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a b s t r a c t

Sucrose esters (SEs) are non-toxic, biodegradable, non-ionic surfactants. They have a wide range of
hydrophilic–lipophilic balance values (1–16) and are usually applied as surfactants, or as solubility or
penetration enhancers. The aims of this work were to study the gelling behaviour of SEs and the effects
of this property on drug release. The gelling characteristics of two different SEs (P1670 and S970) were
investigated by rheological measurements, and compared with each other. The effects of the gel-forming
eywords:
ontrolled release
issolution kinetics
elling characteristics
ucrose esters
hermosensitive

SEs on model drug (paracetamol) release were evaluated by in vitro drug release studies. The kinetics of
the dissolution process were studied by analysing the dissolution data through the use of various kinetic
equations. The results revealed that the gelling of the SEs is temperature- and concentration-dependent.
The examined sucrose stearate (S970) has a stronger gel structure than that of sucrose palmitate (P1670)
and this behaviour has a significant effect on the drug release. The analysis of the dissolution kinetic
data in this study revealed that the dissolution follows the Korsmeyer–Peppas (paracetamol–P1670) or

70) e
Higuchi (paracetamol–S9

. Introduction

Sucrose esters (SEs) are non-ionic surface-active agents consist-
ng of sucrose as hydrophilic moiety and fatty acids as lipophilic
roups. Through variation of the type or number of the fatty acid
roups, a wide range of hydrophilic–lipophilic balance (HLB) values
an be obtained (Mitsubishi-Kagaku Foods Corporation, 1982). The
ost common pharmaceutical application of SEs is for the modifi-

ation of bioavailability. Due to the wide range of their HLB values,
hey can increase or decrease drug liberation or absorption.

In most cases, SEs are used to improve the dissolution of drugs.
or example, sucrose palmitate with a high HLB value dramatically
mproved the rate of dissolution of nifedipine, especially when a
rug:ester ratio of 1:14 was used (Ntawukulilyayo et al., 1993).
ucrose stearate S-1670 (HLB = 16) improved the rates of disso-
ution of phenytoin (Otsuka and Matsuda, 1995) and glybuzole
Otsuka et al., 1998). In the case of spironolactone, three SEs with
n HLB value of 16 (S-1670, L-1695 and M-1695) were applied to

ncrease the rate of dissolution (Marton et al., 2005).

There are some literature data about the applicability of SEs as
ermeation enhancers through the skin or mucosa. For example,
-595 and L-1695 have been used in microemulsions to improve

∗ Corresponding author. Tel.: +36 62 545572; fax: +36 62 545571.
E-mail address: revesz@pharm.u-szeged.hu (P. Szabó-Révész).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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quations.
© 2009 Elsevier B.V. All rights reserved.

the penetration of hydrocortisone through the stratum corneum
(Lehmann et al., 2001). For the oral mucosal permeation of lidocaine
hydrochloride, four SEs (S-1670, O-1570, P-1670 and L-1695) were
studied as absorption enhancers (Ganem Quintanar et al., 1998).
They observed an increase in the passage of lidocaine through the
mucosa only for L-1695; the other SEs did not display any promot-
ing effect. The applicability of different SEs (S-370, S-970, S-1670,
O-1570, P-1670, L-1695 and M-1695) was examined also as drug
delivery agents in transdermal therapeutic systems (Csóka et al.,
2007). They demonstrated that all SEs increased the drug (meto-
prolol tartrate) release, but this effect depended on the HLB value
and the C atom number of the fatty acid chain in the SE.

SEs are often also used in controlled drug delivery systems,
with the use of other excipients. For example, S-1570 and P-
1570 have been applied with microcrystalline cellulose as tablet
matrix-forming agents (Ntawukulilyayo et al., 1995). The authors
attributed the matrix-forming property to the H-bonds formed
between the SE and the cellulose molecules present in the formu-
lated product. Mostly the surfactant properties of SEs are utilized
to form controlled delivery systems. For instance, sucrose erucate
(ER-290) and sucrose laurate (L-1695) have been applied to pre-
pare an enteric-coated dry emulsion system for oral insulin delivery

(Toorisaka et al., 2005). Sucrose erucate was used to prepare a solid-
in-oil nanodispersion for transcutaneous protein delivery (Tahara
et al., 2008), while sucrose stearates (S-1170 and S-1670) were
applied to develop controlled-release proniosome-derived nio-
somes (Abd-Elbary et al., 2008).

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:revesz@pharm.u-szeged.hu
dx.doi.org/10.1016/j.ijpharm.2009.09.013
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2.5. Drug release kinetics

In order to describe the kinetics of the drug release from the
formulations, the following mathematical equations were used:
A. Szűts et al. / International Journa

We earlier studied the structures of some SEs in order to predict
heir applicability in the hot melt method (Szűts et al., 2007). Dur-
ng our examinations, we found that the P1670 sucrose palmitate
nd the S970 sucrose stearate form gels in water, this behaviour
epending on the temperature (Szűts et al., 2008). As they can
e usable thermosensitive materials in controlled drug delivery
ystems, therefore the objective of this study was the further exam-
nation of these SEs.

Rheological studies of the temperature-dependent gelling char-
cteristics have been already described for different types of
olymer such as gelatine, agar-agar, poloxamers (Chang et al., 2002;
i et al., 2008; Cabana et al., 1997; Ma et al., 2008; Koffi et al., 2006),
tarch (Rosalina and Bhattacharya, 2002) and curdlan (Funami et
l., 1999; Funami et al., 2000; Funami and Nishinari, 2007). The
ost common thermosensitive polymers are the poloxamers, the

elation of which depends strongly on temperature, the concentra-
ion of polymer or other additives such as other polymers and salts
Miller and Drabik, 1984; Vadnere et al., 1984; Edsman et al., 1998;
onacucina et al., 2007; Liu et al., 2009). However, as the modern
harmaceutical industry displays an increasing preference for bio-
aterials and green technology, it is reasonable to seek new types

f thermosensitive non-toxic biomacromolecules. Due to the non-
oxic, biodegradable and gel-forming properties of SEs, they are
romising materials with which to form thermosensitive delivery
ystems.

One aim of the present work was to study the gel structures
f two different SEs (sucrose palmitate and sucrose stearate), and
he temperature and concentration dependences of their gelling.
nother aim was to demonstrate the applicability of gel-forming
Es to sustain drug release.

. Materials and methods

.1. Materials

Sucrose palmitate P1670 (HLB = 16), and sucrose stearate S970
HLB = 9) were kindly provided by Syntapharm GmbH (Germany).

Paracetamol was supplied by Hungaropharma Ltd. (Hungary).

.2. Rheological measurements

The gelling characteristics and rheological properties were stud-
ed with a Physica MCR101 rheometer (Anton Paar, Austria). The

easuring system was of plate and plate type (diameter 50 mm,
ap 0.1 mm).

Dynamic frequency sweep tests were carried out at 37 ◦C, at
.0 Pa in the limit of the linear viscoelastic region. From these
easurements, storage modulus (G′) and loss modulus (G′′) were

etermined for frequencies between 0.1 and 100 Hz.
The gelling characteristics were measured at a constant fre-

uency of 1.0 Hz at a constant strain of 1.5% (this strain was within
he linear viscoelastic range of the SE gels; as an example, Fig. 1
hows the strain-sweep graph of 5% P1670/water dispersion). The
eating rate was 2 ◦C/min. The gelling temperature of an SE was
efined as the temperature where the storage modulus was half
ay between G′ for the SE dispersion and G′ for the SE gel (Fig. 2)

Edsman et al., 1998).
Each measurement was carried out on a freshly made sample

nd was repeated three times.
.3. Contact angle measurements

The contact angle (�) of a solid was determined by the sessile
rop technique, using the OCA 20 Optical Contact Angle Measuring
ystem (Dataphysics, Filderstadt, Germany), and the method of Wu
Fig. 1. Strain-sweep graph of 5% P1670/water dispersion.

(1971). The solid surface free energy is the sum of the polar (�p) and
non-polar (�d) components, and is calculated according to Eq. (1):

(1 + cos �)�l = 4(�d
s �d

l
)

�d
s + �d

l

+ 4(�p
s �p

l
)

�p
s + �p

l

(1)

where � is the contact angle, �s is the solid surface free energy and
� l is the liquid surface tension.

The liquids used for contact angle measurement were bidistilled
water (�p = 50.2 mN m−1, �d = 22.6 mN m−1) and diiodomethane
(�p = 1.8 mN m−1, �d = 49 mN m−1). The polarity percentage was
calculated from the �p and � values: (�p/�) × 100 (Bajdik et al.,
2009).

2.4. Dissolution studies

For the dissolution tests, paracetamol–SE physical mixtures
were filled into hard gelatine capsules (N0 0). The capsules con-
tained 50 mg of paracetamol and 50 mg of SE.

The release of the model drug was studied by using Phar-
matest equipment (Hainburg, Germany) at a paddle speed of
100 rpm. 900 ml artificial gastric juice with a pH of 1.2 (±0.05) at
37 ◦C (±0.5 ◦C) was used. The drug contents of the samples were
measured spectrophotometrically (� = 244 nm) (Unicam UV/vis
spectrophotometer). The dissolution experiments were conducted
in triplicate.
Fig. 2. Gelling profile of 10% P1670/water dispersion.
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Fig. 3. Concentration dependence of gelling temperatures of SE dispersions.

Zero-order kinetic model

M0 − Mt = k0t (2)

First-order model

ln
(

M0

Mt

)
= k1t (3)

Higuchi model

Mt = KH t1/2 (4)

Hixson–Crowell cube root model

(Q0)1/3 − (Qt)
1/3 = kHCt (5)

Korsemeyer–Peppas model

Mt

M∞
= K tn (6)

here M0, Mt and M∞ correspond to the amount of drug taken
t time zero, or dissolved at a particular time t, and at infinite
ime, respectively. Qt is the amount of drug released in time t,
nd Q0 is the initial amount of the drug. k0, k1, kHC, KH and K are
he release kinetic constants obtained from the linear curves of
he zero-order, first-order, Hixson–Crowell cube root law, Higuchi

odel and Korsmeyer–Peppas model, respectively (Ahuja et al.,
007; Costa and Lobo, 2001). In the case of the Korsmeyer equa-
ion, n is the diffusional exponent, which can range from 0.43 to
; it depends on the release mechanism and the shape of the drug
elivery device (Baumgartner et al., 2006).

. Results and discussion

.1. Rheological measurements

The gelling temperatures of different dispersions were estab-
ished as described above (Section 2.2). As an example, Fig. 2 depicts
he gelling temperature of 10% P1670.

The concentration dependences of the gelling temperatures of
he SE dispersions can be seen in Fig. 3. Both reveal a correlation
ith the concentration, but it is clear that the dependence is more
arked for S970 (indicated by the slope).
The basis of the changes in their viscoelastic properties is micelle

ormation, which can involve spherical or worm-like micelles, with

hexagonal or lamellar liquid crystal structure. The type of the

ssociation depends on the molecular geometry and the packing
arameter (the ratio of the volume of the hydrophobic group to the
roduct of the length of this group and the cross-sectional area of
he hydrophilic group) (Yang, 2002).
armaceutics 383 (2010) 132–137

It has been established that the temperature rise progressively
breaks down the H-bonds between the SEs and the water, which
favours the growing of the micelles (Berjano et al., 1993). This
increased micellar size or the transition from spherical to worm-
like micelles can improve the viscosity of the systems. Besides
the temperature, other factors can also influence the rheological
behaviour of SEs, such as the SE concentration, the presence of
cosurfactants or oil, or the preparation mode. It has been reported
that the SE concentration can modify the micellar hydration, which
leads to micellar growth or a micellar shape change (from spherical
to worm-like), and accordingly changes in the viscous behaviour
can be observed (Madiedo et al., 1994; Berjano et al., 1993). The
addition of a lipophilic cosurfactant also induces micellar growth,
and the formation of a worm-like micelle results in a viscosity
increase, but over a critical value micelle disruption can occur. If
the system contains oil too, the oil can solubilize the cosurfactant
or can penetrate into the surfactant palisade, resulting in changes
in the micellar size (Rodriguez-Abreu et al., 2005). Finally, the dif-
ferent modes of fabrication (e.g. cold or hot dispersed samples) can
lead to alterations in the viscosity, which should also be considered
during the preparation (Ullrich et al., 2008).

During our studies, the rheological properties of SE/water
dispersions were investigated with oscillation tests at body tem-
perature (37 ◦C). Frequency sweeps were recorded to study the gel
strengths of the dispersions. In rheological terms, for a gel the stor-
age (G′) and the loss (G′′) modulus are frequency-independent and
G′ > G′′. Gels can usually be classified into two categories (Lapasin
and Pricl, 1995): weak gels, where the moduli (G′ and G′′) depend
slightly on the frequency; and strong gels, where the moduli are rel-
atively independent of frequency. Under small deformation, strong
gels exhibit viscoelastic solid behaviour, while weak gels resem-
ble strong gels in their mechanical properties. Under increased
deformation or continuous flow conditions, strong gels rupture into
small gel regions rather than flow, while the weak gel network
breaks down into smaller flow units and may flow homogeneously
(Lapasin and Pricl, 1995; Rosalina and Bhattacharya, 2002).

Frequency sweep tests were carried out in the linear viscoelastic
region to examine the frequency dependences of the storage and
the loss moduli. The frequency dependencies of G′ and G′′ at the
same SE concentration can be seen in Fig. 4. Both dispersions dis-
play gel characteristics, because the storage moduli are higher than
the loss moduli at all frequencies, although the moduli of the S970
dispersion are higher than those of P1670 at all frequencies. These
results indicate that S970 dispersions have more elastic behaviour
(higher G′ values) and better gel characteristics (lower slopes of the
curves).

The frequency dependence can be studied via the slopes of
the log G′ and log G′′ versus log f curves (Lapasin and Pricl, 1995;
Rosalina and Bhattacharya, 2002). The lower the slope is, the
stronger the gel structure. If only the slope is regarded, the moduli
show a slight dependence on the frequency, which indicates that
the S970 dispersions are weak gels at low concentrations and may
assume structures close to those of strong gels above about 20%.
The moduli of P1670 dispersions are strongly dependent on the
frequency, mainly at low concentration, but on increase of the con-
centration they demonstrate a more marked gel structure (Fig. 5).
These results indicate that the S970 dispersions have a stronger
gel structure than P1670, and it may modify the dissolution pro-
file of the systems, because S970 is prone to form a gel at body
temperature even in low concentration.
3.2. Contact angle measurements

The results of contact angle measurements, which provide infor-
mation on the surface free energies and polarities of the samples,
are presented in Table 1. The different HLB values are manifested
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Table 1
Contact angles, surface free energies and polarities of the materials.

Materials �water (◦) �diiodomethane (◦) �d (mN m−1) �p (mN m−1) � (mN m−1) Polarity (%)

P1670 18.49 ± 0.85 58.76 ± 0.72 27.37 42.73 70.10 60.96
S970 46.79 ± 1.76 62.99 ± 1.10 25.50 29.75 55.25 53.85
Paracetamol 39.32 ± 1.77 28.72 ± 2.42 40.42 27.54 67.96 40.52

Paracetamol–P1670 23.11 ± 1.83 47.13 ± 1.46 32.73 37.82 70.55 53.61
Paracetamol–S970 37.19 ± 1.13 54.74 ± 1.81 29.27 33.09 62.37 53.05
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can be due to two reasons. Our rheological studies indicated that
S970 has a stronger gel structure than P1670 (Fig. 5), and the lower
polarity of this SE (Table 1) also resulted in a slower drug release.
ig. 4. Frequency dependence of 5% and 10% aqueous dispersions of P1670 and S970.

n the various polarity values of the SEs. The contact angles of mix-
ures with water were decreased and the polarities were increased
ompared with those of the pure drug. In spite of these results, the
wo SEs sustained paracetamol release (Fig. 6).

.3. Dissolution studies

The in vitro drug release results confirmed the rheological mea-
urements. Paracetamol is rapidly released in gastric juice: most of
he drug was dissolved after 10 min. Due to the swelling proper-
ies of the SEs, they sustained the drug release. In the case of the
1670-containing sample 79% of the drug, whereas for the S970-
ontaining sample only 20% of the paracetamol was dissolved after
80 min (Fig. 6).

For paracetamol–P1670, the contact angle with water decreased

rom 39.32◦ (pure drug) to 23.11◦, but the paracetamol dissolved

ore slowly than without P1670. Thus, the sustained drug release
as caused unambiguously by the swelling of the sucrose palmi-

ate. The drug release from the S970-containing product was
Fig. 5. Slopes as functions of the SE concentration.

significantly slower than from the P1670-containing system, which
Fig. 6. Dissolution curves of paracetamol and paracetamol–SE samples.
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Table 2
Correlation coefficients of the linearization of drug release plots.

Sample Zero-order First-order

Paracetamol–P1670 0.8760 0.9703
Paracetamol–S970 0.9497 0.9604
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Fig. 7. Korsmeyer–Peppas plots of paracetamol–SE samples.

.4. Drug release kinetics

The dissolution kinetics of the drug release were studied in the
E containing systems. Table 2 shows the correlation coefficients
r2) of the formulations. As concerns the correlation coefficients,
he best fit was that with the Korsmeyer–Peppas model for
aracetamol–P1670 (r2 = 0.9816), and with the Higuchi model for
aracetamol–S970 (r2 = 0.9953). The drug release was also found
o be very close to the Korsmeyer–Peppas equation in the S970-
ontaining system (r2 = 0.9944).

In the Korsmeyer equation, the diffusional exponent n is an
mportant indicator of the mechanism of transport of the drug
hrough the gel layer. If Fickian diffusion takes place, n is equal
o 0.5, 0.45 and 0.43 for a thin film, a cylinder and a sphere, respec-
ively. When n exceeds these thresholds, non-Fickian release takes
lace (Grassi and Grassi, 2005). The release exponent n was 0.48 for
aracetamol–P1670 and 0.42 for paracetamol–S970, which appears
o indicate that the drug release mechanism involves Fickian diffu-
ion (Fig. 7).

. Conclusion

These results showed that SEs are appropriate excipients with
hich to sustain the drug release. S970 has a stronger gel structure,

nd can sustain drug release to a great extent at low concentra-
ion. P1670 also exhibits gel-forming behaviour, but this is not so

arked as in the case of S970. The gelling temperatures of SE dis-
ersions depend on the concentration and the type of the SE. Due to
heir temperature-dependent viscoelastic properties, the SEs allow
he formulation of temperature-sensitive controlled drug delivery
ystems.
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Baumgartner, S., Planinšek, O., Srčič, S., Kristl, J., 2006. Analysis of surface properties
of cellulose ethers and drug release from their matrix tablets. Eur. J. Pharm. Sci.
27, 375–383.

Berjano, M., Guerrero, A., Munoz, J., Gallegos, C., 1993. Temperature dependence
of viscosity for sucrose laurate/water micellar systems. Colloid Polym. Sci. 271,
600–606.

Bonacucina, G., Spina, M., Misici-Falzi, M., Cespi, M., Pucciarelli, S., Angeletti,
M., Palmieri, G.F., 2007. Effect of hydroxypropyl �-cyclodextrin on the self-
assembling and thermogelation properties of Poloxamer 407. Eur. J. Pharm. Sci.
32, 115–122.

Cabana, A., Ait-Kadi, A., Juhász, J., 1997. Study of the gelation process of polyethylene
oxide–polypropylene oxide–polyethylene oxide copolymer (Poloxamer 407)
aqueous solutions. J. Colloid Interface Sci. 190, 307–312.

Chang, J.Y., Oh, Y.-K., Choi, H.G., Kim, Y.B., Kim, C.-K., 2002. Rheological evaluation
of thermosensitive and mucoadhesive vaginal gels in physiological conditions.
Int. J. Pharm. 241, 155–163.

Costa, P., Lobo, J.M.S., 2001. Modeling and comparison of dissolution profiles. Eur. J.
Pharm. Sci. 13, 123–133.

Csóka, G., Marton, S., Zelko, R., Otomo, N., Antal, I., 2007. Application of sucrose
fatty acid esters in transdermal therapeutic systems. Eur. J. Pharm. Biopharm.
65, 233–237.

Edsman, K., Carlfors, J., Petersson, R., 1998. Rheological evaluation of poloxamer as
an in situ gel for ophthalmic use. Eur. J. Pharm. Sci. 6, 105–112.

Funami, T., Funami, M., Yada, H., Nakao, Y., 1999. Rheological and thermal studies
on gelling characteristics of curdlan. Food Hydrocolloids 13, 317–324.

Funami, T., Funami, M., Yada, H., Nakao, Y., 2000. A rheological study on the effects
of heating rate and dispersing method on the gelling characteristics of curdlan
aqueous dispersion. Food Hydrocolloids 14, 509–518.

Funami, T., Nishinari, K., 2007. Gelling characteristics of curdlan aqueous dispersions
in the presence of salts. Food Hydrocolloids 21, 59–65.

Ganem Quintanar, A., Quintanar-Guerrero, D., Falson-Rieg, F., Buri, P., 1998. Ex vivo
oral mucosal permeation of lidocaine hydrochloride with sucrose fatty acid
esters as absorption enhancers. Int. J. Pharm. 173, 203–210.

Grassi, M., Grassi, G., 2005. Mathematical modelling and controlled drug delivery:
matrix systems. Curr. Drug Deliv. 2, 97–116.

Koffi, A.A., Agnely, F., Ponchel, G., Grossiord, J.L., 2006. Modulation of the rheological
and mucoadhesive properties of thermosensitive poloxamer-based hydrogels
intended for the rectal administration of quinine. Eur. J. Pharm. Sci. 27, 328–335.

Lapasin, R., Pricl, S., 1995. Rheology of Industrial Polysaccharides: Theory and Appli-
cations. Blackie, London, pp. 393–394.

Lehmann, L., Keipert, S., Gloor, M., 2001. Effects of microemulsions on the stratum
corneum and hydrocortisone penetration. Eur. J. Pharm. Biopharm. 52, 129–136.

Li, L., Lim, L.H., Wang, Q., Jiang, S.P., 2008. Thermoreversible micellization and gela-
tion of a blend of pluronic polymers. Polymer 49, 1952–1960.

Liu, Y., Zhu, Y., Wei, G., Lu, W., 2009. Effect of carrageenan on poloxamer-based in situ
gel for vaginal use: improved in vitro and in vivo sustained-release properties.
Eur. J. Pharm. Sci. 37, 306–312.

Ma, W.-D., Xu, H., Wang, C., Nie, S.-F., Pan, W.-S., 2008. Pluronic F127-g-poly(acrylic
acid) copolymers as in situ gelling vehicle for ophthalmic drug delivery system.
Int. J. Pharm. 350, 247–256.

Madiedo, J.M., Berjano, M., Guerrero, A., Muñoz, J., Gallegos, C., 1994. Influence of sur-
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zűts, A., Pallagi, E., Regdon, G., Aigner, Z., Szabó-Révész, P., 2007. Study of thermal
behaviour of sugar esters. Int. J. Pharm. 336, 199–207.
ahara, Y., Honda, S., Kamiya, N., Piao, H., Hirata, A., Hayakawa, E., Fujii, T., Goto,
M., 2008. A solid-in-oil nanodispersion for transcutaneous protein delivery. J.
Control. Release. 131, 14–18.

oorisaka, E., Hashida, M., Kamiya, N., Ono, H., Kokazu, Y., Goto, M., 2005. An enteric-
coated dry emulsion formulation for oral insulin delivery. J. Control. Release. 107,
91–96.
armaceutics 383 (2010) 132–137 137

Ullrich, S., Metz, H., Mader, K., 2008. Sucrose ester nanodispersions: microviscosity
and viscoelastic properties. Eur. J. Pharm. Biopharm. 70, 550–555.
Vadnere, M., Amidon, G., Lindenbaum, S., Haslam, J.L., 1984. Thermodynamic studies
on the sol–gel transition of some pluronic polyols. Int. J. Pharm. 22, 207–218.

Wu, S., 1971. Calculation of interfacial tension in polymer systems. J. Polym. Sci. 34,
19–30.

Yang, J., 2002. Viscoelastic wormlike micelles and their applications. Curr. Opin.
Colloid Interface Sci. 7, 276–281.


	Study of gel-forming properties of sucrose esters for thermosensitive drug delivery systems
	Introduction
	Materials and methods
	Materials
	Rheological measurements
	Contact angle measurements
	Dissolution studies
	Drug release kinetics

	Results and discussion
	Rheological measurements
	Contact angle measurements
	Dissolution studies
	Drug release kinetics

	Conclusion
	References


