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a b s t r a c t

The �-glucosyl hesperidin (Hsp-G)-induced improvement of both the dissolution and absorption proper-
ties of pranlukast hemihydrate (PLH) was achieved by means of a high-pressure homogenization (HPH)
processing. The average particle size in the HPH-processed suspension was decreased significantly after
50 cycles of processing and reached a constant size of ca. 300 nm. The amount of dissolved PLH gradually
increased with the pass number of HPH processing, and was extremely higher than the PLH solubil-
ity (0.8 �g/mL at 37 ◦C) after the HPH processing. On a dissolution study of the freeze-dried sample of
HPH-processed PLH/Hsp-G (1/10), the apparent solubility of PLH was at least 2.5-fold more than that of
ranlukast hemihydrate
igh-pressure homogenization
issolution enhancement
bsorption enhancement

untreated PLH crystals. The transport study showed that the amount of PLH that had permeated through
the Caco-2 cell monolayers was improved in the case of HPH-processed PLH/Hsp-G (1/10). The bioavail-
ability of PLH from HPH-processed PLH/Hsp-G (1/10) showed a 3.9- and 2.2-fold improvement over the
PLH crystal in terms of Cmax and AUC values, respectively. Hsp-G formed an associated structure in aque-
ous media. High-pressure homogenization provides a good opportunity for molecular-level interaction
of PLH and the associated structure of Hsp-G to occur. The use of Hsp-G under HPH processing was a

e the
promising way to enhanc

Pranlukast hemihydrate (PLH) is a cysteinyl leukotriene recep-
or antagonist, which is used as an anti-asthmatic agent. PLH
xhibits extremely low aqueous solubility (0.8 �g/mL H2O at 37 ◦C),
esulting in poor absorption when administered orally and low
ioavailability. In addition, the fact that PLH cannot dissolve into
ommonly used organic solvents such as methanol, ethanol, ace-
one, etc. poses a limitation to the preparation of PLH formulations
ia crystallization processes.

There are many techniques to improve the dissolution of poorly
ater-soluble drugs. High-pressure homogenization (HPH) has

een extensively used to efficiently reduce the particle size (Grau
t al., 2000), process highly concentrated suspensions (Müller et al.,
001) and prepares emulsions (Tian et al., 2007). HPH presents var-

ous advantages over other milling techniques as it is very simple,
imesaving and an organic solvent-free process. Therefore, HPH can
e used to prepare particles of poor-water-solubility drugs such as
LH for which usage of organic solvents is limited.
Hesperidin is reported to have significant anti-inflammatory,
ypotensive, and analgesic effects (Gang et al., 2001). However, the
pplicability of hesperidin itself as a preventive medicine is lim-
ted due to its extremely low solubility in water. Its solubility has

∗ Corresponding author. Tel.: +81 58 230 8100; fax: +81 58 230 1022.
E-mail address: takeuchi@gifu-pu.ac.jp (H. Takeuchi).

378-5173/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.03.017
dissolution and absorption of PLH without using an organic solvent.
© 2011 Elsevier B.V. All rights reserved.

been shown to be greatly improved when transglycosylated with
cyclomaltodextrin glucanotransferase (Kometani et al., 1996, 1999,
2008). The transglycosylation of hesperidin to form hesperidin gly-
cosides led to more than 300 times higher solubility than that of
the original hesperidin. We reported that spray-drying particles
with �-glucosyl hesperidin (Hsp-G) enhanced the dissolution and
absorption of poorly water-soluble drugs via their encapsulation in
the micelle-like formation of Hsp-G (Tozuka et al., 2010; Uchiyama
et al., 2010a,b). However, the spray-drying method is limited for
compounds that are less soluble in relatively polar organic solvents
such as ethanol and acetone. Besides, processing without an organic
solvent has the advantage of avoiding residual organic solvent.

In this study, we tried to encapsulate PLH in the structure formed
by Hsp-G in aqueous media via processing without an organic sol-
vent. High-pressure homogenization was chosen for this purpose.
The dissolution and absorption profile of PLH after processing with
Hsp-G was compared to the untreated PLH and physical mixture of
Hsp-G/PLH.

PLH particles with Hsp-G were prepared by a high-pressure
homogenizer system (Nanomaizer, NV-200-D, Yoshida Kikai Co.,

Ltd, Japan) under an air pressure of 100 MPa. To prepare particles
by HPH, 50 mg of PLH and 50 or 500 mg of Hsp-G were suspended in
50 mL-distilled water, and the suspension was homogenized. Fig. 1
shows the effect of the pass number of homogenization on the par-
ticle size and amount of dissolved PLH. The particle size of PLH

dx.doi.org/10.1016/j.ijpharm.2011.03.017
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:takeuchi@gifu-pu.ac.jp
dx.doi.org/10.1016/j.ijpharm.2011.03.017
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cant differences in TEER were observed for application of untreated
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ig. 1. Effect of pass number of high-pressure homogenization (HPH) on particle size
nd dissolved amount of PLH. (a) PLH/Hsp-G(1/1), (b) PLH/Hsp-G(1/10) (©, particle
ize; �, amount of dissolved PLH).

as reduced as the number of homogenization cycles increased,
hile the particle size of PLH was almost unchanged after 50
omogenization cycles. On the other hand, the amount of dissolved
LH in the solution with Hsp-G significantly increased with the
umber of homogenization cycles. Interestingly, HPH-processed
LH/Hsp-G (1/10 w/w) showed a dramatic increase of dissolved
LH (100 �g/mL) to 100 times that of the pure PLH crystals.

We have reported that Hsp-G can form a micelle-like struc-
ure in an aqueous medium, resulting in a solubilizing effect of
ydrophobic drug molecules via formation of a complex (Tozuka
t al., 2010; Uchiyama et al., 2010a,b). The improvement of appar-
nt solubility of PLH may be explained by the solubilization of PLH
n the micelle-like structure formed by Hsp-G during the homoge-
ization process.

To obtain particles for pharmaceutical use, the suspension
esulting from HPH processing was subjected to freeze-drying at
120 ◦C for 72 h (FD-81TS, Tokyo Rikakikai Co. Ltd., Japan). Table 1

hows the changes of particle size and dissolved amount of PLH
efore/after freeze-drying. All samples show a sharp particle size
istribution of PLH. When the freeze-dried sample was dispersed

nto distilled water, the particle size of PLH was not so different
rom that in the suspension, indicating the good redispersibility

f the freeze-dried sample. Hsp-G is synthesized by the addi-
ion of glucose units to hesperidin. Saccharides such as mannitol
nd torehalose are used as cryoprotectants during the process of
reeze-drying (Date et al., 2010; Shahgaldian et al., 2003). Cryopro-

able 1
hanges in particle size and dissolved amount of PLH treated by HPH processing together

HPH-processed particles of PLH/Hsp-G(1/1)
B.F.D
A.F.D

HPH-processed particles of PLH/Hsp-G(1/10)
B.F.D
A.F.D

.F.D.: before freeze drying; A.F.D.: after freeze drying.
Fig. 2. Dissolution profiles of PLH in distilled water: (©, untreated PLH; �, physi-
cal mixture of PLH/Hsp-G(1/10); �, HPH-processed particles of PLH/Hsp-G(1/1); �,
HPH-processed particles of PLH/Hsp-G(1/10)). Each point represents the mean ± S.D.
(n = 3).

tectants maintain the particulate nature of nanoparticles and the
recoverability of the rehydrated nanoparticle suspension during
the freeze-drying process (Konan et al., 2002). Hsp-G may act as
a cryoprotectant in this system. On the other hand, the dissolved
amount of PLH decreased after the freeze-drying process. Leakage
of PLH from Hsp-G’s structure through the freeze-drying process
may have contributed to this result.

The dissolution profile of PLH from the prepared particles was
evaluated in distilled water (JPXV paddle method, 900 mL) and
compared to those of untreated PLH and a physical mixture of PLH
and Hsp-G (Fig. 2). The dissolution rate of untreated PLH and the
physical mixture of PLH/Hsp-G was considerably slow, with a max-
imum solubility of 0.2 �g/mL achieved after 60 min. In the case of
the freeze-dried particles of HPH-processed PLH/Hsp-G (1/1), the
dissolution profile of PLH was slightly improved compared to the
case with the untreated drug. On the other hand, the freeze-dried
particles of HPH-processed PLH/Hsp-G (1/10) showed rapid disso-
lution in the early stage, and 2.5-fold more of this PLH dissolved
than did the untreated PLH.

The amounts of pranlukast that permeated through the Caco-2
cell monolayers after application of untreated PLH and HPH-
processed particles are shown in Fig. 3. With respect to the
statistical analysis, the one-way analysis of variance followed by
Tukey–Kramer test was used in the case of multiple comparisons.
We have already shown that there was no cytotoxicity to Caco-
2 cells at levels of 10% Hsp-G solution (Uchiyama et al., 2010b).
This amount was greater for PLH from HPH-processed particles
than for untreated PLH at 1 h (Fig. 3(a)). The transepithelial electri-
cal resistance (TEER) values of Caco-2 cell monolayers before and
after permeation experiments are shown in Fig. 3(b). No signifi-
PLH, the physical mixture of PLH/Hsp-G, and HPH-treated particles.
The particles prepared by HPH-processing showed pronounced
enhancement of the dissolution properties of PLH. The dissolution-
enhancement effect of HPH-treated particles with Hsp-G probably

with Hsp-G before/after freeze drying.

Average particle size (nm) Dissolved PLH (�g/mL)

327.7 ± 48.2 34.9
455.1 ± 72.5 6.6

316.6 ± 83.8 103.0
297.9 ± 57.5 25.2
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Fig. 3. The amount of pranlukast that permeated through Caco-2 cell monolay-
ers (a) and changes of TEER after application of untreated PLH or HPH-processed
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articles (b). (©, untreated PLH; �, physical mixture of PLH/Hsp-G(1/10); �, HPH-
rocessed particles of PLH/Hsp-G(1/10)). Each point represents the mean ± S.D.
n = 4). (**p < 0.01, compared to untreated PLH).

ontributed to the large amount of PLH that permeated through the
aco-2 cell monolayer.

The efficiency of the particles prepared by a high-pressure
omogenizer in enhancing the intestinal absorption of PLH was
valuated in an in vivo study (Fig. 4). The suspension of untreated
LH, physical mixture of PLH/Hsp-G or particles prepared by HPH
dose = 40 mg/kg. 1.0 mL/rat) were orally administrated to the anes-
hetized rats. The rats were fasted 24 h prior to oral administration.
nimal experiments were approved by the animal welfare com-
ission of GIFU Pharmaceutical University. The maximum drug

oncentration (Cmax) of particles prepared by HPH was 3.9-fold
ompared to that of the untreated PLH. The areas under the
urve (AUCs) up to 8 h for untreated PLH, the physical mixture
f PLH/Hsp-G, and prepared particles by HPH with PLH/Hsp-G
ere 159.82 ± 39.41, 236.86 ± 50.04, and 344.41 ± 40.47 �g·h/mL,

espectively. AUC of the particles prepared by the high-pressure
omogenizer with Hsp-G was 2.2-fold that of the untreated PLH.

t was reported that the absorption site of PLH is in the upper

art of the gastrointestinal tract (Ishido et al., 1993). Thus, the

mprovement in the initial dissolution rate is especially significant
or improvement of the gastrointestinal absorption of pranlukast
Chono et al., 2008). Mizoe et al. (2007) reported that the oral
Fig. 4. Plasma concentration-time profiles of PLH in rats after oral administration of
untreated PLH and HPH-processed particles: (©, untreated PLH;�, physical mixture
of PLH/Hsp-G(1/10); �, HPH-processed particles of PLH/Hsp-G(1/10)). Each point
represents the mean ± S.E. (n = 4–6). (***p < 0.001, compared to untreated PLH).

absorption of PLH was obviously higher for the PLH–mannitol
microparticles than for the untreated PLH. In vitro dissolution test
the particles treated by HPH with Hsp-G showed more rapid dis-
solution and higher solubility than untreated PLH. The increase in
the rats’ absorption of PLH would be attributed to drug dissolution
in the small intestine, and a good correlation between the in vivo
bioavailability and the in vitro dissolution can be found.

In conclusion, HPH processing of PLH/Hsp-G dramatically
improved the dissolution and absorption of PLH. HPH processing
performed in aqueous media can overcome the problem of residual
solvent in final product. Therefore, making a nano-complex struc-
ture with Hsp-G using HPH processing appears to be a promising
way to improve the bioavailability of drugs with extremely poor
water solubility.
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