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Abstract

This study has examined the gelation and release characteristics of mixtures of xyloglucan, which has thermally reversible gelation characteristics,
and pectin, the gelation of which is ion responsive, with the aim of formulating an in situ gelling vehicle suitable for oral sustained drug delivery.
An investigation of the effect of the inclusion of pectin (0.75% (w/w)) on the rheological properties of gels formed from solutions of xyloglucan
(1.5 and 2.0% (w/w)) showed a significantly greater gel strength when pectin was present in the formulation. The in vitro release of paracetamol
from gels containing 1.5% (w/w) xyloglucan, and 1.5 or 2.0% (w/w) xyloglucan/0.75% (w/w) pectin was diffusion-controlled. Measurement of
plasma levels of paracetamol after oral administration to rats of a solution containing 1.5% (w/w) xyloglucan and 0.75% (w/w) pectin showed that
a more sustained release and higher drug bioavailability was achieved from the gels formed by the in situ gelation of this formulation compared
to that of a 1.5% (w/w) xyloglucan solution; 0.75% (w/w) solutions of pectin did not form gels under these conditions. Visual observation of the
contents of the rat stomach at intervals after oral administration showed that the inclusion of pectin in the xyloglucan solutions was effective in

reducing gel erosion, so sustaining drug release.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In situ gel forming systems have been widely investigated
as vehicles for sustained drug delivery. In particular, thermally
responsive hydrogels, which show sol-gel transition at body
temperature are of interest in biomedical applications, including
drug delivery (Ruel-Gariépy and Leroux, 2004). Other factors
influencing in vivo gelation, in addition to temperature change,
include the high gastric acidity and the presence of metal ions in
the gastric juice. Recently, hydrogels have been formulated from
mixtures of polymers with thermal and ion-responsive gelation
characteristics. For example, Lin et al. (2004) have investigated
the application of such mixtures for ocular drug delivery in order
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to reduce total polymer content and improve gelling properties.
An additional advantage of the use of mixtures of polysaccha-
rides is that under favourable circumstances there may be a
synergism between the component polymers resulting in ben-
eficial changes in their properties (Morris, 1995).

In this study we have prepared polysaccharide-based hydro-
gels containing xyloglucan, which has thermally reversible
gelling properties, and pectin, the gelation of which is ion
responsive. Xyloglucan is a polysaccharide derived from
tamarind seeds and is composed of a (1-4)-B-D-glucan backbone
chain, which has (1-6)-a-D-xylose branches that are partially
substituted by (1-2)-B-D-galactoxylose. Xyloglucan is com-
posed of heptasaccharide, octasaccharide and nonasaccharide
oligamers, which differ in the number of galactose side chains
as shown in Scheme 1 (York et al., 1990). Although xyloglu-
can itself does not gel, dilute solutions of xyloglucan which has
been partially degraded by [B-galactosidase exhibit a thermally
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Scheme 1. Backbone structure of xyloglucan. Glec, Xyl and Gal indicate 3-D-glucopyranosyl, 3-D-xylopyranosyl and 3-D-galactopyranosyl residues, respectively.

reversible sol—gel transition on heating. The temperature of gel
transition is concentration dependent and is also related to the
extent of galactose removal, with an optimum of between 35
and 50% for thermally responsive gelation at a suitable tem-
perature range for biomedical application (Shirakawa et al.,
1998). For example, aqueous solution of xyloglucan with a
percentage of galactose removal of 44%, gel at temperatures
between 27 and 22 °C in dilute aqueous solutions over the con-
centration range 1.0 and 2.0% (w/w) (Miyazaki et al., 1998).
Thermally reversible xyloglucan formulations have been inves-
tigated for rectal (Miyazaki et al., 1998), intraperitoneal (Suisha
et al.,, 1998), ophthalmic (Burgalassi et al., 2000; Miyazaki
et al., 2001a), percutaneous (Takahashi et al., 2002), and oral
(Kawasaki et al., 1999; Miyazaki et al., 2001b, 2003) adminis-
trations.

Pectins are anionic polysaccharides extracted from cell walls
of most plants, and are composed of a backbone of poly-(1-4)-o-
D-galacturonic acid. Pectins are commercially available as low
methoxy (LM) pectin (degree of esterification (DE) < 50%) and
high methoxy (HM) pectin (DE >50%) (Thakur et al., 1997).
LM pectins form a gel in the presence of divalent ions such as
Ca”*, and can also gel in the absence of Ca>* when the pH is
below about 3.3 (Gilsenan et al., 2000). We have reported the
potential of in situ gelling pectin gels for sustained drug delivery
(Kubo et al., 2004a,b, 2005; Miyazaki et al., 2005; Itoh et al.,
2006a,b, 2007).

In the present investigation we have explored the potential of
an in situ gelling xyloglucan/pectin mixture for the oral admin-
istration of paracetamol. The formulations have been optimized
to produce gelling and rheological properties suitable for oral
administration and the in vitro/in vivo drug release characteris-
tics have been examined.

2. Materials and methods
2.1. Materials

Xyloglucan with a percentage of galactose removal of 45%
(Lot. 3603) was prepared as described previously (Shirakawa
et al.,, 1998) and supplied by Dainippon Sumitomo Pharma
Co., Ltd. (Osaka, Japan). Pectin (LM-104-ASJ, DE=31%,
Lot. 23001-7) was supplied by SANSHO Co., Ltd. (Osaka,
Japan). Paracetamol (acetaminophen) was obtained from Astel-
las Pharma Inc. (Tokyo, Japan). All other reagents were of
analytical grade.

2.2. Preparation of solutions

The xyloglucan and xyloglucan/pectin solutions were pre-
pared by dispersing the required amount of the polysaccharide

or polysaccharide mixture in ultra pure water (NANOpure®
Diamond™ UF and UV/UF Systems, Barnstead International,
IA, U.S.A.) at 65-70 °C. The resulting combination was mixed
completely using a homogenizer (CM-200, AS ONE Corp.,
Osaka, Japan) at 2000 rpm for about 10 min at room temper-
ature, a further 10 min at 2000 rpm with ice-cooling and finally
50 min at 3000 rpm with ice-cooling. The solution of pectin was
prepared by dispersing the required amount of pectin in ultra
pure water and heating to 40-50 °C with stirring. To prepare the
polymer solutions containing paracetamol, the desired amounts
of paracetamol were added when the xyloglucan and pectin were
dispersed.

2.3. Determination of flow behaviour of sols

Sample tubes containing 10 ml of polymer solutions initially
at 2 °C were incubated for 10 min at 37 °C in a water bath and
their flow properties observed visually. Gel formation was indi-
cated by a lack of movement of the meniscus on tilting the
tube.

2.4. Measurement of rheological properties of sols and gels

The viscosities of the xyloglucan solution and the xyloglu-
can/pectin mixtures were determined at 5 °C with a cone and
plate viscometer with a cone angle of 1°34’ (TV-20H, model E,
Toki Sangyo Co., Ltd., Tokyo, Japan) using 1 ml aliquot of the
sample. Measurements on each sol were performed in triplicate
over a shear rate range of approximately 23—230s~!, each shear
rate sweep taking approximately 30s.

The influence of pectin content on the gel strengths of the
xyloglucan/pectin mixtures was measured using a rheometer
(CR-500DX, Sun Scientific Co., Tokyo, Japan) by the method
described previously (Watanabe et al., 1994). Cylindrical gels
of the polymer solutions were prepared by placing 30 ml of
the sol into cellulose tubing (size 36/32, Viskase Companies
Inc., IL, U.S.A.), immersing the tube in 150 ml of pH 1.2 sim-
ulated gastric fluid (as specified for the JP XV disintegration
test) and equilibrating for 24 h at 37 °C. The cylindrical gels
(15 mm diameter and 15 mm height) were placed in the theome-
ter and raised at a rate of 60 mm min~' so pushing a probe slowly
through the gel. The change in the load on the probe was mea-
sured as a function of the depth of immersion of the probe below
the gel surface.

2.5. Measurement of in vitro drug release

Measurement of the in vitro release of paracetamol from
xyloglucan, pectin and xyloglucan/pectin solutions was carried
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out using plastic dialysis cells similar to that described previ-
ously (Miyazaki et al., 1984). The capacity of each half-cell was
4 ml and the surface area of the membranes was 2.67 cm?”. Poly-
mer solutions containing 1.0% (w/v) paracetamol were placed
in the donor compartment, and an equal volume of simulated
gastric (pH 1.2) or intestinal (pH 6.8) fluid (as specified for
the JP XV disintegration test) was placed in the receptor com-
partment. The gel donor phase and the aqueous receptor phase
were separated by a dialysis membrane (Viskase Companies
Inc.). The assembled cell was shaken horizontally at the rate of
60 strokes min~! in an incubator at 37 °C. The total volume of
the receptor solution was removed at intervals and replaced by
fresh release medium. The concentration of paracetamol in the
samples was determined from the absorbance at a wavelength of
244 nm using a spectrophotometer (UV-1200, Shimadzu, Kyoto,
Japan).

2.6. Invivo drug release

Male Wistar rats, weighting 230-330 g, were provided by
Hokudo Co., Ltd. (Sapporo, Japan). The rats were fasted for
24 h with free access to water. They were anaesthetised with
an intraperitoneal injection of urethane, 1 gkg™!, and the jugu-
lar vein was cannulated to facilitate removal of blood samples.
1 ml of solutions of 1.5% (w/w) xyloglucan and 1.5% (w/w)
xyloglucan/0.75% (w/w) pectin containing 10 mg paracetamol
were orally administrated using a stomach sonde needle for rats
(KN-349D, Natsume Seisakusho Co., Ltd., Tokyo, Japan). At
given intervals, a blood sample was taken from the jugular vein
and analyzed as described below. The protocols for the animal
experiments were previously approved by the Animal Ethics
and Research Committee of the Health Sciences University of
Hokkaido.

The statistical significance of the results was assessed by the
Student’s #-test and results are presented as the mean =+ standard
error of the mean.

2.7. Determination of paracetamol concentration in rat
plasma

The plasma samples were separated by centrifugation and
assayed by HPLC. The HPLC chromatographic system con-
sisted of a pump (LC-10AS, Shimadzu, Kyoto, Japan), with a
UV detector (SPD-10A, Shimadzu) at a wavelength of 254 nm.

The assay of paracetamol was based on the methods described
by Ameer et al. (1981) with minor modifications. To 100 pl of
plasma was added 200 w1 of water, 100 pl of 2-acetamidophenol
(100 g ml~! in 20% methanol) as internal standard, and 7 ml
of ethyl acetate. The sample was shaken and centrifuged. Five
milliliter of the ethyl acetate layer was evaporated to dryness
under a nitrogen stream. The residue was reconstituted with
200 .l of 50% methanol and an aliquot of 20 .l was injected onto
an analytical column (150 mm x 4.6 mm), packed with Inertsil-
ODS (GL Sciences Inc., Tokyo, Japan). Elution was carried out
with acetonitrile—0.1 M acetate buffer (pH 4.0) (15:85) at a rate
of 0.8 mlmin~! at 40°C.

2.8. In situ gel forming property in rat stomach

One milliliter of solutions of 1.5% (w/w) xyloglucan and
1.5% (w/w) xyloglucan/0.75% (w/w) pectin mixture containing
0.02% (w/v) brilliant blue as a marker dye but no drug were
orally administrated to fasted rats as described previously (Sec-
tion 2.6). The stomach was excised after 0.5 and 3 h and gels
were removed and weighed after removing surface dirt.

3. Results and discussion
3.1. Gelation of xyloglucan/pectin mixtures

Preliminary observations were made of the thermo-
responsive gelling properties of xyloglucan/pectin mixtures to
select suitable formulations for further investigation. 1.0, 1.5
and 2.0% (w/w) xyloglucan solutions were mixed with vari-
ous concentrations of pectin between 0 and 1.25% (w/w) and
the flow behaviour assessed visually after 10 min at 37 °C. The
1.0% (w/w) xyloglucan solution formed a soft gel in the absence
of added pectin, but failed to gel when pectin was present in the
solutions at concentrations greater than 0.25% (w/w). 1.5 and
2.0% (w/w) xyloglucan solutions formed soft gels at pectin con-
centrations of between 0 and 0.75% (w/w) and a stronger gel in
the presence of 0.75% (w/w) pectin; further addition of pectin,
however, inhibited gelation. Formulations of 1.5 and 2.0% (w/w)
xyloglucan/0.75% (w/w) pectin were selected for further study.

Observations were also made of the gel forming properties
of solutions of 1.5% (w/w) xyloglucan, 0.75% (w/w) pectin
and 1.5% (w/w) xyloglcan/0.75% (w/w) pectin when poured
into simulated gastric acid (pH 1.2) at 37°C. A soft gel was
immediately formed by the 0.75% (w/w) pectin solution. The
1.5% (w/w) xyloglucan solution formed a soft gel after sev-
eral minutes, which because of the time taken for gelation, had a
poorly defined shape. In contrast, the xyloglucan/pectin solution
formed a stiff gel immediately on contact with the gastric juice,
the enhanced gel forming properties compared to those of solu-
tions of the component polysaccharides being a consequence of
a response to both temperature and ions.

3.2. Rheological behaviour of the solutions and gels

Fig. 1 shows the shear stress versus shear rate flow curves
of 1.0, 1.5 and 2.0% (w/w) xyloglucan solutions with and with-
out added 0.75% (w/w) pectin at 5 °C. All measurements were
performed in triplicate with good reproducibility.

All solutions showed shear thinning behaviour and an
increase of viscosity as a function of xyloglucan concentration
regardless of the amount of pectin present. Although the viscos-
ity of 0.75% (w/w) pectin was very low (below 10 mPas, with
shear rate of between 23 and 230s~! at 5 °C), its addition to the
xyloglucan solutions caused an increase of viscosity, which in
the case of a 2.0% (w/w) xyloglucan solution, was appreciable.

Fig. 2 shows the effects of the concentration of pectin on
the viscosity at a shear rate of 23 s~! and indicates an optimum
pectin concentration of 0.75% (w/w) for the 1.5 and 2.0% (w/w)
xyloglucan solutions, in agreement with the preliminary visual
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Fig. 1. Viscosity of xyloglucan and xyloglucan/pectin solutions of concen-
trations (% (w/w)) of 1.0 (triangles), 1.5 (circles), and 2.0 (squares) at 5°C;
closed symbols refer to xyloglucan solution containing 0.75% (w/w) pectin,
open symbols refer to xyloglucan solutions without added pectin. Each value is
the mean & S.E. of 3 determinations.

observations. The enhancement of xyloglucan gel strength in
the presence of pectin at this concentration is clearly shown by
the stress—strain curves of Fig. 3. Curves for gels of both 1.5%
(w/w) xyloglucan and a 1.5% (w/w) xyloglucan/0.75% (w/w)
pectin mixture showed typical elastic behaviour. Values of the
gel strength, taken as the stress at the point of collapse of the gel
structure, were 1.7 and 7.8 kN m~2 for 1.5% (w/w) xyloglucan
and 1.5% (w/w) xyloglucan/0.75% (w/w) pectin, respectively,
an increase of approximately 4.6 times in the presence of the
pectin.
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Fig. 2. Effect of added pectin on the viscosity at a shear rate of 23 s~! of xyloglu-

can solutions of concentrations (% (w/w)), of (A) 1.0, (@) 1.5, and (H) 2.0 at
5°C.
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Fig. 3. Stress—strain curve of (a) 1.5% (w/w) xyloglucan gel and (b) 1.5% (w/w)
xyloglucan/0.75% (w/w) pectin mixture gel, in simulated gastric fluid at pH 1.2
and 37°C.

An interaction between xyloglucan and pectin promoting
gelation properties has not been reported previously. Nitta et al.
(2003) reported that mixtures of tamarind seed xyloglucan (with
no removal of galactose residues) and gellan formed thermally
reversible gels, although the component polysaccharides alone
were unable to gel under the same experimental conditions. The
synergistic interaction was explained by Dea et al. (1972) based
on a molecular model of interactions between helix-forming
polysaccharides and (1-4)-B-pD-mannans. They suggested that
the galactose-free regions of xyloglucan interact with helical gel-
lan to form a three-dimensional network in the xyloglucan/gellan
mixtures. A similar helical model of the gelation of pectinic acid
through chain—chain associations has been proposed (Morris et
al., 1982; Braccini and Pérez, 2001) and it is probable that the
synergistic interaction between xyloglucan and pectin observed
in the present study is also explicable using a model of this

type.
3.3. Invitro drug release

The release profiles of paracetamol from gels formed from
solutions of 0.75% (w/w) pectin, 1.5% (w/w) xyloglucan, 1.5%
(w/w) xyloglucan/0.75% (w/w) pectin, and 2.0% (w/w) xyloglu-
can/0.75% (w/w) pectin are compared in Fig. 4. The receptor
solutions of the diffusion cell were changed after 1 h from sim-
ulated gastric fluid at pH 1.2 to a simulated intestinal fluid at
pH 6.8 to mimic gastrointestinal transit. The pK, of paraceta-
mol is 9.5 (Fairbrother, 1974), and consequently there will be
no change in the state of ionization of this acidic drug accom-
panying this pH change. There was a pronounced increase of
release after 2h from the pectin gel due a reversion to sol
as the hydrogen ion concentration was decreased. The release
profiles of the gels of xyloglucan and xyloglucan/pectin mix-
tures were similar and observation of the donor cells after 6 h
showed that despite the pH change, all gels had retained their
structure.

The release data over the whole time period of the release for
these formulations were analysed using the Higuchi equation for
drug release from semisolid vehicles containing dissolved drug
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Fig. 4. Cumulative release of paracetamol as a function of time from the gels of
(O) 1.5% (w/w) xyloglucan, (@) 1.5% (w/w) xyloglucan/0.75% (w/w) pectin,
(W) 2.0% (w/w) xyloglucan/0.75% (w/w) pectin and ({) 0.75% (w/w) pectin.
Release was into simulated gastric fluid, pH 1.2, for a period of 1 h and subse-
quently into simulated intestinal fluid, pH 6.8. Each value is the mean + S.E. of
4 determinations.

(Higuchi, 1962):
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where Q is the cumulative amount of drug released per unit
surface area, Cy is the initial drug concentration, and 7 is the
time. Plots of Q versus ¢/ for the release of paracetamol from
the gels are shown in Fig. 5. Release from gels at each of
the polymer concentrations conformed to Eq. (1) after a short
lag period indicating diffusion-controlled release. The diffu-
sion coefficients, D, calculated from the gradients of Higuchi
plots of Fig. 5 were 7.28 x 1070 4:0.45,7.74 x 1076 £ 0.81 and
6.95 x 1070 4+0.67 cm? s~ for 1.5% (w/w) xyloglucan, 1.5%
(w/w) xyloglucan/0.75% (w/w) pectin, and 2.0% (w/w) xyloglu-
can/0.75% (w/w) pectin gels, respectively (n=4).

Although in vitro drug release from the xyloglucan and
xyloglucan/pectin mixtures was similar, the 2.0% (w/w)
xyloglucan/0.75% (w/w) pectin solution had a significantly
higher viscosity (Fig. 2), which may be a disadvantage in swal-
lowing the formulation during oral administration. In view of
this we chose to conduct in vivo experiments on the 1.5% (w/w)
xyloglucan/0.75% (w/w) pectin mixture, which has a satisfac-
tory gel strength and drug release characteristics.

3.4. Invivo drug release

The release of paracetamol from gels formed in situ in the
rat stomach after oral administration of 1 ml of 0.75% (w/w)
pectin solution, 1.5% (w/w) xyloglucan solution and the 1.5%
(w/w) xyloglucan/0.75% (w/w) pectin mixture containing 10 mg
of paracetamol was monitored by the determination of plasma
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Fig. 5. Cumulative release of paracetamol per unit area, Q, as a function
of square root of time from the gels of () 1.5% (w/w) xyloglucan, (@)
1.5% (w/w) xyloglucan/0.75% (w/w) pectin, (l) 2.0% (w/w) xyloglucan/0.75%
(w/w) pectin and (¢) 0.75% (w/w) pectin. Release was into simulated gastric
fluid, pH 1.2, for a period of 1 h and subsequently into simulated intestinal fluid,
pH 6.8. Each value is the mean =+ S.E. of 4 determinations.

drug levels (Fig. 6). The mean value of intragastric pH of rat just
before administration was 2.58 £0.14 (n=6).

Rapid absorption of paracetamol from the pectin solu-
tion was observed, with a peak plasma drug concentration
of 4.92 pgml~! at 0.5h. This concentration of pectin is too
low for gel formation under the conditions in the rat stomach
(as confirmed by visual observation of rat stomach contents
after administration) and hence control of drug release was not

Plasma concentration (ug ml'1)

Time (h)

Fig. 6. Plasma concentrations of paracetamol in rats after oral administration
of (¢) 0.75% (w/w) pectin, (O) 1.5% (w/w) xyloglucan, and (@) 1.5% (w/w)
xyloglucan/0.75% (w/w) pectin solutions. Each value is the mean & S.E. of 3-6
determinations. *p <0.05; "p <0.01, compared with 1.5% (w/w) xyloglucan.
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Table 1

Comparison of pharmacokinetic parameters of paracetamol administered from aqueous solution and polymer gels formed in situ in rat stomach

Dosage form Crnax (pgml™!) tmax (h) AUC (0-6h) (wghml™1) MRT (h)
0.75% (w/w) Pectin® 4.92 £ 0.66 0.50 £ 0.00 10.53 £ 0.20 1.93 £ 0.17
1.5% (wiw) Xyloglucan® 298 £ 0.52 1.58 £ 0.33 10.15 £ 0.70 2.58 £0.15
1.5% (w/w) Xyloglucan/0.75% (w/w) pectin® 292 +0.18 2.08 £+ 0.20 12.05 £ 0.42¢ 2.79 £ 0.04

2 Each value represents the mean + S.E. of 3 determinations.
b Each value represents the mean = S.E. of 6 determinations.
¢ p<0.05, compared with 1.5% (w/w) xyloglucan solution.

expected. Drug release from gels formed by xyloglucan and
the xyloglucan/pectin mixture gave similar plasma concentra-
tions during the initial 2 h of release, after which time a more
sustained release from gels formed from the xyloglucan/pectin
mixture was observed.

The area under the concentration curve (AUC) and the mean
residence time (MRT) obtained from the plasma concentration-
time data of each animal using a computer program for model
independent analysis (Yamaoka et al., 1981) are compared in
Table 1. The more sustained release from gels formed from the
xyloglucan/pectin solution is evident from the higher MRT value
compared to that from the xyloglucan solution. Furthermore, the
higher AUC value for the mixed system indicates an improved
bioavailability from this formulation.

The appearance of the gels formed in the rat stomach follow-
ing administration of 1 ml of 1.5% (w/w) xyloglucan and 1.5%
(w/w) xyloglucan/0.75% (w/w) pectin solutions is compared
in Fig. 7. Well-formed gels were observed in the stomach at
0.5 h after administration of both formulations which contained
93-102% of the amount of the dosage administered. At 3 h after
administration, approximately 88% of the gel formed from the
1.5% (w/w) xyloglucan/0.75% (w/w) pectin mixture remained
in the rat stomach, compared to only 46% of the gel formed
from the 1.5% (w/w) xyloglucan solution. At the completion
of the release experiments (6h) the gels were removed and
weighed; the amounts of gels remaining were 77.0 £ 4.4% for
the xyloglucan/pectin formulation compared to 34.0 + 13.9%
for the xyloglucan formulation (n = 6). The significantly slower
erosion of the gel formed from the xyloglucan/pectin mixture is
a consequence of its much greater gel strength as shown from

1.6% Xyloglucan w ‘ ‘ﬁ &

(93.4 %) (45.8 %)
1.56% Xyloglucan ‘
10.75% pectin ‘
(101.7 %) (88.2 %)
0.5h 3h

Fig. 7. Photographs showing presence of gels in rat stomach 0.5 and 3 h after
oral administration of 1.5% (w/w) xyloglucan solution and 1.5% (w/w) xyloglu-
can/0.75% (w/w) pectin solution.

the in vitro measurements and gives rise to the more sustained
release of drug observed in Fig. 6.

4. Concluding remarks

Although dilute solutions of xyloglucan will form gels by
in situ gelation in the rat stomach when administered orally,
this study has shown that the gel strength and sustained release
properties may be improved by the inclusion of pectin in the
formulation. Improvement of the gelation characteristics of the
xyloglucan/pectin mixture is possibly not only a result of a com-
bination of both thermal and ion responsiveness but may also be
due to a synergistic interaction between these two polymers.

Acknowledgements

The authors are grateful to Dr. M. Shirakawa of Dainippon
Sumitomo Pharma Co., Ltd. We also wish to thank SANSHO
Co., Ltd. for the generous supply of pectin. This study was par-
tially supported by a Grant-in-Aid for Young Scientists, from
Ministry of Education, Culture, Sports, Science and Technology
of Japan.

References

Ameer, B., Greenblatt, D.J., Divoll, M., Abernethy, D.R., Shargel, L., 1981.
High-performance liquid chromatographic determination of acetaminophen
in plasma: single-dose pharmacokinetic studies. J. Chromatogr. 226,
224-230.

Braccini, 1., Pérez, S., 2001. Molecular basis of Ca2*-induced gelation in
alginates and pectins: the egg-box model revisited. Biomacromolecules 2,
1089-1096.

Burgalassi, S., Chetoni, P., Panichi, L., Boldrini, E., Saettone, M.E., 2000.
Xyloglucan as a novel vehicle for timolol: pharmacokinetics and pressure
lowering activity in rabbits. J. Ocul. Pharmacol. Ther. 16, 497-509.

Dea, I.C.M., McKinnon, A.A., Rees, D.A., 1972. Tertiary and quaternary struc-
ture in aqueous polysaccharide systems which model cell wall cohesion:
reversible changes in conformation and association of agarose, carrageenan
and galactomannans. J. Mol. Biol. 68, 153-172.

Fairbrother, J.E., 1974. Acetaminophen. In: Florey, K. (Ed.), Analytical Profiles
of Drug Substances, vol. 3. Academic Press, New York, pp. 1-109.

Gilsenan, P.M., Richardson, R.K., Morris, E.R.,2000. Thermally reversible acid-
induced gelation of low-methoxy pectin. Carbohydr. Polym. 41, 339-349.

Higuchi, W.I., 1962. Analysis of data on the medicament release from ointments.
J. Pharm. Sci. 51, 802-804.

Itoh, K., Kubo, W., Fujiwara, M., Watanabe, H., Miyazaki, S., Attwood, D.,
2006a. The influence of gastric acidity and taste masking agent on in situ
gelling pectin formulations for oral sustained delivery of acetaminophen.
Biol. Pharm. Bull. 29, 343-347.

Itoh, K., Kubo, W., Fujiwara, M., Hirayama, T., Miyazaki, S., Dairaku, M.,
Togashi, M., Mikami, R., Attwood, D., 2006b. The influence of variation of



K. Itoh et al. / International Journal of Pharmaceutics 356 (2008) 95-101 101

gastric pH on the gelation and release characteristics of in situ gelling pectin
formulations. Int. J. Pharm. 312, 37-42.

Itoh, K., Hirayama, T., Takahashi, A., Kubo, W., Miyazaki, S., Dairaku, M.,
Togashi, M., Mikami, R., Attwood, D., 2007. In situ pectin formulations for
oral drug delivery at high gastric pH. Int. J. Pharm. 335, 90-96.

Kawasaki, N., Ohkura, R., Miyazaki, S., Uno, Y., Sugimoto, S., Attwood, D.,
1999. Thermally reversible xyloglucan gels as vehicles for oral drug delivery.
Int. J. Pharm. 181, 227-234.

Kubo, W., Miyazaki, S., Dairaku, M., Togashi, M., Mikami, R., Attwood, D.,
2004a. Oral sustained delivery of ambroxol from in situ-gelling pectin for-
mulations. Int. J. Pharm. 271, 233-240.

Kubo, W., Konno, Y., Miyazaki, S., Attwood, D., 2004b. In situ gelling pectin for-
mulations for oral sustained delivery of paracetamol. Drug Dev. Ind. Pharm.
30, 593-599.

Kubo, W., Itoh, K., Miyazaki, S., Attwood, D., 2005. Oral sustained delivery
of theophylline and cimetidine from in situ gelling pectin formulations in
rabbits. Drug Dev. Ind. Pharm. 31, 819-825.

Lin, H.-R., Sung, K.C., Vong, W.-J., 2004. In situ gelling of alginate/Pluronic
solutions for ophthalmic delivery of pilocarpine. Biomacromolecules 5,
2358-2365.

Miyazaki, S., Takeuchi, S., Yokouchi, C., Takada, M., 1984. Pluronic F-127 gels
as a vehicle for topical administration of anticancer agents. Chem. Pharm.
Bull. 32, 4205-4208.

Miyazaki, S., Suisha, F., Kawasaki, N., Shirakawa, M., Yamatoya, K., Attwood,
D., 1998. Thermally reversible xyloglucan gels as vehicles for rectal drug
delivery. J. Control. Rel. 56, 75-83.

Miyazaki, S., Suzuki, S., Kawasaki, N., Endo, K., Takahashi, A., Attwood, D.,
2001a. In situ gelling xyloglucan formulations for sustained release ocular
delivery of pilocarpine hydrochloride. Int. J. Pharm. 229, 29-36.

Miyazaki, S., Kawasaki, N., Endo, K., Attwood, D., 2001b. Oral sustained deliv-
ery of theophylline from thermally reversible xyloglucan gels in rabbits. J.
Pharm. Pharmacol. 53, 1185-1191.

Miyazaki, S., Endo, K., Kawasaki, N., Kubo, W., Watanabe, H., Attwood, D.,
2003. Oral sustained delivery of paracetamol from in situ gelling xyloglucan
formulations. Drug Dev. Ind. Pharm. 29, 113-119.

Miyazaki, S., Kubo, W., Itoh, K., Konno, Y., Fujiwara, M., Dairaku, M., Togashi,
M., Mikami, R., Attwood, D., 2005. The effect of taste masking agents on
in situ gelling pectin formulations for oral sustained delivery of paracetamol
and ambroxol. Int. J. Pharm. 297, 38-49.

Morris, E.R., Powell, D.A., Gidley, M.J., Rees, D.A., 1982. Conformations and
interactions of pectins: I. Polymorphism between gel and solid states of
calcium polygalacturonate. J. Mol. Biol. 155, 507-516.

Morris, E.R., 1995. Polysaccharide synergism—more questions than answers?
In: Harding, S.E., Hill, S.E., Mitchell, J.R. (Eds.), Biopolymer Mixtures.
Nottingham University Press, Nottingham, UK, pp. 247-288.

Nitta, Y., Kim, B.S., Nishinari, K., Shirakawa, M., Yamatoya, K., Oomoto, T.,
Asai, 1., 2003. Synergistic gel formation of xyloglucan/gellan mixtures as
studied by rheology, DSC, and circular dichroism. Biomacromolecules 4,
1654-1660.

Ruel-Gariépy, F.,, Leroux, J.-C., 2004. In situ-forming hydrogels—review of
temperature-sensitive systems. Eur. J. Pharm. Biopharm. 58, 409-426.
Shirakawa, M., Yamatoya, K., Nishinari, K., 1998. Tailoring of xyloglucan

properties using an enzyme. Food Hydrocoll. 12, 25-28.

Suisha, F., Kawasaki, N., Miyazaki, S., Shirakawa, M., Yamatoya, K., Sasaki,
M., Attwood, D., 1998. Xyloglucan gels as sustained release vehicles for the
intraperitoneal administration of mitomycin C. Int. J. Pharm. 172, 27-32.

Takahashi, A., Suzuki, S., Kawasaki, N., Kubo, W., Miyazaki, S., Loeben-
berg, R., Bachynsky, J., Attwood, D., 2002. Percutaneous absorption of
non-steroidal anti-inflammatory drugs from in situ gelling xyloglucan for-
mulations in rats. Int. J. Pharm. 246, 179-186.

Thakur, B.R., Singh, R.K., Handa, A.K., 1997. Chemistry and uses of pectin—a
review. Crit. Rev. Food Sci. Nutr. 37, 47-73.

Watanabe, A., Hanawa, R., Sugihara, M., 1994. Application of glycerogelatin
as oral dosage form for the elderly. Yakuzaigaku 54, 77-87.

Yamaoka, K., Tanigawara, Y., Nakagawa, T., Uno, T., 1981. Pharmacokinetic
analysis program (MULTI) for microcomputer. J. Pharmacobio-Dyn. 4,
879-885.

York, W.S., van Halbeek, H., Darvill, A.G., Albersheim, P., 1990. Structural
analysis of xyloglucan oligosaccharides by ' H-n.m.r. spectroscopy and fast-
atom-bombardment mass spectrometry. Carbohydr. Res. 200, 9-31.



	In situ gelling xyloglucan/pectin formulations for oral sustained drug delivery
	Introduction
	Materials and methods
	Materials
	Preparation of solutions
	Determination of flow behaviour of sols
	Measurement of rheological properties of sols and gels
	Measurement of in vitro drug release
	In vivo drug release
	Determination of paracetamol concentration in rat plasma
	In situ gel forming property in rat stomach

	Results and discussion
	Gelation of xyloglucan/pectin mixtures
	Rheological behaviour of the solutions and gels
	In vitro drug release
	In vivo drug release

	Concluding remarks
	Acknowledgements
	References


