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a b s t r a c t

The purpose of this study was to prepare and characterize nanosuspensions loading the active
lactone form of 10-hydroxycamptothecin (10-HCPT). Nanosuspensions were prepared in terms of
microprecipitation–high-pressure homogenization method. As for the preparation processes, three
important parameters, i.e. the agitation rate of stabilizer solution, homogenization pressure and cycle
numbers, were investigated and optimized, and the optimal values were 1000 rpm, 1000 bar and 20
times, respectively. The particle size and zeta potential of the 10-HCPT-nanosuspensions were 131 nm
and −25.5 mV. The particle morphology was determined by transmission electron microscopy and the
0-Hydroxycamptothecin
anosuspensions
icroprecipitation–high-pressure

omogenization
hemical stability improvement

10-HCPT nanoparticles were baculine or trabecular in shape. The solid state of 10-HCPT in nanoparticles
was analyzed using X-ray powder diffraction (XRD) and differential scanning calorimetry (DSC). The XRD
and the DSC results both indicated that 10-HCPT was present as an amorphous state in the lyophilized
powders for nanosuspension. The chemical stability tests demonstrated that near 90% lactone form of
10-HCPT was present in the nanosuspensions but it was easily transferred to the carboxylate form in

.0. In
e susp
the solution at pH 7.0–8
compared with the coars

. Introduction

Camptothecin (CPT) is a natural indole alkaloid extracted from a
hinese tree, Camptotheca Acuminata Decne in the 1960s (Wall et
l., 1966). Due to the promising and potent anti-tumor activity, CPT
nd its derivatives including 7-ethyl-10-hydroxycamptothecin (SN-
8), 10-hydroxycamptothecin (10-HCPT), 9-nitro-camptothecin,
opotecan and irinotecan, have received more and more attention
ecently. The anti-tumor mechanism of these compounds is based
n the inhibition of DNA replication and RNA transcription by sta-
ilizing the cleavable complexes formed between topoisomerase I
nd DNA (Hsiang et al., 1985). All the CPT analogues can exist in
wo conformations: the carboxylate and lactone forms. The lactone
orm is the more effective inhibitor of topoisomerase I compared

ith the carboxylate form (Slichemeyer et al., 1993).
10-HCPT has shown the most strong anti-tumor effects among

ts analogues (Wall et al., 1966), and less toxic in experimen-
al animals and in human trials compared to CPT (Han, 1994). It

as been widely used in the treatment of gastric carcinoma, hep-
toma, leukemia, and tumor of head and neck in clinical trials.
nfortunately, it has poor solubility in water and physiologically
cceptable organic solvents, and its lactone ring readily opened and

∗ Corresponding author. Tel.: +86 24 23986321; fax: +86 24 23986321.
E-mail address: hezhonggui@gmail.com (Z. He).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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vitro dissolution tests showed the dissolution rate of nanosuspensions,
ensions, had been significantly increased.

© 2009 Elsevier B.V. All rights reserved.

was completely converted into the carboxylate form under physi-
ologic and alkaline condition (Fig. 1). Due to the poor solubility
of the lactone form, 10-HCPT is usually used in the more soluble
form of carboxylate salt which is more toxic and less active. In
order to develop high performance delivery systems for the insol-
uble lactone form 10-HCPT, pharmaceutical scientists have made
a lot of efforts to develop, such as microspheres (Shenderova et
al., 1997, 1999; Lu and Zhang, 2006), nanoparticles (Sun et al.,
2004; Zhang et al., 2006a, 2007a; Guo et al., 2007; Yang et al.,
2007), niosomes (Shi et al., 2006; Hong et al., 2009), emulsions
(Zhao et al., 2007), polymeric micelle systems (Zhang et al., 2007b)
and prodrugs (He et al., 2004; Wang et al., 2005). However, these
delivery systems also have some obvious limitations, such as low
drug loading capacity, adverse effects induced by excipients or sol-
vents, variability of effect and unpredictability of metabolism in
vivo.

An exciting delivery system nanosuspensions, a sub-micro col-
loidal dispersion system developed by Müller et al. (1995a,b), can
overcome the above limitations. In this system, pure drug parti-
cles are stabilized by small amount of surfactants and polymeric
materials, and drugs existed in a nano-sized, pharmaceutically

acceptable crystalline or amorphous state. A significant advan-
tage of the nanosuspensions is that they can be given by various
routes of administration, such as oral (Liversidge and Cundy, 1995),
parenteral (Peters et al., 2000), ocular Rosario et al., 2002) and
pulmonary pathways (Jacobs and Müller, 2002). In addition, a lot

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:hezhonggui@gmail.com
dx.doi.org/10.1016/j.ijpharm.2009.05.062
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Fig. 1. The chem

f studies demonstrated that nanosuspensions can enhance drug
oading, dissolution rate and safety, and increase drug stability.

There are two general techniques for the production of drug
anosuspensions including ‘bottom-up’ and ‘top-down’ processes
Van Eerdenbrugh et al., 2007). In the bottom-up process nanopar-
icles grow up from the accumulation of drug molecules, which
ncludes microprecipitation (Rogers et al., 2004; Matteucci et
l., 2006, 2007), microemulsion (Trotta et al., 2001, 2003), and
elt emulsification method (Kocbek et al., 2006). The top-down

echnologies employ the breaking down of large particles to
orm nanoparticles, which include high-pressure homogenization
Krause and Müller, 2001; Zhang et al., 2007c) and media milling

ethod (Van Eerdenbrugh et al., 2007). In this study, we employed
he combination of the above two techniques, microprecipitation
nd high-pressure homogenization method, to obtain small and
niform nanoparticles. For demonstrating that nanosuspensions
an effectively protect 10-HCPT in its active form, the percentage
f the lactone form in nanosuspensions versus that in the solution
t different pH values was determined.

. Materials and methods

.1. Materials

10-HCPT (99% purity) was obtained from Huangshi Fy Phar-
aceutical Co. Ltd. (China). Lutrol F 68 (poloxamer 188, a

olyoxyethylene–polyoxyethylene tri-block copolymer) was kindly
ifted by BASF (D-Ludwigshafen, Germany). Soybean phospho-
ipid was purchased from BASF (D-Ludwigshafen, Germany). DMSO
Dimethyl sulfoxide) was supplied by Tianjin Concord Chemical
eagent Co. Ltd. (Tianjin, China). All other materials were purchased

rom Sigma (Hamburg, Germany).

.2. Preparation of 10-HCPT nanosuspensions by
icroprecipitation–high-pressure homogenization method

10-HCPT nanosuspensions were prepared by the combination
f microprecipitation and high-pressure homogenization method.
riefly, 20 mg F 68 was dissolved in 2 ml DMSO (the first solvent)
y agitation and moderate heating, and then 20 mg 10-HCPT was
dded and stirred until dissolution followed by 15 min continuous
gitation at 300 rpm at 70 ◦C. After the solution was cooled at room
emperature, it was filtered through a 0.22 �m filter. Another solu-
ion was prepared by dispersing 20 mg soybean phospholipid in
00 ml water for injection (the second solvent) by high speed scat-
er homogenizer (Shanghai Specimen Model Factory, China). The
rst solution was then very quickly injected into the second one

the stabilizers solution) through a syringe with a 0.40 �m needle
n an ice-water bathe at 3 ◦C. The second solution was stirred at 600,
000, 4700 or 10,000 rpm respectively during the injection, and
ontinuously stirred for 30 min after the injection was completed.

ubsequently, the obtained pre-suspension was homogenized use
n ATS AH110D homogenizer (ATS Engineer Inc. China). The homog-
nization process consists of two cycles at 200 bar and another
wo cycles at 500 bar as premilling, followed by several cycles at
00, 1000 or 1300 bar respectively to obtain the 10-HCPT nanosus-
ructure of HCPT.

pensions. 20 ml sample was collected for particle size analysis.
The nanosuspensions were centrifuged at 16,000 × g for 15 min
using a high speed centrifuge (TGL-16B, ShangHai Anting Scien-
tific Instrument Factory, China). The volume of the supernatant was
measured and replaced with fresh replacement solution including
the same amount of soybean phospholipid and F 68. The sediment
was redispersed using a high speed scatter homogenizer until no
visible clumps were observed. The above replacement process was
repeated for once more. A second homogenization was undertaken
at the same pressure and cycles as the first homogenization to
obtain the final nanosuspensions. This final nanosuspensions will
be converted into the nanosuspension powders as the final product
by lyophilization process (see Section 2.4).

2.3. Particle size analysis and zeta potential measurement

Particle size analysis of the nanosuspensions was performed
by Laser diffraction (LD) using a Coulter LS 230 from Beckmann-
Coulter Electronics (Krefeld, Germany). The nanosuspensions were
diluted with water for injection to give an intensity of 300 Flux
as recommended by the manufacturer. The zeta potential was
measured using a Delsa 440SX Zeta Potential Analyzer (Beckmann-
Coulter Electronics, Germany) with the nanosuspensions diluted in
water for injection according to the manufacturer’s manual.

2.4. Lyophilization

The 10-HCPT nanosuspensions were lyophilized using a Gamma
2-20 apparatus (Christ, Osterode A.H., Germany) for improving fur-
ther the chemical and physical stability of the final product. The
different amount of cryoprotectants (trehalose:mannitol, 1:1, w/w)
were added into 2 ml of the nanosuspensions in 10 ml glass vials.
The mixture was oscillated until the cryoprotectants were dissolved
completely. The nanosuspensions were pre-frozen in the refriger-
ator (−25 ◦C and −75 ◦C) for 12 h and subsequently lyophilized at
−25 ◦C for 24 h, followed by a secondary drying phase of 12 h at
20 ◦C.

2.5. Transmission electron microscopy (TEM)

The particle morphology and particle size of the 10-HCPT-
nanosuspensions and 10-HCPT bulk drug were examined using TEM
(H-600, Hitachi, Japan). The samples were stained with 2% (w/v)
phosphotungstic acid for 30 s and placed on copper grids with films
for viewing.

2.6. X-ray diffraction (XRD) measurements

Powder X-ray diffraction patterns were collected in transmission
using an D/max 2400 X-ray diffractometer with a rotating anode
(JEOL, Japan) with Cu Ka radiation (monochromator: graphite) gen-

erated at 200 mA and 40 kV. Powders of coarse 10-HCPT, mixture of
soybean phospholipid, F 68, trehalose and mannitol (and “blank
excipients”), lyophilized 10-HCPT-nanosuspensions, and physical
mixture of soybean phospholipid, F 68 and 10-HCPT were respec-
tively packed into the rotating sample holder between two films
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Table 1
The several important parameters of the optimal process.

Items Index

Agitation rate of stabilizer solution 1000 rpm
X. Pu et al. / International Journal

PETP). The obtained data were typically collected with a step width
f 0.04◦ and a count time of 2 s.

.7. Differential scanning calorimetry (DSC)

DSC analysis was performed using a TA-60 WS Thermal Analyzer
Shimadzu, Japan). For the DSC measurement, the same samples as
RD were weighed into an aluminum pan, which were then sealed
ith a pinhole-pierced cover. Heating curves were recorded at a

can rate of 10 ◦C/min from 30 to 300 ◦C.

.8. Improvement of the stability of 10-HCPT lactone form

For studying the stability of 10-HCPT active lactone form in
anosuspensions in comparison to the 10-HCPT solution, the lac-
one form of 10-HCPT at different pH values was determined using
PLC. The determination method of the lactone form of 10-HCPT
as developed by Liu et al. (2008). Briefly, 2.00 mg of 10-HCPT was
issolved in 100 ml of 0.1 mol/L NaOH, and 5 ml of the 10-HCPT
olution was diluted to 25 ml with phosphate buffer saline (PBS) at
ifferent pH values (3.0, 5.0, 6.0, 7.0, 8.0) for the determination of
he lactone form of the 10-HCPT solution. The contents of the lac-
one form at different pH were determined after the 24 h incubation
t 4 ◦C. The content at pH 3.0 was defined as W0, and the contents
t other pH were defined as WL. The percentage of the lactone form
E) was calculated from Eq. (1):

(%) = WL

W0
× 100 (1)

For determination of the lactone form of 10-HCPT-nanosuspe
sions, the process was the same as the solution. The percentage of
he lactone form (E) was also then calculated from Eq. (1).

.9. In vitro dissolution test

Dissolution studies were carried out in a ZRS-8G drug dissolu-
ion apparatus (Tianjin University Radio Factory, Tianjin, China) by
he paddle method of Chinese Pharmacopoeia 2005. The dissolu-
ion medium used was 600 ml of pH 7.4 phosphate buffer solution,
hich was incubated in a water bath at 37 ◦C. The rotation speed

f the paddle was 75 rpm. A known amount of the aqueous sus-
ension of drug nanoparticles or the reference coarse suspensions
f 10-HCPT with F 68 and soybean phospholipid were added into
he dissolution media. Approximately 2 ml samples were collected
rom the dissolution media at predetermined time points, filtered
hrough a 0.1 �m syringe filter (Shanghai Huan’ao Trading Com-
any, Shanghai, China). Then 50 �l phosphoric acid was added to
ml filtrate, then votexed for 2 min. The mixture was analyzed by

he HPLC method. Sink conditions were maintained throughout the
issolution testing period. All dissolution experiments were per-

ormed in duplicates, and all sample analyses were carried out in
riplicates.

.10. HPLC analysis

HPLC analysis of 10-HCPT was performed on an Hitachi L-7200
eries HPLC system (Hitachi, Japan) equipped with an autosampler
ystem and a variable wavelength UV detector, with the detection
avelength set at 384 nm. Chromatographic separation was carried

ut with a Diamonsil C18 column (200 mm×4.6 mm, 5 �m; Dikma
echnologies, China) eluted at a rate of 1.0 ml/min with mobile

hase of methanol/PBS (pH 5.0) (3:2, v/v) at 35 ◦C. Standard solu-
ions of 10-HCPT were prepared by diluting the appropriate volume
f stock solution of 10-HCPT in methanol with methanol to give a
nal concentration of 0.1, 0.2, 0.5, 1, 2, 5 and 10 �g/ml. Then, 20 �L
f the standard solutions was injected into the HPLC column. The
Temperature of stabilizer solution <3 ◦C
Homogenization pressure 1000 bar
Homogenization cycle numbers 20 times

peak area was obtained automatically by the Easy 3000 software
(FULI Analytical Instrument Co., LTD. China). For HPLC analysis, the
10-HCPT nanosuspension samples could be obtained by dissolving
the proper amount of nanosuspensions in 50 ml methanol.

3. Results and discussion

3.1. Preparation of 10-HCPT nanosuspensions

In this study, we used a reproducible microprecipitation–high-
pressure homogenization method to prepare 10-HCPT nanosus-
pensions, which minimized solvent residual due to replacement of
the fresh stabilizer solution. During preparation, we have studied
the effects of agitation rate, homogenization pressure and num-
ber of cycle on the particle size of the nanosuspensions. When
the other process parameters were fixed, we changed the agitation
rate for the stabilizer solution at 600, 1000, 4700 or 10,000 rpm
and found the particle size has hardly changed when the agitation
rate was over 1000 rpm (Fig. 2A) When homogenization pressure
was changed in the range 600–1300 bar, the particle sizes of final
nanosuspensions did not show obvious difference between 1000
and 1300 bar, but were larger at 600 bar (Fig. 2B). As the homog-
enization number of cycle is increased in the production process,
the particle size firstly decreased and then increased slightly, with
the smallest particle size observed after 20 homogenization cycles
(Fig. 2C). As can be seen, the particle size of the final nanosuspen-
sions was mainly affected by homogenization pressure and cycles.
The role of agitation rate is relatively weak. Therefore, the optimal
values of the agitation rate of stabilizer solution, homogenization
pressure and number of cycle were selected as 1000 rpm, 1000 bar
and 20 times, respectively (Table 1).

During the production process, microprecipitation was the first
size-controlling step. It could change the crystal type and physical
state of drug particles, and therefore decreased the energy required
to produce the nanosuspensions and made homogenization process
easier. The first homogenization process reduced drug particle size
continuously, and it should help induce the absorption of surfac-
tant onto drug particles, promoting an annealing effect which can
increase stability of the nanosuspensions. In this study, aggregation
was observed half hour after microprecipitation without homoge-
nization; with homogenization, nanosuspensions could be stored
for 6 months without any change (data not shown). Of course, this
stability was also attributed to the reduced particle size by the
homogenization.

3.2. Particle size, zeta potential and morphology

The mean particle sizes and zeta potentials of three batches
10-HCPT-nanosuspensions are presented in Table 2. The mean
diameter of 10-HCPT-nanosuspensions was 131 nm. Zeta potential
is essential to the storage stability of colloidal dispersion, and the
mean zeta potential of the three batches 10-HCPT-nanosuspensions

was −25.8 mV. The morphology of particle in nanosuspensions
depended on the stabilizer used and drug concentration in the
first solution, which had been already confirmed by other authors
(Zhang et al., 2006b; Sinswat et al., 2007). In this study nanopar-
ticles were claviform or columnar in shape, being similar to the
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Fig. 2. Influence of the agitation rate of stabilizer solution (A), homogenization pres-
sure (B) and homogenization cycles (C) on the particle size reduction of 10-HCPT
nanosuspensions.

Table 2
The particle size and zeta potential of three batches nanosuspensions (n = 3).

Batch No. Mean particle
size (nm)

Size distribution (nm) Zeta potential
(mV)

D10 D50 D90

20080915 131 108 130 156 −25.5
20080917 131 109 130 156 −25.3
20080920 129 107 128 153 −27.2
rmaceutics 379 (2009) 167–173

bulk drugs but the size was reduced by several times compared
with bulk drugs (Fig. 3). The nanoparticle size observed by TEM
was in good agreement with that by LD, which was almost below
200 nm. The microprecipitation–high-pressure homogenization
method can achieve reproducible submicron-sized particles with
a narrow distribution, and avoid or minimize the use of potentially
toxic components.

3.3. X-ray diffraction (XRD) measurements

Fig. 4 showed the XRD patterns of 10-HCPT coarse powder, blank
excipients, lyophilized nanosuspensions and physical mixture. The
diffraction patterns of 10-HCPT coarse powders showed character-
istic high-energy diffraction peaks at 2� values between 6◦and 30◦,
indicating the crystalline structure of 10-HCPT. In the physical mix-
ture, the diffraction patterns of 10-HCPT was well consistent with
that of the 10-HCPT coarse powders, indicating that 10-HCPT also
existed in the crystalline form. In the lyophilized nanosuspensions,
the sharp peaks of pure 10-HCPT were not observed, indicating
the disappearance of crystalline structure in 10-HCPT nanosuspen-
sions. This suggests that 10-HCPT may be present in an amorphous
state in the lyophilized 10-HCPT nanosuspensions.

3.4. Differential scanning calorimetry (DSC)

The DSC study investigation (Fig. 5) gave similar results to the
XRD study. The coarse drug powders exhibited a sharp melt process,
with an onset temperature of 275.92 ◦C and a peak of 278.63 ◦C.
In the physical mixture, the endothermic peak of 10-HCPT drifted
5.5 ◦C to the left, due to the mixing with soybean phospholipid and
F 68. No melting process was observed for the lyophilized 10-HCPT
nanosuspensions, indicating that there was no crystalline 10-HCPT
in the lyophilized nanosuspensions and the transition of crystalline
state to amorphous state may have taken place during the micro-
precipitation process. The formation of a high energy amorphous
drug can increase Csat compared to crystalline, coarse drug, so the
faster dissolution profiles were expected.

3.5. Improvement of the stability of 10-HCPT lactone form

Here, the chemical stability of 10-HCPT referred to the reaction
of lactone form of 10-HCPT transferring to the carboxylate form
under illumination and at different pH values. As pH has been
reported to be the most important factor to affecting the confor-
mational conversion of 10-HCPT, the stability study of 10-HCPT
lactone form was carried out at different pH values. The percent-
age of the active lactone form of 10-HCPT in solution and 10-HCPT
nanosuspensions at different pH values is shown in Fig. 6. We found
that with an increase in pH, the conversion of 10-HCPT was greatly
increased in the solution as indicated by the lower percentage of 10-
HCPT remained. At physiological pH values (pH 7.0–7.4), less than
30% of 10-HCPT was left after the 24 h incubation. However, nearly
90% of 10-HCPT in the nanosuspensions was preserved in the lac-
tone form even at the least stable pH (8.0), clearly demonstrating
the superiority of nanosuspensions to solution in terms of stabil-
ity. This is higher than the 80% preservation rate in a lipid carrier
reported by Liu et al. (2008), which suggested that the protective
effect of nanosuspensions is better than that of nanostructured
lipid carriers. Therefore it is clear that the nanosuspension deliv-
ery system could effectively protect the active lactone form and
may consequently improve the activity and reduce the toxicity of

10-HCPT.

There were two reasons accounted for the improved chemical
stability of 10-HCPT in the nanosuspensions: Firstly, 10-HCPT in
the nanosuspensions was mostly in the solid core surrounded by
surface-active agents, which was almost not affected by outside pH
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Fig. 3. The morphology of bulk 10-HCPT (A) an

alues compared to the molecule form in solutions. Secondly, the
ate of conversion from lactone form to the carboxylate form in solid
tate was very slow relative to that in solution, because of very low
olecular mobility.

.6. In vitro dissolution test

The micronization of poorly soluble drugs could increase the
issolution rate due to the increase in surface area but did not
hange the saturation solubility. When the particle size is reduced
o the nanometer range, the solubility of drugs will increase

ignificantly. The increase in solubility can be explained by the
stwald–Freundlich equation:

og
Cs

C∞
= 2v�

2.303 RT�r
(2)

ig. 4. The XRD patterns of bulk 10-HCPT (A), blank excipients (B), 10-HCPT nanosus-
ensions (C) and physical mixture (D).
CPT nanosuspensions (B) observed using TEM.

where Cs is the solubility, C∞ is the solubility of the solid consisting
of large particles, � is the interfacial tension, v is the molar volume
of the particle material, R is the gas constant, T is absolute temper-
ature, � is the density of the solid, and r is the radius of particles
material (Müller and Peters, 1998).

According to Noyes–Whitney equation (see Eq. (3) below), the
dissolution rate of a drug into an aqueous solution depends on
the diffusion coefficient (D), the surface area (S), the equilibrium
solubility of the drug (Cs), and the thickness of the diffuse layer (h):

dC

dt
= DS

h
(Cs − C) (3)

where C is the concentration of the drug in bulk solution. So, an

increase in Cs and surface area due to the reduction of particle size
(large surface area, S) would result in an increased dissolution rate.

In this study, the dissolution rate of 10-HCPT nanosuspensions,
in comparison with the 10-HCPT coarse suspensions, was inves-
tigated. Typical cumulative dissolution profiles were shown in

Fig. 5. Differential scanning calorimetry curves of blank excipients (A), lyophilized
10-HCPT nanosuspensions (B), bulk 10-HCPT crystalline powder (C) and physical
mixture (D).
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Fig. 6. The percentage of lactone form of 10-HCPT in the nanosuspensions (�) and
solution (♦) at different pH values after incubation at 4 ◦C for 24 h.

F
s

F
p
1
(
a
s
n
s

4

n
n
d
h
w
s

a
t
i

ig. 7. Dissolution profiles of 10-HCPT nanosuspensions (�) and 10-HCPT coarse
uspensions (♦) in pH 7.4 phosphate buffer solution (n = 3).

ig. 7. The dissolution rate was markedly enhanced in the nanosus-
ensions (131 nm), and nearly 100% of the drug dissolved within
5 min, as opposed to only 53% for the coarse 10-HCPT suspensions
7.369 �m). This could be attributed to the increased surface area
nd enhanced saturation solubility of 10-HCPT in the nanosuspen-
ions. Therefore, formulating the poorly water-soluble 10-HCPT as
anometer-size nanosuspensions had a dramatic effect on the drug
olubility, dissolution rate.

. Conclusions

The microprecipitation–high-pressure homogenization tech-
ique was employed successfully to fabricate the 10-HCPT
anosuspensions. The particle size of nanoparticles is highly depen-
ent on homogenization parameters. By employing optimized
omogenization pressure and number of cycles, nanosuspensions
ith mean diameters below 200 nm and with very low polydisper-
ity could be prepared.
There was a remarkable improvement of stability of 10-HCPT

ctive form in nanosuspensions compared to the 10-HCPT solu-
ion at pH 7.0–8.0. The increased chemical stability could help to
mprove the activity and reduce the toxicity of 10-HCPT. This novel
rmaceutics 379 (2009) 167–173

delivery system has a promising potential as an alternative par-
enteral formulation for 10-HCPT.
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