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Abstract

The purpose of this study was to evaluate the potential for the oral sustained delivery of paracetamol of two formulations
with in situ gelling properties. Oral administration of aqueous solutions of either gellan gum (1.0%, w/v) or sodium alginate
(1.5%, w/v) containing calcium ions in complexed form resulted in the formation of gel depots in rabbit and rat stomachs as
a consequence of the release of the calcium ions in the acidic environment. In vitro studies demonstrated diffusion-controlled
release of paracetamol from the gels over a period of 6 h. The bioavailability of paracetamol from the gels formed in situ in
the stomachs of rabbits following oral administration of the liquid formulations was similar to that of a commercially available
suspension containing an identical dose of paracetamol.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction to be administered in liquid form and to form gels in
situ in the acidic environment of the stomach.
Paracetamol (acetaminophen) is usually adminis- Gellan gum (commercially available as Gelfite
tered orally in tablet and liquid form, following which  or Kelcogef™) is an anionic deacetylated exocellular
its absorption is rapid, predominantly from the small polysaccharide secreted Bgeudomonas elodea with
intestine. A gel formulation for the oral delivery of a tetrasaccharide repeating unit of ane-rhamnose,
paracetamol containing-carrageenan and gelatin as onep-p-glucuronic acid and tw@-p-glucose. Aque-
gelling agents has recently been reporte&hglo et al. ous solutions of gellan gum form gels on warming
(2000) which achieved a high (90%) bioavailability to body temperature and in the presence of cations
in rabbits. In the present paper, we assess the poten{Crescenzi et al., 1990the mechanism of gelation
tial of two formulations comprising solutions of gellan involving the formation of double helical junction
gum or sodium alginate as vehicles for the sustained zones followed by aggregation of the double heli-
delivery of paracetamol, both of which are designed cal segments to form a three-dimensional network
by complexation with cations and hydrogen bond-
ing with water Grasdalen and Smidsroed, 1987;
"+ Corresponding author. Tekt 44-161-2752328: Cha_nrasekaran et al., 1988; Chanrgsekaran and
fax: +44-161-2752396. Thailambal, 1990 Gellan gels have previously been
E-mail address: david.attwood@man.ac.uk (D. Attwood). examined for application in ophthalmic drug delivery

0378-5173/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0378-5173(03)00163-7



56

(Rozier et al., 1989, 1997; Sanzgiri et al., 1993
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of calcium chloride and sodium citrate for effective

gelation occurring when the aqueous solutions of the gelation.

polysaccharide encounter the ions of the tear fluid at

body temperature. The gellan formulation examined
in the present study is similar to that which we have
previously examined for the oral sustained delivery of
theophylline Miyazaki et al., 1999 and cimetidine
(Miyazaki et al., 2001 To ensure reproducible gela-
tion we include a source of Cd ions in the solution,
but delay the gelation until the administered solution
is in the acidic environment of the stomach by com-
plexing the free calcium ions with sodium citrate.

2. Materials and methods
2.1. Materials

Deacetylated gellan gum, Kelcod¥l (Lot 7501),
was supplied by Dainippon Pharmaceutical Co., Os-
aka. Sodium alginate (Duck Algiff, Lot 34691,
350+ 50cP for a 1% solution, M/G ratio 0.8-1.0)

Gelation is then instantaneous as the complex breakswas supplied by Kibun Food Chemifa Co., Tokyo.

down and the Ca' ions are released. The optimum
guantities of calcium chloride and sodium citrate that
maintained fluidity of the formulation before adminis-
tration and resulted in gelation when the formulation
was added to simulated gastric fluid (pH 1.2) were
determined previouslyMiyazaki et al., 1999

The other in situ gelling compound examined,
sodium alginate, is widely used in pharmaceutical
formulation. Gelation of dilute solutions of sodium
alginate occurs on addition of di- and trivalent metal
ions by a co-operative process involving consecu-
tive guluronic residues in the-L-guluronic acid (G)
blocks of the alginate chainMorris et al., 1973,
1978; Grant et al., 1973; Liang et al., 198@When
formulated for use in sustained drug delivery, the al-
ginate is usually in the form of a matridghnson and
Medlin, 1985; Nakano and Ogata, 1984; Nicholson
et al., 1990; Segi et al., 1989; Stockwell et al., 1986;
Yotsuyanagi et al., 1997and there have been only a

Paracetamol (acetaminophen) was obtained from
Yamanouchi Pharmaceutical Co., Tokyo. A commer-
cially available product, Children’s 3 Months Plus

Pain Relief Suspension, was purchased from The
Boots Co., UK. All other reagents were of analytical

grade.

2.2. Preparation of sols and suspension

Gellan gum solutions of concentrations 0.25, 0.5
and 1.0% (w/v) were prepared by adding the gum to
ultrapure water containing 0.17% (w/v) sodium cit-
rate and heating to 9@ while stirring. After cooling
to below 40°C appropriate amounts of calcium chlo-
ride (0.016%, w/v) and paracetamol (1%, w/v) were
then dissolved in the resulting solution. Sodium al-
ginate solutions of concentrations 1.0, 1.5 and 2.0%
(w/v) were prepared by adding the alginate to ultra-
pure water containing 0.25% (w/v) sodium citrate and

few studies on the use of alginates in liquid sustained 0.075% (w/v) calcium chloride and heating to €D

release preparations for oral administratidatz and
Woodford, 1987; Katayama et al., 1999 he formu-

while stirring. Paracetamol was then dissolved in the
resulting solution after cooling to below 4Q. A 1%

lation described by Zatz and Woodford gelled when (w/v) control suspension (for use in the in vitro release
in contact with simulated gastric fluid; gelation of experiments) was prepared by dispersing paracetamol
that reported by Katayama et al. was achieved by the in a 0.6% (w/v) aqueous solution of sodium alginate.
separate oral administration of a solution of a calcium A 1% (w/v) solution of paracetamol was prepared in

salt immediately following that of the sodium algi-

nate solution. The strategy for ensuring gelation of
the alginate formulation of the present study is sim-
ilar to that described above for the gellan solutions,
involving a supply of complexed calcium ions that

are released in the acidic environment of the stomach.
We have recently reported the use of such a formu-

lation for the oral delivery of cimetidineMiyazaki
et al., 200) and have determined optimum amounts

ultrapure water.

2.3. Measurement of rheological properties of sols
and gels

A comparison of the gel strengths of gellan and
alginate gels was carried out at 20 using a rheome-
ter (CR-200D, Sun Scientific Co., Tokyo) by the
method described previouslM{yazaki et al., 1998;
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Watanabe et al., 1994Cylindrical gels of either 1.0%  cess to water. The possibility of coprophagy was min-
(w/v) gellan or 1.5% (w/v) alginate were prepared by imized by the fasting process, which ensured that very
placing a 20 ml sample of the solution into a cellu- little food was present in the stomach (from visual ob-
lose tube (Viskase Sales Co., size 36/32), immersing servation), and also through the use of a yoke. The
the tube in 100 ml of pH 1.2 simulated gastric fluid sol preparation (5ml) containing 50 mg paracetamol
(as specified for the JP XIV disintegration test) and was orally administered using a stomach sonde needle
allowing to equilibrate for 24 h. The cylindrical gels for rabbits (Natume Seisakusho, KN-342). A stomach
(15mm diameter and 15 mm height) were placed in sonde needle was also used for oral administration
the rheometer and raised at a rate of 60 mmhiso of the commercial paracetamol suspension (50 mg in
pushing a probe slowly through the gel. The changes 2.1 ml) and aqueous solution (50 mg in 5ml). For in-
in the load on the probe were measured as a function travenous administration, 50 mg doses of the drug in
of the depth of immersion of the probe below the gel 5 ml saline solution were injected through the ear vein.
surface. At given intervals, a blood sample was taken from the
The viscosity of sols (drug-free) prepared in water ear vein and analysed as described below.
was determined at 2@ with a cone and plate vis-
cometer with cone angle°34 (TV-20H, model E, 2.5.2. Rats
Tokimec Co., Tokyo) using a 1 ml aliquot of the sam- Male Wistar rats, weighing 250-340 g, were fasted
ple. Measurements on each sample were performedfor 24 h with free access to water. The rats were anaes-
in triplicate each taking approximately 30s. Compar- thetised with an i.p. injection of urethane and divided
ison was made with the viscosity of the commercial into two groups of four rats. One group received parac-
suspension of paracetamol under the same conditions.etamol gel preparation given orally as 1 ml sol prepa-
ration containing the drug (10 or 15mg) through a
2.4. Measurement of drug release rate from gels stomach sonde needle for rats (Natume Seisakusho,
KN-348). A second group was dosed in a similar man-
The release rates of paracetamol were measured byner with a paracetamol aqueous solution (10 or 15mg
using plastic dialysis cells similar to that described in 1 ml). At predetermined intervals, a blood sample
previously Miyazaki et al., 1981 The capacity of  was taken from the jugular vein of rats in each group.
each half-cell was 4ml and the surface area of the The protocols for the animal experiments were
membranes was 2.67 émGels of gellan or sodium  previously approved by the Animal Ethics and Re-
alginate loaded with 1% (w/v) of drug, were placed in search Committee of the Health Sciences University
the donor compartment. An equal volume of simulated of Hokkaido. The statistical significance of the results
gastric (pH 1.2) or intestinal (pH 6.8) fluid (as speci- was assessed by the Studentt®st and results are
fied for the JP XIV disintegration test) was placed in presented as the meanstandard error of mean.
the receptor compartment. The donor phase and the
aqueous receptor phase were separated by a cellulos@.6. Paracetamol assay
membrane (Viskase Sales Co., Chicago, USA, size
36/32). The assembled cell was shaken horizontally at The plasma samples were separated by centrifuga-
the rate of 60 strokes mirt in an incubator. The total  tion and assayed by HPLC (Shimazu LC-10A with
volume of the receptor solution was removed at inter- a Shimazu SPD-10A detector at a wavelength of
vals and replaced by fresh release medium. The drug254 nm). The assay of paracetamol was based on the
concentration of the samples was determined using amethods described bfmeer et al. (1981with mi-

spectrophotometer at a wavelength of 244 nm. nor modifications. To 10l of plasma was added
300l of water, 10Qul of 2-acetoaminophenol so-

2.5. Animal experiments lution (100wgmi~t in 20% methanol) as internal
standard and 7 ml of ethyl acetate. The sample was

2.5.1. Rabhits vortex mixed and centrifuged after which 5ml of

White male rabbits weighing 3.1-3.6 kg were fasted the organic layer was evaporated to dryness under
for 24 h prior to the experiments but allowed free ac- a nitrogen stream. The residue was reconstituted
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with 200! of 50% methanol, and aliquots of 20 be an advantage for their proposed use as delivery
were injected onto a 150 mm 46 mm i.d. column, vehicles.
packed with Inertsil-ODS. Elution was carried out
with acetonitrile-pH 4.0 sodium acetate buffer (2:8) 3.2. Invitro drug release
at a rate of 1.0 mlmint at 40°C.
The release profiles of paracetamol from gellan
and sodium alginate gels of a range of concentrations

3. Results and discussion loaded with 1.0% (w/v) drug are compared with that
from an aqueous solution iRigs. 3(a) and 4(a)re-
3.1. Rheological properties of sols and gels spectively. Because of osmotic effects in the apparatus

used it was not possible to measure the release charac-

Fig. 1compares the rheological properties of gels of teristics of the commercial suspension, and the control
gellan gum and sodium alginate; values of gel strength suspension of paracetamol (1%, w/v) in 0.6% (w/v)
calculated from these data are 190.8 and 79.9kRm  sodium alginate was substituted for the purposes of
for 1.0% (w/v) gellan and 1.5% (w/v) sodium alginate, comparison. No discontinuities of the plots were ob-
respectively. The values determined by this method are served when the receptor solution was changed from
relative rather than absolute values but neverthelesssimulated gastric fluid (pH 1.2) to simulated intestinal
serve to show the significant difference in gel strengths fluid at pH 6.8 to mimic passage through the gastroin-
of these two gels. testinal tract. This was expected since there will be

Fig. 2 compares the shear dependency of the vis- N0 change in the state of ionization of this acidic drug
cosity of 1.0% (w/v) gellan and 1.5% (w/v) sodium (pKa of paracetamol is 9.5lorey, 1974 accompa-
alginate solutions with that of the commercial suspen- Nnying the pH change. Although a pH of 1.2 was used
sion. All formulations showed evidence of shear thin- as a representation of the gastric acidity, there is ev-
ning behaviour, with higher viscosities being observed idence that the pH of the rabbit stomach may not be
with the commercial suspension at all shear rates. ~ as low as this, and consequently inferences from in

The rheological properties of the sols are of impor- Vitro to in vivo data should be tempered with caution.
tance in view of their proposed oral administration. ~ The release data from gels and suspension over
The results obtained here show that solutions of the whole time period were analysed according to
both polysaccharides are of lower viscosity than the the treatment proposed kiguchi (1962)for drug
commercial product and should not present difficul- release from semisolid vehicles containing dissolved
ties in swallowing. Of the two compounds, gellan drug. For the initial 50-60% release the cumulative
gum produces gels of higher strength, which may amountQ of drug released per unit surface area from

200 @)

100 [
(b)

stress (kN/m?)

1 1 ]
0.2 0.4 0.6

strain

Fig. 1. Rheological properties of (a) 1.0% (w/v) gellan gels and (b) 1.5% (w/v) alginate gels in simulated gastric fluid at pH 1.2Gnd 20
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Fig. 2. Comparison of the shear rate dependency of the viscositie®)otgmmercial suspension of paracetamd)(1.0% (w/v) gellan

sol, and @A) 1.5% (w/v) alginate sol at 20C.

gels of initial drug concentratiog is proportional
to the square root of time

Dt /2
T

Figs. 3(b) and 4(bxhow linear plots ofQ ver-
sus t1/2 for the release of paracetamol from the
gels Co = 1%, w/v) after a short lag period, in-
dicative of diffusion-controlled release. Diffusion
coefficients,D, calculated from the gradients of the
plots of Fig. 3(b) were 122 + 0.05, 103 &+ 0.04
and 090 + 0.01 x 10 5cn?s™? for 0.25, 0.5 and
1.0% (w/v) gels, respectively; those from the gradi-
ents ofFig. 4(b)were 113+ 0.02, 101+ 0.03 and
0.954 0.05 x 10 °cn?s~! for 1.0, 1.5 and 2.0%

)

were of similar magnitude to those through alginate
gels despite the lower concentration range involved
reflecting differences in the gel structure of these
gels.

3.3. In vivo release

3.3.1. Rabhit

The release of paracetamol from 1.0% (w/v) gellan
and 1.5% (w/v) alginate gels formed in situ in the rab-
bit stomach following oral administration of 5ml of
sol containing 50 mg of paracetamol was monitored
by the determination of plasma drug levels. Gelation
of these formulations was confirmed by visual ob-
servation of the stomach contents, which showed the

(w/v) gels, respectively. Release from the suspension presence of distinct gel blocks of regular shape (as

did not conform toEq. (1) as expected. There is evi-

discussed below}ig. 5 compares paracetamol levels

dence from these values of a tendency for a decreasingfrom the gels with those following oral administration
release rate with increasing gel concentration pre- of the commercial suspension (50mg in 2.1 ml) and
sumably as a consequence of increased resistance t@n aqueous solution of paracetamol (50mg in 5ml).

drug diffusion through the gel matrix. It is interesting

The in vivo release curves from the gels had a similar

to note that diffusion coefficients through gellan gels profile to that of the commercial suspension.
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Fig. 3. In vitro release of paracetamol from gellan sols of concen-
trations () 0.25% (w/v), (J) 0.5% (w/v) and W) 1.0% (w/v);

(@) the paracetamol aqueous solution af ¢he control suspen-
sion of paracetamol, plotted as (a) cumulative release as a function
of time and (b) cumulative release per unit area as a function of
square root time. All formulations contain 1% (w/v) paracetamol.
Release was into simulated gastric fluid pH 1.2 for a period of
1h and subsequently into simulated intestinal fluid pH 6.8. Each
value is the mead: S.E. of four determinations.
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Fig. 4. In vitro release of paracetamol from alginate sols of con-
centrations ©) 1.0% (w/v), &) 1.5% (w/v) and ¢7) 2.0% (w/v);

(@) the paracetamol aqueous solution a® the control suspen-
sion of paracetamol, plotted as (a) cumulative release as a function
of time and (b) cumulative release per unit area as a function of
square root time. All formulations contain 1% (w/v) paracetamol.
Release was into simulated gastric fluid pH 1.2 for a period of
1h and subsequently into simulated intestinal fluid pH 6.8. Each
value is the mead: S.E. of four determinations.
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6 The areas under the plasma concentration—time
curve (AUC) and the mean residence times (MRT)
T were obtained from the plasma concentration—time
data for each animal using a computer program for
model-independent analysi¥gmaoka et al., 1981
and are summarized ifiable 1together with values
of the Crax andtmax. Thety > value was 14+1.24h
which compares with a value of 2.6 h following i.v.
injection of paracetamol to human volunteetsrieer
et al., 198). The values of MRTCmax and tmayx for
release from the gel formulations and the commercial
suspension were similar. Although the MRT agx
values of all three oral formulations were similar, the
Cmax values for release from gels were significantly
lower than from the paracetamol solution, which is of
relevance when considering their potential use as de-
livery vehicles. Bioavailabilities have been expressed
Time (h) in Table 1as both the ratio AUC [(gel,suspn/soln)] and
as AUC [(oral/i.v.)]. The latter values may be com-
Fig. 5. Plasma concentrations of paracetamol in rabbits after oral pared with values for bioavailabilities of paracetamol
administration of W) 1.0% (w/v) gellan sols, &) 1.5% (w/v) reported for the same animal model when released
alginate sols, ¢) the commercial su_spension of paracetamol _and from conventional tablets (7@ 2%) and rapidly dis-
(5:) the paracetamol aqueous solution. All formulations contained integrating tablets (5% 4%) (ishikawa et al., 20011
mg paracetamol. Each value represents me&E. of four
determinations. and from gels prepared fronk-carrageenan and
gelatin (89%) Endo et al., 2000 Namiki et al. (1997)

Plasma concn (ug/ml)

Table 1
Comparison of bioavailability parameters of paracetamol administered from the commercial suspension, agueous solution and i.v. injection
of paracetamol, and from gellan (1.0%, w/v) and alginate (1.5%, w/v) gels formed in situ in rabbit and rat stomach

Dosage form Crmax (L@ ML) tmax () AUC? (wghmli1) MRT (h) AUCora/AUCiy.  AUCgel suspdAUCsoln

Rabbit
Alginate gel 255+ 0.44 238+ 0.38  8.10+ 1.10 2.814+ 0.21  0.69+ 0.09 0.74+ 0.10
Gellan gel 248+ 025 2134+ 031 5.65+ 0.23 2.89+ 0.19 0.48+ 0.02 0.52+ 0.02
Aqueous solution 4.3% 0.96 2.25+ 0.25 10.93+ 1.74 2.80+ 0.09 0.93+ 0.15 1.0
Commercial suspension 2.98 0.36 3.00+ 0.41 7.65+ 0.57 2.86+ 0.15 0.65+ 0.05 0.70+ 0.05
i.v. injection - - 11.75+ 1.20 132+ 0.19 1.0 -

Rat
Alginate gel (10) 7.19+ 1.88  1.50+ 0.61 16.23+ 2.22 1.95+ 0.26 — 0.77+ 0.11
Alginate gel (15) 8.08+ 0.92  1.88+ 0.1F 22.79+ 3.40 2.324+ 0.06 - 0.72+ 0.1
Gellan gel (10) 430k 0.9 1.00+ 0.35 10.87+ 2.54 2114+ 014 - 0.52+ 0.12
Gellan gel (15) 596+ 0.9 163+ 0.55 18.18+ 2.78 2.25+ 0.09 - 0.58+ 0.09
Agueous solution (10) 11.8% 1.64  0.75+ 0.14 21.05+ 3.32 1.66+ 0.14 — 1.0

Each value represents the mearS.E. of four experiments. A dose of 50mg was administered to rabbits, and either 10 or 15mg
administered to rats as indicated in parenthesis.

2 Rabbits: AUC (0-6 h); rats: AUC (0-5h).

b P < 0.05 compared with paracetamol solution.

¢ P < 0.005 compared with paracetamol solution.

d Calculated from (AUGey/15)/(AUCsoin/10).

€ P < 0.01 compared with paracetamol solution.
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reported relative bioavailabilities of 73% for paraceta- release of paracetamol from the gel. No evidence of
mol released from a gel confectionary from sugars and suspension particles, also marked with dye, could be
gelatin, compared with that from paracetamol powder detected at this time period following administration
administered orally using a dog model. of the commercial suspension.

It is interesting to note the similarity of mean resi-
dence times of the gel and the commercial suspension.3.3.2. Rat
The sustained release effect of the gel formulation is A comparison of the release profiles of paracetamol
a consequence of the resistance of the gel structure tofrom 1.0% (w/v) gellan and 1.5% (w/v) alginate gels
the diffusion of drug, whereas that of the suspension formed in situ in the rat stomach following oral admin-
arises from the reservoir effect of the suspension par- istration of 1 ml of sol containing 10 mg of paraceta-
ticles as they slowly dissolve in the intestine. Visual mol is shown inFig. 7. Values of the pharmacokinetic
observation of the contents of the rabbit stomach fol- values derived from these data are giverfatle 1 It
lowing administration of a 1.0% (w/v) gellan sol (with-  is interesting to note the similarity of the bioavailabil-
out drug) containing a marker dy€ig. 6(a) showed ities expressed as the ratio AUC [(gel/soln)] obtained
that approximately 82% of the soft gel remained at 5 h in the rat and rabbit models for the corresponding gels.
after administration. A similar study of the contents Visual observation of the contents of the rat stomach
of the rabbit stomach after administration of a 1.5% following administration of a 1.0% (w/v) gellan gel
(w/v) alginate sol Eig. 6(b) showed approximately and 1.5% (w/v) alginate gel containing a marker dye
51% of gel remaining after the same time period. The showed the presence of a gel block immediately af-
maintenance of the integrity of the gel over this time ter administration, approximately 87 and 41%, respec-
period is probably the cause of the prolongation of the tively, of which remained 5 h after administration.

(b)

Fig. 6. Photographs showing presence of gels in rabbit stomach 5h after oral administration of (a) a 1.0% (w/v) gellan sol and (b) a 1.5%

(w/v) alginate sol.
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achieved with these in situ gelling formulations, with
the advantage that such formulations are homoge-
- neous liquids when administered orally and do not
124 have the problems that may be associated with the
' formulation and administration of suspensions. In ad-
dition, peak plasma levels of paracetamol following
administration from the gelling formulations are sim-
ilar to those from the suspension and are appreciably
lower than those following oral administration of an
aqueous solution of this drug.

14

Plasma concn (ug/ml)
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