several microns disappears and the peak less than
�m increases. No other significant peak between the two peak
reas was observed, which indicates the possible unstable energy
tates of aggregation in the size range.

Although the presence of carrageenan improved the redis-
ersibility of the nanosuspensions, the volume-average particle
ize after reconstitution was slightly larger than the original
article size before drying (Tables 1 and 2). The peaks of the recon-
tituted cases less than 1 �m in size were indeed slightly different
rom the original peak before drying, as shown Fig. 1. This difference
ould be meaningful in bioavailability.
The similar particle size distributions were observed in the
ases of Table 3. When the naproxen nanosuspensions with 2 wt.%
arrageenan were dried in a convection oven at 40 and 60 ◦C,
heir reconstitution in water produced average particle sizes of
00–400 nm. As the drying temperature increased, faster dry-

able 4
ffect of carrageenan concentration, drying method and drug on the redispersability of dr

Concentration of dispersant (wt.%) Drying methods

Vacuum drying

Itraconazole Sofalcone

3 0.62 (±1.15) –
2 1.11 (±2.32) 0.64 (±0.80)
1 3.59 (±5.36) 2.01 (±3.49)
0.5 – –
Fig. 1. Redispersability (particle size distribution curves) of naproxen particles vac-
uum dried with carrageenan.

ing resulted, and the redispersibility of dried powders could
be improved, since the structures in nanosuspensions could be
retained (Lee and Cheng, 2006). However, Table 3 shows con-
tradictory data. Between 60 and 80 ◦C, the particle size had a
sharp transition from 0.39 to 20.79 �m. An increase in temperature
induced more irreversible particle aggregation, possibly because of
the decrease in solution viscosity (changes in the chain dynamics of
polysaccharide). In the cases of convection drying (Table 3), 2 wt.%
carrageenan was observed to be the smallest amount required for
sufficient redispersibility (data not given). When 0.5 or 1 wt.% car-
rageenan was used, the particle sizes after reconstitution were all
greater than 12 �m. The required amount of polymer, 2 wt.%, was
slightly larger than the amounts required for the vacuum and freeze
drying methods in Table 2; however convection drying is still a
cost-effective drying method.
3.2. Drugs

The results of the naproxen nanosuspensions may not simply be
generalized for the nanosuspensions of other drugs. Table 4 shows
the particle sizes from the redispersion experiments of different

ug nanoparticles (volume-averaged particle size (�m)).

Freeze drying

Fenofibrate Cilostazol Itraconazole Sofalcone

0.50 (±0.80) – 0.72 (±1.85) 0.37 (±0.14)
0.73 (±1.29) 0.30 (±0.08) 1.28 (±3.11) 0.39 (±0.17)
0.59 (±0.98) 0.45 (±0.35) – 0.53 (±0.77)
1.04 (±2.13) 1.24 (±2.33) – –
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Fig. 2. AFM images of redispersed naproxen particles: (a) 0.5

rugs with 0.5–3 wt.% carrageenan, where successful redispersion
ases could be found. Compared to naproxen, a relatively smooth
ransition in particle size existed. In many cases, the smallest par-
icle sizes were larger than the original particle sizes before drying
Table 1).

Although the same dispersant was used, the concentration
equired for good redispersibility depended on the kind of drug.
hile naproxen required a minimum concentration of 0.5 wt.%,
traconazole required a concentration of 3 wt.%, which was the
ighest requirement among the drugs used in our experiment
Table 4). This result implies that the high viscosity caused by
he addition of polymeric dispersants may not be the only fac-

Fig. 3. SEM micrographs of vacuum-dried naproxen particles: (a and b
carrageenan solution and (b) 0.1 wt.% carrageenan solution.

tor in determining the redispersibility of drug nanoparticles. If
their particle sizes are similar, the viscosities of nanosuspen-
sions are more dependent on the concentration of polymers
than the properties related to the type of drug (Bałdyga et al.,
2008).

Similar to the cases of Table 2, the freeze drying of sofalcone
required a smaller amount of carrageenan than did the vacuum dry-

ing of sofalcone. However, itraconazole required similar amounts
of carrageenan in both drying processes to produce a particle size
of 600–700 nm. Therefore, not only the type of dispersant but also
the type of drug significantly influenced the redispersibility of dried
powders.

) poor redispersion cases, and (c and d) good redispersion cases.
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.3. Morphology observations

Two microscopic investigations were used to visualize the dif-
erences in particle sizes. Fig. 2 shows the AFM observation of drug
articles spin-coated onto a glass slide. Spin coating produced more
ell dispersed particles than particles slowly dried from a solution
rop. Therefore, it was easier to observe individual submicron par-
icles. Fig. 2a shows naproxen particles of approximately 200 nm.

decrease in the concentration of carrageenan resulted in larger
articles (aggregates in Fig. 2b). The non-spherical morphology of
ig. 2b indicates that the particles were not the primary parti-
les but aggregates of the primary particles. Aggregates larger than
�m were occasionally observed in Fig. 2b case.

During drying of the nanosuspension, dissolved polymers (extra
PC and polymeric dispersant) precipitated out of solution in addi-

ion to the polymer (HPC) physically adsorbed onto the surface of
rug nanoparticles. Fig. 3a and b shows the cases of poor redis-
ersion in which no significant polymer phases were observed.
lternatively, Fig. 3c and d shows polymer phases surrounding the
rug particles. The individual drug particles were difficult to iden-
ify in the micrographs. The polymer phases can serve as protective
ayers, preventing irreversible aggregation of drug nanoparticles.

.4. Viscosities of the nanosuspensions

The polymeric dispersants used in this experiment are often
sed as thickening agents due to the intrinsic high viscosities of
heir solutions. More effective protection of drug nanoparticles by
olymer chains can occur with greater solution viscosity. Fig. 4
hows the typical shear viscosity results of carrageenan cases as
function of shear rate. Distinct shear thinning behavior existed

xcept for cases of relatively low concentration and high shear rate.
Since the irreversible aggregation of naproxen nanoparti-

les becomes negligible above 0.5 wt.% (Table 2), the viscosities
etween 0.1 and 0.5 wt.% may be a critical value. The difference
etween 0.1 and 0.5 wt.% was more distinct at a relatively high
hear rate. Nanoparticles may indeed experience a relatively high
hear rate in their nanoscopic environment, although a quantitative
omparison cannot be made.
However, the viscosity of alginic acid cases ranged from 0.07
o 6 poise in the same range of shear rate (data not given), and
ggregation became serious at a different viscosity range. Over-
ll, no single common critical value of viscosity was observed to
redict the redispersibility of nanosuspensions. This is a natural

Fig. 5. Schematic diagram of nanosuspension drying pro
Fig. 4. Shear viscosities of naproxen nanosuspensions containing carrageenan. The
concentration of carrageenan varied from 0.1 to 2 wt.%.

consequence since the dependence of redispersibility on the types
of both polymeric dispersant and drug was observed to be signifi-
cant (Tables 2 and 4). The viscous media and appropriate chemical
interactions between a drug (or HPC on drug surface) and a disper-
sant appear to be critical for the preparation of redispersable drug
nanoparticles.

4. Discussion

During drying of nanosuspensions, the ceaseless motion of
HPC chains and the subsequent steric repulsion mechanism
become inactive. Removal of water between nanoparticles induces
entanglement of HPC chains, and the entanglement or particle
fusion results in irreversible aggregation (Fig. 5). To prevent the
irreversible aggregation and retain the redispersibility of nanopar-
ticles, dispersants such as sucrose and lactose are often used (even
HPC). The dispersants fill the gaps between the nanoparticles after
the removal of water. Therefore, a significant amount of dispersant,

typically greater than that of the drug, is needed. Fast drying often
provides better conditions for the prevention of chain entangle-
ment (Lee and Cheng, 2006; Searles et al., 2001).

The additions of carrageenan, gelatin, and alginic acid were
able to successfully protect drug nanoparticles from irreversible

cesses of reversible and irreversible aggregation.



l of Ph

a
c
p
s
e
I
a
t
m

i
d
c
c
a
m
f
w
e
p
A
c
g
s
i
p
p

v
b
s
a
t
m
m
m
r

h
b
h
m
a
c
s
c
o
i
c
a
a
n

s
t
b
m
m
o
d

5

m
a

S. Kim, J. Lee / International Journa

ggregation in this study, particularly the addition of only 0.5 wt.%
arrageenan. It appears to be difficult for a small concentration of
olymeric dispersant (even smaller than the amount of HPC, steric
tabilizer) to form a continuous matrix and physically block the
ntanglement between the HPC chains on nanoparticle surfaces.
nstead, the polymeric dispersant can interact with the HPC chains
nd prevent entanglements between them (Fig. 5). Differences in
he specific interactions between polymeric dispersants and HPC

ay be why the carrageenan cases had the best redispersibility.
Zeta potential of drug particles could provide a clue for the

nteractions between stabilizer and dispersant. Among the three
ispersants, the changes in zeta potential was the greatest in the
ases of carrageenan (−28.4 ± 1.34 mV) compared to the naproxen
ontrol without any dispersant (−17.1 ± 0.34 mV). The use of alginic
cid (−19.9 ± 0.60 mV) and gelatin (−18.24 ± 0.45 mV) slightly
odified the zeta potential of naproxen nanoparticles. There-

ore, carrageenan seems to have strong attractive interactions
ith HPC-covered naproxen nanoparticles, which result in an

xistence of a significant amount of carrageenan at the slip-
ing plane of particles resulting in more negative zeta potential.
fter drying and redispersion, the zeta potential values slightly
hanged (carrageenan = −38.5 ± 0.68; alginic acid = −18.4 ± 0.42;
elatin = −13.6 ± 0.74 mV). It needs to be mentioned that a disper-
ant for drying processes mainly filled the space between particles
n a dried state, and the surface property (zeta potential) of sus-
ension itself may or may not directly predict the bulk powder
roperties (redispersibility of powder).

The polymeric dispersants can also significantly increase the
iscosity of the nanosuspension. Their aqueous solutions can
e physically gelled at a high concentration because of their
trong interactions between polar functional groups. It is generally
ccepted that carrageenan undergoes gelation through coil–helix
ransition followed by aggregation (Loret et al., 2009). Similar

echanisms will be active during drying and will restrict the
otions of drug nanoparticles and HPC chains. The retarded
otions of HPC chains in the viscous solution can reduce the occur-

ence of chain entanglement and particle aggregation.
Carrageenan and alginic acid are polysaccharides, one with

ydroxyl and sulfonyl groups and the other with hydroxyl and car-
oxyl groups, respectively. Gelatin is a protein obtained from the
ydrolysis of collagen. The chemical structures of drugs and poly-
ers are relatively diverse, and the interactions between polymers

nd HPC (or drugs) cannot be readily compared. However, spe-
ific interactions between them can be expected based on their
tructures. Indeed, strong interactions between cellulose (HPC) and
arrageenan were reported based on the rheological properties
f the polymer mixtures (Gomez-Diaz et al., 2008). The specific
nteractions will reduce the chances of entanglement between HPC
hains and subsequent particle aggregation. The functional groups
re thought to bring the mucoadhesive property to the polymers,
nd this can additionally help the performance of the resulting
anoparticulate formulations.

The specific interactions between a polymeric dispersant and a
teric stabilizer and the viscosity effects will become more impor-
ant as drying progresses. Fortunately, irreversible aggregation will
ecome more active as drying progresses too. This coincidence
ight be a reason why the use of the small amounts of the poly-
eric dispersants is unexpectedly effective. For the development

f the solid nanoparticulate formulations, the effective polymeric
ispersants seems to be the best choices.
. Conclusions

Nanosuspensions of different drugs were prepared by wet com-
inution and dried by conventional methods (vacuum, freezing

nd convection drying) in the presence of polymeric dispersants
armaceutics 397 (2010) 218–224 223

(carrageenan, gelatin and alginic acid). The polymeric dispersants
of only 3 wt.% or less was able to successfully prevent irreversible
aggregation between nanoparticles in all of the drying methods.
The minimum amount of polymer required for sufficient redis-
persibility depended on the type of polymeric dispersant, the type
of drug, and the drying method. Generally, carrageenan was more
effective than the other two polymers. When carrageenan was used
for naproxen nanosuspensions, vacuum and freeze drying required
a minimum concentration of 0.5 wt.% for good redispersibility, and
convection drying required a minimum concentration of 2 wt.%.
Among the three drying methods, freeze drying generally required
the smallest amount of dispersants. The use of a relatively small
amount of polymeric dispersant will provide more freedom in drug
contents, processing windows and choices for drying processes.
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