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bstract

Cyclodextrins (CyDs) were employed as protective stabilizers for the preparation of surfactant-free nanocrystals of indomethacin (IMC) by
sing the emulsion solvent diffusion method. The effect of changing the type and concentration of CyDs on the formation of IMC nanocrystals
as investigated. Dispersions were freeze-dried to characterize the size, shape, nanoparticle yield, crystallinity, and dissolution behavior of the
btained particles. Submicron-sized particles of IMC with average diameters in the range of 300–500 nm were obtained by incorporating �-, �-,
r �-CyD in the outer phase of the primary emulsions. Quantitative determination demonstrated that more than 80% of IMC was recovered as

ne particles smaller than 0.8 �m. The powder X-ray diffraction (PXRD) and differential scanning calorimetry (DSC) analyses of the freeze-dried
amples confirmed the polymorphic change of IMC to the meta-stable form. A significant enhancement in the dissolution rate of IMC nanocrystals
as observed when compared to the commercial powder.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Recent advances in particle engineering technology have sig-
ificantly enhanced the oral and parentral delivery of poorly
ater-soluble drugs. The technology of particle size reduction

o the nano-scale usually results in a significant increase in
rug solubility and dissolution rate with subsequent improve-
ent of drug bioavailability (Müller et al., 2001). Based on the
oyes–Whitney equation, there is a direct relationship between

he dissolution velocity and the effective surface area of drug par-
icles. For fine drug powders, the effect of surface area is more
ronounced and the dissolution velocity is highly enhanced. In
ddition, the saturation solubility of the drug can be highly
ncreased by converting the drug particles to the nano-scale
Mosharraf and Nyström, 1995).

Recently, the techniques of particle size reduction to the sub-

icron level have significantly advanced. The common methods

or preparing drug nanocrystals depend on advanced milling
echniques that utilize excipient stabilization (Müller and Peters,
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998; Merisko-Liversidge et al., 2003). Nanosuspensions pro-
uced by high pressure homogenization have recently been
emonstrated to produce crystalline drug nanoparticles (Krause
nd Müller, 2001; Hecq et al., 2005). Nanoparticle precipita-
ion by the anti-solvent method is also a direct and simple
rocedure for the preparation of drug nanocrystals (Zhang et
l., 2006). However, it is usually difficult to control the parti-
le size in the submicron region and the addition of surfactant
s stabilizer is necessary to avoid the formation of micropar-
icles. The hazards of organic solvent residuals emerged the
se of supercritical fluid-based technologies as new preparation
ethods of drug nanocrystals. The commonly known pro-

esses are supercritical anti-solvent precipitation (Reverchon,
999; Chattopadhyay and Gupta, 2001) and rapid expansion of
upercritical solutions (Pathak et al., 2006). Co-grinding with
ydrophilic stabilizers has been reported to produce fine drug
articles in the submicron region; examples of co-grinding addi-
ives are cyclodextrins (Tozuka et al., 2004; Wongmekiat et al.,
007), polyvinyl pyrrolidones (Itoh et al., 2003), polyethylene

lycols, and hydroxylpropyl methylcellulose (Sugimoto et al.,
998).

Cyclodextrins (CyDs) are cyclic oligosaccharides consisting
f six to eight glucose units linked by �-1,4-glycosidic link-
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ge. The molecular structure of CyDs approximates a truncated
one with a hydrophilic exterior surface and a non-polar interior
avity (Loftsson and Brewster, 1996). Because of this fea-
ure, CyDs can form inclusion complexes with drug molecules
esulting in some changes in the physicochemical properties of
uest molecules such as solubility and stability (Blanchard and
roniuk, 1999). One of the most important applications of CyDs

s enhancing the solubility of poorly water-soluble drugs by com-
lex formation (Becket et al., 1999; Veiga and Ahsan, 2000).
owever, there is growing evidence about the non-inclusion
ased aspects of interaction between CyDs and drug molecules,
ncluding formation of molecular aggregates and surfactant-like
ffects (Loftsson et al., 2004).

The aim of the present study was to prepare drug nanocrys-
als of a poorly water-soluble drug by applying the emulsion
olvent diffusion method using CyDs as nanocrystal stabiliz-
rs. Indomethacin (IMC) is a non-steroidal anti-inflammatory
rug (NSAID) that has very low aqueous solubility (solubility in
ater: 5 �g/ml) (Hancock and Parks, 2000) which is often used

s a model for practically insoluble drugs. In the present method,
he model drug was dissolved in a water-miscible organic sol-
ent which was slowly poured into the aqueous CyD phase with
oderate mechanical stirring. The obtained dispersions were

reeze-dried for further physicochemical characterization of the
btained powdered particles.

. Materials and methods

.1. Materials

Indomethacin (IMC) was supplied from Sumitomo Pharma-
euticals Co. Ltd., Japan. Three different types of cyclodextrins
�-, �-, and �-CyDs) were purchased from Nacalai Tesque, Inc.,
apan. All other chemicals and solvents were of reagent grade.

.2. Preparation of IMC nanocrystals

The emulsion solvent diffusion method was adapted in the
urrent study for preparation of surfactant-free nanocrystals of
MC using CyDs as dispersion stabilizers. Typically, the ethano-
ic drug solution (200 mg/10 ml) was slowly added to 100 ml of
queous CyD solution using a peristaltic pump (Tokyo Rikakikai
o. Ltd., Japan) at a flow rate of 2.0 ml/min while continuously

tirring at 400 rpm with a propeller mixer. Different concentra-
ions of �-, �-, or �-CyD (0.1, 0.5, and 1.0%, w/v) were used
n the outer phase of the emulsion. The formed dispersion was
mmediately centrifuged for 10 min at 4 ◦C and 20,000 rpm using
high speed refrigerated centrifuge (Kubota Co., Japan) and the
btained residue was redispersed in distilled water with sonica-
ion. This process was repeated twice and the final dispersion
as subjected to freeze drying at −120 ◦C for 72 h (FD-81TS,
okyo Rikakikai Co. Ltd., Japan).
.3. Particle size and size distribution

The particle size of the freeze-dried samples was determined
fter dispersion in distilled water by dynamic light scattering

f
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d
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ethod with a photon correlation spectroscopy (PCS) using
etasizer 3000HS (Malvern Instruments, United Kingdom). The
easured parameters by PCS are the average particle size diame-

er (ZAve) and the polydispersity index (PI). Fiber optics particle
nalyzer with laser diode light source and photomultiplier tube
etector (FPAR-1000, Photal, Otsuka Electronics, Japan) was
sed additionally to measure the particle size distribution of the
repared samples.

.4. Determination of IMC recovered as nanoparticles
nanoparticle yield)

The drug content of the freeze-dried samples was checked
y UV-spectrophotometry to confirm the purity of the prepared
amples. For the quantitative determination of IMC recovered
s nanoparticles, aqueous dispersions of the prepared samples
25 mg/10 ml distilled water) were passed through 0.8 �m filter.
he filtrates containing fine particles smaller than 0.8 �m were
issolved in 3 ml ethanol and appropriately diluted with phos-
hate buffer (pH 6.8). The concentration of IMC was determined
pectrophotometrically at a wavelength of 320 nm (UV-1700,
himadzu, Japan). The amount of drug in the filtrate relative to

he total amount of drug in the dispersion was calculated and
xpressed as the percentage recovery (nanoparticle yield).

.5. Scanning electron microscopy (SEM)

The morphology of the commercial IMC powder and the
reeze-dried samples was examined by SEM (JSM-330A, Nihon
enshi, Japan). Prior to examination, the samples were mounted
nto metal stubs using a double sided adhesive tape and sputtered
ith a thin layer of gold under vacuum. The scanning electron
icroscope was operated at an acceleration voltage of 15 kV.

.6. Powder X-ray diffraction (PXRD)

PXRD analysis was performed using a Rigaku Geigerflex
owder X-ray diffractometer (Rigaku Denki, Japan). The scan-
ing rate was 4◦/min over a 2θ range of 5–40◦.

.7. Differential scanning calorimetry (DSC)

Differential Scanning Calorimeter (DSC-6200, Seiko Instru-
ents Inc., Japan), equipped with a liquid nitrogen cooling

ystem, was used to measure the thermal behavior of the com-
ercial IMC powder and the freeze-dried samples. In DSC

nalysis, 2–3 mg of sample powder was put in aluminum pan
nd examined at a scanning rate of 10 ◦C/min from 25 to 200 ◦C.

.8. Dissolution test

A dissolution test for the commercial IMC powder and the

reeze-dried samples was carried out according to the Japanese
harmacopoeia (XV). The prepared samples or the commercial
rug powder (25 mg) were added to 900 ml of JP 2nd fluid (phos-
hate buffer pH 6.8) at a temperature of 37 ± 0.5 ◦C and paddle
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Table 1
Effect of �-CyD concentration in the outer phase of primary emulsion on the
average particle diameter (ZAve), polydispersity index (PI), and nanoparticle
yield of the freeze-dried samples

�-CyD concentration
(%, w/v)

ZAve (nm) PI Nanoparticle
yield (%)

0.1 437.6 0.348 82.4
0
1

s
p
0
U

3

p
s
t
o
w
y
d
t
c
t
k
a

u
t
p

f
d
p
w
t
t
c
f
v

d
u
o
0
p
t
t
s
i
m
p
a
w
a
a
c
t
t
s
o
C

F
(

.5 399.8 0.168 84.9

.0 336.8 0.013 85.1

tirring at a rotation speed of 100 rpm. Five milliliters sam-
les were withdrawn at specific time intervals, filtered through
.2 �m filter, and the concentration of IMC was determined by
V-spectrophotometry.

. Results and discussion

When the ethanolic solution of IMC was added to an aqueous
hase in the presence of CyD by the emulsion solvent diffu-
ion method, a homogenous milky dispersion was obtained. On
he other hand, sticking of IMC particles on the propeller was
bserved when a control preparation was carried out in distilled
ater without CyD. The dispersion was centrifuged in order to
ield an easily redispersible pellet of particles, and finally freeze-
ried for further characterization. Prior to the freeze drying step,
he dispersion was rapidly frozen to −120 ◦C in a stainless steel
ontainer, since it was reported that rapid freezing rates preserve
he configuration of the liquid phase of the nanodispersion and
eep the individual nanocrystals separate and redispersible (Lee
nd Cheng, 2006).
The particle size of the freeze-dried samples was determined
sing dynamic light scattering method after dispersion in dis-
illed water by sonication for 5 min. Table 1 shows the average
article size (ZAve) and the polydispersity index (PI) values

o
a
e
p

ig. 1. Particle size distributions of freeze-dried samples prepared in different concen
B) and (D).
Pharmaceutics 357 (2008) 280–285

or IMC nanocrystals prepared by emulsion solvent diffusion in
ifferent concentrations of �-CyD solutions. Submicron-sized
articles with average diameters in the range of 300–500 nm
ere successfully produced. The PI gives an indication about

he width of particle size distribution, the lower the PI values
he better the dispersibility of the particles. Increasing the con-
entration of �-CyD in the outer phase of the primary emulsion
rom 0.1 to 1.0% (w/v) resulted in considerable decrease in PI
alues.

Fig. 1 shows particle size distribution patterns of IMC after
ispersing the freeze-dried samples. When distilled water was
sed to disperse the nanocrystals, larger particles in the range
f 3–5 �m could be observed. However, samples dispersed in
.1% polyvinyl alcohol (PVA-403) exhibited a monodispersed
article size distribution in the nanosize range. This observa-
ion emphasizes that these microparticles are aggregations of
he submicron particles. The drug content of the freeze-dried
amples was determined by UV-spectrophotometry and results
ndicated the purity of the prepared samples. Quantitative deter-

ination of the content of the submicron-sized particles in the
repared samples was performed. The amount of IMC recovered
fter filtration of the nanocrystal dispersion through 0.8 �m filter
as determined and expressed as a percentage of the total IMC

mount in the dispersion (nanoparticle yield). Table 1 shows
slight increase in the yield of nanocrystals by increasing the

oncentration of �-CyD during the preparation procedures. Fur-
hermore, the effect of other cyclodextrins (�- and �-CyDs) on
he formation and stabilization of IMC nanocrystals by emulsion
olvent diffusion method was investigated (Fig. 2). The results
btained in the case of �- and �-CyDs are similar to those of �-
yD. Nanocrystals with average particle diameters in the range

f 300–400 nm were obtained when �- and �-CyDs were used
s emulsion stabilizers. Since the cavity size difference of par-
nt CyDs has no significant effect on the particle size of the
repared nanocrystals, it is suggested that an inclusion complex

trations of �-CyD; dispersion in water: (A) and (C); and in 0.1% PVA solution:
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ig. 2. Average particle size (ZAve) and polydispersity index (PI) of freeze-dri

ormation mechanism is not a dominant factor for the stabilizing
ffect of CyD molecules. During the initial step of emulsion for-
ation, the rapid diffusion of ethanol from the disperse phase to

he aqueous bulk phase allowed the formation of fine IMC parti-
les. The role of CyD was to prevent the growth and aggregation
f these particles to the micro-order, probably by the formation
f a CyD network through intermolecular interaction that could
rotect and stabilize the produced nanocrystals. It was reported
hat CyD molecules can self-associate in aqueous solutions to
orm nano-scale aggregates that have a minimum hydrodynamic

adius of about 90 nm (Bonini et al., 2006). These aggregates
an interact with hydrophobic drugs through non-inclusion com-
lexation or by formation of micelle-like structures (Loftsson et
l., 2004).

o

n
s

ig. 3. SEM photographs of commercial IMC powder: (A) and freeze-dried sample
.5% �-CyD: (C), and 1.0% �-CyD: (D).
ples prepared in different concentrations of �-CyD: (A) and �-CyD: (B).

The particle size and morphology of freeze-dried samples of
MC particles as well as the commercial powder were char-
cterized by the scanning electron microscopy (Fig. 3). The
ommercial IMC powder showed irregular-shaped particles with
relatively wide particle size distribution (Fig. 3A). The SEM
hotographs of freeze-dried samples of IMC prepared in dif-
erent concentrations of �-CyD showed rod-shaped and fibrous
ggregate of submicron size IMC particles (Fig. 3B–D). The par-
icle size of the observed crystals is corresponding to the results
f dynamic light scattering based on calculation of the diameter

f the sphere that has the same volume.

The crystal property of commercial IMC powder and
anocrystals was evaluated by powder X-ray diffraction analy-
is (Fig. 4). The PXRD pattern of the commercial IMC crystals

s prepared in different concentrations of �-CyD solutions; 0.1% �-CyD: (B),



284 A. Makhlof et al. / International Journal of Pharmaceutics 357 (2008) 280–285

Fig. 4. PXRD patterns of commercial IMC powder: (A) and freeze-dried sam-
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Fig. 6. Dissolution profiles of commercial IMC powder and freeze-dried sam-
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les prepared in different concentrations of �-CyD solutions; 0.1% �-CyD: (B),
.5% �-CyD: (C), and 1.0% �-CyD: (D).

howed diffraction peaks at 11.7, 17.0, 19.8, 22.0, and 26.8◦ (2θ)
hich corresponds to the stable form of IMC (�-form). On the
ther hand, PXRD patterns of the freeze-dried nanocrystals of
MC showed low intensity peaks at 8.3, 11.8, 14.4, 18.0, and 22◦
2θ). These patterns are identical with those of the meta-stable
-form of IMC and in a good agreement with previously pub-

ished data (Takeuchi et al., 2005; Masuda et al., 2006). Further
onfirmation of the crystal properties was achieved by evalua-
ion of the thermal behavior of the different samples using DSC
Fig. 5). As expected from PXRD, commercial IMC showed a
harp endothermic peak at 159.4 ◦C for the melting of the sta-
le �-form, while the melting peaks of the freeze-dried samples
ere observed at about 152.0 ◦C which corresponds to the meta-

table �-form. Similar PXRD and DSC patterns were obtained
n the cases of �- and �-CyDs (data are not shown) which further
onfirm polymorphic change of the drug to the meta-stable form.
he formation of meta-stable polymorphs is well known to dra-
atically increase the apparent solubility and dissolution rate

f poorly water-soluble drugs (Miller et al., 2007). The disso-
ution profiles of commercial IMC powder and the freeze-dried

amples prepared by the emulsion solvent diffusion method are
resented by Fig. 6. The dissolution of commercial IMC was
low and incomplete (about 50% dissolved within 90 min). In

ig. 5. DSC profiles of commercial IMC powder: (A) and IMC nanocrystals
repared in different concentrations of �-CyD solutions; 0.1% �-CyD: (B),
.5% �-CyD: (C), and 1.0% �-CyD: (D).
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les prepared in different concentrations of �-CyD solutions.

ase of the freeze-dried samples, more than ninety percent of
he IMC molecules dissolved within the first 5 min and com-
lete dissolution was achieved within 10 min. The freeze-dried
amples prepared in different concentrations of �-CyD solutions
howed almost the same dissolution profile. Furthermore, the
issolution profiles of the freeze-dried nanocrystals prepared in
he presence of �- and �-CyDs (data are not shown) are similar
o those of �-CyD. The great enhancement in the dissolution of
MC can be attributed to the particle size reduction to the nano-
ange with a significant increase in the surface area available
or dissolution. Another factor that contributed to this enhance-
ent is the polymorphic change to the meta-stable form which

as higher solubility. Consequently, the emulsion solvent diffu-
ion method in the presence of CyDs was successfully applied
o produce drug nanocrystals of IMC. Ethanol, a non-toxic sol-
ent, was used as a disperse phase and aqueous CyD solutions
nstead of surfactants were used as dispersion media of the pri-

ary emulsions. The role of CyD molecules during the emulsion
olvent diffusion method was to keep the dispersion state of the
ormed primary particles and prevent particles aggregation and
recipitation.

. Conclusion

The emulsion solvent diffusion method has been described
or the effective production of drug nanocrystals of IMC for
issolution rate enhancement of a poorly water-soluble drug.
n this method, CyDs were successfully employed as protec-
ive stabilizers of the prepared dispersions. This stabilizing
ffect is possibly attributed to the formation of CyD network by
ntermolecular interaction of CyD molecules that could prevent
ggregation and crystal growth of the dispersed particles. The
repared IMC nanocrystals showed a uniform particle size dis-
ribution with an average diameter in the range of 300–500 nm.
ompared to the commercial drug powder, fast and complete

issolution of IMC was achieved as a result of particle size reduc-
ion to the nano-order and polymorphic change to a meta-stable
orm.



nal of

A

t
a
E
(

R

B

B

B

C

H

H

I

K

L

L

L

M

M

M

M

M

M

P

R

S

T

T

V

W

Bull. 55, 359–363.
A. Makhlof et al. / International Jour

cknowledgements

This study was supported by a Grant-in-Aid from the Egyp-
ian Government (Ministry of High Education, Egypt) and by

Grant-in-Aid for Scientific Research from the Ministry of
ducation, Culture, Sports, Science and Technology, Japan

17790029).

eferences

ecket, G., Schep, L.J., Tan, M.Y., 1999. Improvement of the in vitro dissolution
of praziquantel by complexation with �-, �-, and �-cyclodextrins. Int. J.
Pharm. 179, 65–71.

lanchard, J., Proniuk, S., 1999. Some important considerations in the use of
cyclodextrins. Pharm. Res. 16, 1796–1798.

onini, M., Rossi, S., Karlsson, G., Almgren, M., Lo Nostro, P., Baglioni,
P., 2006. Self-assembly of �-cyclodextrin in water. Part 1. Cryo-TEM and
dynamic and static light scattering. Langmuir 22, 1478–1484.

hattopadhyay, P., Gupta, R.B., 2001. Production of griseofulvin nanoparti-
cles using supercritical CO2 antisolvent with enhanced mass transfer. Int. J.
Pharm. 228, 19–31.

ancock, B.C., Parks, M., 2000. What is the true solubility advantage for amor-
phous pharmaceuticals? Pharm. Res. 74, 397–404.

ecq, J., Deleers, M., Fanara, D., Vranckx, H., Amighi, K., 2005. Prepara-
tion and characterization of nanocrystals for solubility and dissolution rate
enhancement of nifedipine. Int. J. Pharm. 299, 167–177.

toh, K., Pongpeerapat, A., Tozuka, Y., Oguchi, T., Yamamoto, K., 2003.
Nanoparticle formation of poorly water-soluble drugs from ternary ground
mixtures with PVP and SDS. Chem. Pharm. Bull. 51, 171–174.

rause, K.P., Müller, R.H., 2001. Production and characterization of highly con-
centrated nanosuspensions by high pressure homogenization. Int. J. Pharm.
214, 21–24.

ee, J., Cheng, Y., 2006. Critical freezing rate in freeze drying nanocrystal
dispersions. J. Control. Release 111, 185–192.

oftsson, T., Brewster, M.E., 1996. Pharmaceutical applications of cyclodex-
trins. 1. Drug solubilization and stabilization. J. Pharm. Sci. 85, 1017–1025.
oftsson, T., Masson, M., Brewster, M.E., 2004. Self-association of cyclodex-
trins and cyclodextrin complexes. J. Pharm. Sci. 93, 1091–1099.

asuda, K., Tabata, S., Kono, H., Sakata, Y., Hayase, T., Yonemochi, E., Terada,
K., 2006. Solid-state 13C NMR study of indomethacin polymorphism. Int.
J. Pharm. 318, 146–153.

Z

Pharmaceutics 357 (2008) 280–285 285

erisko-Liversidge, E., Liversidge, G.G., Cooper, E.R., 2003. Nanosizing: a
formulation approach for poorly-water-soluble compounds. Eur. J. Pharm.
Sci. 18, 113–120.

iller, D.A., McConville, J.T., Yang, W., Williams III, R.O., McGinity, J.W.,
2007. Hot-melt extrusion for enhanced delivery of drug particles. J. Pharm.
Sci. 96, 361–376.

osharraf, M., Nyström, C., 1995. The effect of particle size and shape on the
surface specific dissolution rate of microsized practically insoluble drugs.
Int. J. Pharm. 122, 35–47.

üller, R.H., Peters, K., 1998. Nanosuspensions for the formulation of poorly
soluble drugs. I. Preparation by a size-reduction technique. Int. J. Pharm.
160, 229–237.

üller, R.H., Jacobs, C., Kayser, O., 2001. Nanosuspensions as particulate drug
formulations in therapy, rationale for development and what we can expect
for the future. Adv. Drug Deliv. Rev. 47, 3–19.

athak, P., Meziani, M.J., Desai, T., Sun, Y.P., 2006. Formulation and stabiliza-
tion of ibuprofen nanoparticles in supercritical fluid processing. J. Supercrit.
Fluid 37, 279–286.

everchon, E., 1999. Supercritical antisolvent precipitation of micro- and
nanoparticles. J. Supercrit. Fluid 15, 1–21.

ugimoto, M., Okagaki, T.S., Narisawa, S., Koida, Y., Nakajima, K., 1998.
Improvement of dissolution characteristics and bioavailability of poorly
water-soluble drugs by novel co-grinding method using water-soluble poly-
mer. Int. J. Pharm. 160, 11–19.

akeuchi, H., Nagira, S., Yamamoto, H., Kawashima, Y., 2005. Solid dispersion
particles of amorphous indomethacin with fine porous silica particles by
using spray-drying method. Int. J. Pharm. 293, 155–164.

ozuka, Y., Wongmekiat, A., Sakata, K., Moribe, K., Oguchi, T., Yamamoto, K.,
2004. Co-grinding with cyclodextrins as a nanoparticle preparation method
of a poorly water soluble drug. J. Incl. Phenom. Macrocycl. Chem. 50,
67–71.

eiga, M.D., Ahsan, F., 2000. Study of tolbutamide-hydroxypropyl-�-
cyclodextrin interaction in solution and solid state. Chem. Pharm. Bull. 48,
793–797.

ongmekiat, A., Tozuka, Y., Moribe, K., Oguchi, T., Yamamoto, K., 2007.
Preparation of drug nanoparticles by co-grinding with cyclodextrins: forma-
tion mechanism and factors affecting nanoparticle formation. Chem. Pharm.
hang, J.Y., Shen, Z.G., Zhong, J., Hu, T.T., Chen, J.F., Ma, Z.Q., Yun, J.,
2006. Preparation of amorphous cefuroxime axetil nanoparticles by con-
trolled nanoprecipitation method without surfactants. Int. J. Pharm. 323,
153–160.


	Cyclodextrins as stabilizers for the preparation of drug nanocrystals by the emulsion solvent diffusion method
	Introduction
	Materials and methods
	Materials
	Preparation of IMC nanocrystals
	Particle size and size distribution
	Determination of IMC recovered as nanoparticles (nanoparticle yield)
	Scanning electron microscopy (SEM)
	Powder X-ray diffraction (PXRD)
	Differential scanning calorimetry (DSC)
	Dissolution test

	Results and discussion
	Conclusion
	Acknowledgements
	References


