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Abstract The aim of this paper is theophylline (THP)
inclusion into xanthan—chitosan polyionic complex
(Xa—CS) and the study of its in vitro and in vivo kinetic
release. Xa—CS hydrogel was obtained by ionic complex-
ation between two oppositely charged polysaccharides.
THP was loaded into the Xa—CS matrix by diffusion of the
drug solution. The obtained samples were characterized by
FTIR spectroscopy, SEM microscopy and study of the
swelling behavior. THP in vitro release experiments were
carried out in conditions mimicking the gastrointestinal
environment. The chosen drug dose for in vivo study was
15 mg THP/Kg body weight of THP powder or an equiv-
alent dose in complex form. THP serum concentrations
were determined by an HPLC assay. The THP peak serum
concentration (Cp,.) was 7.18 pg/ml for free THP and
AUC_4g was 25.76 png h/ml, while in the case of Xa—CS—
THP, Cy,.x was of 5.72 pg/ml and AUC, 45 = 45.72 pg h/ml.
The in vivo study regarding the behaviour of the obtained
formulation, showed an increase bioavailability of THP
compared to the raw drug, suggesting the possible appli-
cation of the complex Xa—CS as an oral controlled drug
delivery system in the management of chronic pulmonary
obstructive disease.

N. Popa - O. Novac - M. 1. Popa (X))

Faculty of Chemical Engineering and Environmental Protection,
Technical University Gh. Asachi, D. Mangeron Boulevard,
700050 Iasi, Romania

e-mail: mipopa@ch.tuiasi.ro

L. Profire - C. E. Lupusoru
University of Medicine and Pharmacy Gr. T. Popa,
Universitatii Street, Nr. 16, 700115 Iasi, Romania

1 Introduction

Theophylline (THP), an alkaloid found in Camellia sinensis
leaves, is one of the most used bronchodilator drugs in
chronic obstructive pulmonary disease [1, 2]. THP directly
relaxes bronchioles and the muscles of pulmonary sanguine
vessels, so that it has a relaxing and bronchodilator effect
upon the smooth muscles [3]. Conventional dosage forms of
THP should be administrated 3—4 times a day in order to
avoid large fluctuations of plasma concentration [4]. The
THP therapeutic range is narrow (10-20 pg/ml), although
therapeutic effects may sometimes be achieved at plasma
concentration of 5-10 pg/ml, with undesirable side effects
occurring over this range [2, 5, 6]. THP pharmacokinetics
obeys a non linear profile [7], with serum concentration
sometimes increasing higher than predicted after adminis-
tration, due to some mechanisms that are currently not fully
understood. The average half life (¢;/,) is about 8 h, usually
in the range of 6—12 h, while decreasing in smoking patients
(t1» = 5 h) [8]. Due to its numerous side-effects, this drug
is currently seldom administered in raw form.

By contrast, controlled release systems for THP provide
constant serum concentrations for longer time periods,
without imposing frequent dosage, therefore preventing
various patient complications [9]. Several formulations
were proposed for achieving THP controlled release. Sys-
tems such as micro- and nanoparticles based on natural and
synthetic polymers with physically entrapped drug were
obtained [9-17]. The conjugates obtained by THP esteri-
fication with poly(ethylene glycol) and methoxy(ethylene
glycol) conferred therapeutic levels for prolonged time
intervals, compared to the raw drug [18].

For better understanding of the drug release profile in
biological systems THP in vitro—in vivo correlations were
required due to its nonlinear pharmacokinetic profile
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[19, 20]. The in vitro and in vivo drug delivery process
from controlled release formulations depend upon the
extent of cross-linking, morphology, size and density of the
particulate system, its physicochemical properties, the pH
of the dissolution media and the percentage of solid drug
leftover in the delivery system [21, 22].

In this study a polyionic complex based on xanthan—
chitosan (Xa—CS) was obtained and used for THP loading
and in vitro and in vivo release studies were performed.

2 Materials and methods
2.1 Materials

CS (M, = 94.8 kDa, with polydispersity index of 3.26 and
deacetylation degree of 79.7%), was purchased from Van-
son, Inc. (Redmond, WA, USA). Xa was obtained from
BioChemika (viscosity, 1% (w/v) solution in water
1160 cPs), degree of substitution per side chain of 0.73 and
0.75 for acetate and pyruvate groups, respectively, as
determined by proton NMR '"H). Anhydrous THP was pur-
chased from Sigma-Aldrich. All the other materials and
reagents used in this study were of analytical grade of purity.

2.2 Xa—CS complex preparation

The CS solution was prepared by dissolving 6.5 g CS
powder in 300 ml 0.1 N HCI, neutralized with 0.1 N
NaOH, followed by addition of distilled water until a total
volume of 11and pH = 6.0 were reached. Xa solution was
prepared under stirring by dissolving 6.5 g of dried powder
into 1 1 distilled water. The Xa—CS hydrogels were pre-
pared as capsules in the following way: 880 ml of the
previously degassed Xa solution were added dropwise
through a syringe needle (1.1 mm diameter) using a peri-
stalic pump (flow rate 3 ml/min) to 400 ml of CS solution.
The obtained hydrogel capsules were kept for maturation
under mild magnetic agitation for 30 min at room tem-
perature. After filtration, the hydrogel capsules were
washed with distilled water until neutral pH and freeze-
dried (Alpha 1-4 LSC, Christ, Germany). Figure 1 shows
an optical picture of the hydrogel capsules, with showing
an average diameter of 3 mm. The shape of the formed
capsules was not spherical but rather elongated, probably
due to increased viscosity of Xa drops and to the com-
plexation process under stirring. This does not pose a dis-
advantage regarding their behaviour during THP release.

2.3 Preparation of THP loaded capsules

The method for loading the obtained Xa—CS complex with
THP consists in the diffusion of a drug solution into the
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Fig. 1 Image of Xa—CS hydrogel capsules

hydrogel network. 0.1 g Xa—CS powder was suspended
into 6 ml 4% THP solution (1:1 v/v, ethyl alcohol/water)
under mild stirring. Total diffusion of the drug was reached
after 30 min. This time period corresponds to the moment
in which the hydrogel reaches it swelling equilibrium state,
as determined from the swelling studies. The obtained
Xa—CS-THP complex was then freeze-dried.

2.4 Hydrogel capsules characterization
2.4.1 Determination of the swelling degree

The swelling degree (SD) of the freeze-dried capsules was
determined in ethyl alcohol/water (1:1 v/v), phosphate
buffer solution (pH 7.4) and hydrochloric acid solution
(pH 1.5). The samples were weighed and suspended in this
media, and the capsules were filtered at determined time
intervals, blotted to remove excess solution and weighed
again. The SD value was calculated using the following
formula:

W, — W,
SD%:STdXIOO (1)

d
where W, and Wy represent, respectively the weigh of
swollen and of dry capsules. Each experiment was per-
formed in triplicate, and the reported results were calcu-
lated as an average value.

2.4.2 Infrared spectroscopy—FTIR

The FTIR spectra were recorded using a FTIR Bomem MB
104 spectrometer. In order to collect the spectra, a small
amount of freeze-dried capsules was mixed with potassium
bromide (Merck IR spectroscopy grade) and compressed
under vacuum to obtain tablets. The IR spectra, in
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transmittance mode, were obtained in the spectral region
of 4504000 cm™" using a resolution of 2 cm™" and 120
co-added scans.

2.4.3 Morphology characterization

A scanning electron microscope (Vega II LSH with
accelerating voltage of 30 kV—Tescan Company) was
used to examine the morphology of the Xa—-CS-THP
complex capsules. Freeze-dried samples were attached to
aluminium holders using a silver based adhesive. Samples
conductivity was achieved by sputter coating with a 15 nm
layer of gold.

2.4.4 THP loading assay

THP loading was studied by suspending 50 mg of dried
Xa—CS-THP complex into 200 ml 0.1 N HCI, followed by
incubation at 37°C for 48 h, under stirring. The obtained
solution was then centrifuged to remove the insoluble
polymeric fragments. The clear supernatant solution was
analyzed by UV spectroscopy (NanoDrop, ND-1000,
Wilmington, USA) at the wavelength of 270 nm. The THP
concentration was determined using a calibration curve
obtained with THP solutions of known concentration in the
range of 0.125-2 pg/ml. All experiments were carried out
in triplicate.

Three measurements were averaged for each data point
and the equation of the calibration curve obtained by the
least-square method was:

A = 0.0575 x ¢ (2)

where A is the absorbance and c is the solution THP
concentration, expressed in pg/ml.Encapsulation efficiency
was determined using the following equation:

THP loading

theoretical THP loading
x 100

% encapsulation efficiency =

(3)
2.4.5 THP in vitro release

For the in vitro kinetic study, flat-faced Xa—CS-THP
complex 100 mg tablets, 12 mm in diameter were prepared
by compression using a Carver laboratory press (Model
3912, SUA) at 2 tonnes force for 1 min. The release of
THP from matrix tablets was performed at 37 £+ 0.1°C
using a standard dissolution tester DT 700 (Erweka, Ger-
many) connected to a UV spectrophotometer (UV-300
Spectronic Unicam) using paddle method at 100 rpm and a
dissolution medium volume of 1000 ml. The pH values of
the release media were 1.5 (HCl solution) and 7.4

(phosphate buffer solution). Aliquots were drawn out
automatically at specific time intervals and analyzed by
spectrometric method.

The percentage of released drug was determined using
Eq. 4 (Khare and Peppas 1995):

R
Drug released (%) = Il x 100% (4)

where L and R, represent the initial amount of loaded THP
and the cumulative amount of THP released at time ¢,
respectively.

2.4.6 In vivo drug release

Healthy Wistar rats with weights between 345 and 420 g
were used for the in vivo study. Each rat was given a dose
of 15 mg THP powder/kg body weight or an equivalent
dose in complex form with 2 ml water through a catheter.
Blood samples were drawn out at established time intervals
up to 48 h. They were allowed to stand for 1 h, centrifuged
to separate the serum which was kept frozen (—20°C) until
further analysis. THP serum extraction was performed
mainly as described in the literature [23], with a few minor
changes. After thawing, 1 ml serum was mixed with 250 pl
10% (NH4),SO,4 solution and homogenized for 1 min. THP
was extracted for 15 min in 5 ml 2-propanol:dichloro-
methane (1:9 v/v) mixture. After 5 min centrifugation at
4000 rpm, the organic layer was drawn out and transferred
into a glass tube and evaporated to dryness at 40°C. The
dry extract was dissolved in 1 ml acetonitrile-10 mM
aqueous sodium acetate (7:93 v/v), passed through a
0.45 pum syringe filter and used for further analysis. Plasma
THP concentration was determined by high performance
liquid chromatography (Shimadzu Model-CTO-20A HPLC
system). The separation was performed on a 5 pum ZOR-
BAX SB-C18 column (150 x 4.6 mm i.d.) under isocratic
conditions with a mobile phase composed of acetonitrile-
10 mM aqueous sodium acetate (7:93 v/v). Analyses were
performed at room temperature under a flow rate of 1 ml/
min using an injection volume of 100 pl. THP was detected
by UV detector at 270 nm. THP concentration was deter-
mined with a calibration curve obtained with standard
solutions of known THP concentrations in ethyl alcohol—
water (1:1 v/v) in the range of 1-20 pg/ml, using HPLC
software LC Solution Version 1.22 SP1 for integration and
automatic determination of drug concentration in blood
samples.

3 Results and discussion

The complexation reaction between oppositely charged
macromolecules leads to structure changes in both Xa and
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CS polymers. An aqueous polyelectrolyte complexed
hydrogel was formed by the interaction of the cationic
amino groups of CS and the anionic groups of Xa and by
hydrogen bonds established between macromolecular
chains. These effects created an “ionic” reticular network of
immobilized polymers [24]. It was found that the molecular
weight of CS, the pH of CS solutions and the initial Xa
concentration were the most critical parameters in Xa—-CS
network formation and had a strong influence upon the
hydrogel properties, particularly on water retention capacity
and on solubility under various pH conditions [24, 25].

Based on these considerations we took into account
various Xa—CS complexation conditions. Preliminary tests
were initially carried out using three Xa—CS mass ratios:
1.7, 2.2 and 2.7. The results showed that in the first case the
obtained matrix was unstable and partially soluble in acidic
conditions, while the third set of conditions produced a
densely crosslinked network with limited swelling capacity
that does not allow efficient drug entrapment. The matrix
prepared when the 2.2 mass ratio was used showed both
stability under acidic conditions and sufficient swelling
degree and it was chosen for further study.

3.1 Hydrogel swelling studies and THP entrapment

In order to determine the optimal concentration and volume
of the THP solution for drug loading of Xa—CS matrix with
mass ratio of 2.2, the swelling studies were performed in
media where THP has a good solubility or in which the
release studies were performed. Maximum SD of freeze-
dried Xa—CS capsules was determined for ethyl alcohol/
water (1:1, v/v), phosphate buffer solution (pH = 7.4) and
for HCI solution (pH 1.5) media and it is depicted in Fig. 2.

SD for all three media reaches the equilibrium after
approximately 30 min. In acidic and alkaline media similar
values for SD were obtained (4900%). The obtained
maximum value for SD in ethyl alcohol/water (1:1, v/v)
was 6400%. The high SD value observed in ethyl alcohol/
water provides enhanced diffusion of a large volume of
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Fig. 2 Variation of SD of Xa—CS complex versus time
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solution and therefore the inclusion of a large amount of THP
into Xa—CS capsules. Based on these considerations the drug
solution volume for entrapment into Xa—CS capsules was
determined. The amount of THP is directly correlated with
its solubility in ethyl alcohol/water (1:1, v/v) solution. The
recipe was thoroughly described in the experimental section.
Theoretical THP loading was 70% w/w, as determined
from the optimum formulation. The entrapped THP content
in Xa—CS matrix was calculated using Eq. 2 and it was
found to be 62%. The encapsulation efficiency of 88.6%
was established using Eq. 3.

3.2 Morphology study

SEM micrographs of Xa—CS and Xa—CS-THP systems are
shown in Fig. 3. Analyzing hydrogels surfaces we can
assert that as a consequence of how this system has been
dehydrated and the polymer material has collapsed through
the freeze-drying process, the capsules presented no formal
pores on their surface but only folds. Furthermore, the
cross-section presents a fibrillar structure resulted from Xa
and CS chains complexation. General morphology of the
THP loaded Xa—CS capsules evidenced the presence of
acicular drug microcrystals both on their surfaces and into
the matrix folds. Similar appearance was reported for solid
dispersions of THP and CS prepared by spray-drying
method and also for polyionic hydrogels obtained by
complexation between Xa and CS containing various
encapsulated enzymes [12, 24].

3.3 FTIR spectra

Figure 4 depicts the FTIR spectra of raw Xa, CS, THP,
Xa—CS hydrogel and Xa—CS-THP complex. The spectrum
of CS powder (Fig. 4a), has shown characteristic absorp-
tion bands at 1654 cm ™' (amide I), 1599 cm™' (NH,), also
the band at 1381 cm ™" that was attributed to the distorting
vibration of C—CHj3 (amide II) [26]. Xa (Fig. 4b), presents
the peaks at 1057 cm ™" (C-O linkage from alcohol group),
1719 cm™' (characteristic to acetate and pyruvate groups),
2922 cm™! (C-H streching) and 3427 cm~! (-OH stre-
ching) [27, 28]. The FTIR spectrum for Xa—CS hydrogel is
depicted in (Fig. 4c). It was found that the complexation
between the two oppositely charged polymers did not
affect the behaviour of the ester group which showed, as
expected, a less intense absorption around 1730 cm™". All
the other C-O absorption peaks caused by carboxylic
groups mentioned above, including the peak at 1057 cm ™",
collapsed after complexation to form a single large band
which appeared at 1663 cm™'. The amide II (1381 cm™ ")
is seen as a shoulder due to this effect. In the case of raw
THP (Fig. 4d), the peak at 3456 cm™' is due to N-H
groups vibrations. The bands at 3059, 2986, 2918 and
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Fig. 3 Scanning electron
micrographs of a surface of
Xa—CS, b Xa-CS cross-section,
¢ surface of Xa—CS-THP,

d Xa—CS-THP cross-section
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2824 cm™ " are attributed to the vibrations of aromatic and
aliphatic groups [29]. The band at 1717 cm™' represents
the heterocyclic ring imide group stretching. N-H bending
vibration is represented by a band at 1566 cm™'. A band at
1242 cm™ ! shows C-N stretching vibrations [17]. The
FTIR spectrum of Xa—CS-THP complex shows the char-
acteristic absorption bands found for the raw products. In
the Xa—CS-THP spectrum, the drug characteristic bands
overlapped the characteristic bands for Xa—CS complex,
that show lower intensity due to lower overall concentra-
tion. This is due to the fact that the percentage of entrapped
THP is high (62%). The band located in the 3200-—
3500 cm™' region is attenuated due to formation of
hydrogen bonds among the three partners.

3.4 In vitro release of THP from complex

The in vitro release of THP from Xa—-CS complex was
investigated under simulated conditions mimicking the
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gastrointestinal tract environment [9, 17, 30-32]. The
release profiles of THP from Xa—CS—THP complex in HCI
solution (pH 1.5) and phosphate buffer solution (pH 7.4)
are shown in Fig. 5. We notice that THP was released to
completion within a 12 h period, with release behaviours
similar under both pH conditions.

When the polymeric matrix is relatively stable in the
elution medium, it is expected that the drug diffusion step
is rate determining for the release kinetics. As shown in
previous studies, diffusion controlled drug release is a three
staged process. The release medium first penetrates the
matrix, causing it to swell; in the second stage the glassy
polymeric material switches to rubbery state; the third and
last stage involves the drug diffusion through the swollen
matrix [21]. This mechanism is expected to occur in the
present system under both pH conditions. Therefore the
empirical equation developed by Ritger and Peppas [33]
can be applied in order to obtain the diffusion parameters
from the early stage release data:
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M,

= ki 5
Mo (5)

where M,/M, represents the fraction of released drug at
time ¢, k is a constant characteristic to drug—polymer
interaction and n is an empirical parameter characteristic to
the release mechanism. When In(M,/M.,) is plotted versus
In (¢), the value of the diffusional exponent is obtained.
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According to Lee and Jou [34], the diffusion relative rate
and polymer relaxation process cause three different clas-
ses of diffusion, characterized by distinct values of the
diffusional exponent. When n = 0.5 the rate of diffusion is
much smaller than the rate of relaxation and the process is
called Fickian diffusion. Secondly, if n = 1.0, the diffusion
process is much faster than the polymer relaxation. In this
case the controlling step is the velocity of an advancing
front, which forms the boundary between swollen gel and
glassy core. Thirdly, in non-Fickian diffusion (n = 0.5-1.0)
the diffusion and relaxation rates are comparable.

In this work the parameters k and n were calculated from
the plot of In (M/M,,) versus In () (Fig. 6) with the
obtained experimental data. The data show that in acidic
pH n = 0.58 and k = 0.30, while n = 0.66 and k = 0.25
in alkaline pH. Both diffusional exponents are character-
istic for a non-Fickian diffusion process.

3.5 THP in vivo release profile

In order to compare the in vivo release behaviour of raw
anhydrous THP with THP encapsulated in the Xa-CS
complex, the samples were administered orally to labora-
tory rats. The time dependence of the plasma drug levels
for up to 48 h after administration are plotted in Fig. 7.

The mean plasma level of raw THP gradually increased
to a Cphax value of 7.18 pg/ml at ¢,,,,, = 4 h, while #;, =
11.5 h. The serum concentration of THP released from the
complex reached a maximum value of Cp,,x = 5.72 pg/ml
at tn.x = 4 h with a 1, = 13 h, and remained constant in
the range of 5-24 h with an average concentration value of
4.03 pg/ml, later decreasing with a relatively low rate in
the time interval of 24-36 h. It was noticed that between 5
and 24 h the serum drug concentration remained constant
and the in vivo release of THP from the complex obeyed a
zero order release kinetic. The AUCy_45 was 25.76 pg h/ml
for raw THP compared to 45.72 pg h/ml for THP entrap-
ped in Xa—CS polyionic complex.
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The significant modification of pharmacokinetic
parameters may be due to that CS has been found to
enhance the drug absorption through gastrointestinal
mucosa without producing damage to the biological sys-
tem. Although there was no evidence of Xa—CS support
decomplexing during swelling or drug release steps, the
complex still contains free amino groups for CS as evi-
denced on FTIR spectra, which might contribute to
improved mucoadhesivity. The mechanism of action of CS
was suggested to be a combination of muchoadhesion and a
transient widening of the tight junctions between epithelial
cells [35]. Also previous studies show that the Xa—CS
matrix was able to modify the dissolution rate of water
insoluble drugs, consequently increasing their bioavail-
ability [36].

4 Conclusions

Xa—CS hydrogel capsules intended for the controlled
release of THP were obtained by complexation between
two oppositely charged polysaccharides. The analysis
results confirmed the formation of the Xa—CS hydrogel
with THP entrapped into the matrix. THP in vitro release
profiles at pH = 1.5 and pH = 7.4 did not exhibit signifi-
cant differences due to the fact that the matrix is equally
stable in both dissolution media. The equal stability in both
dissolution media could be an advantage, the drug being
released with constant rate regardless pH changes during
its passage through gastro-intestinal tract.

The experimental values of the empiric diffusional
exponent show that the release profile obeys a non-Fickian
diffusion process for up to 12 hours of elution under both
investigated pH conditions. Compared to the raw drug, the
entrapped THP proved increased bioavailability.

Acknowledgements The work was financially supported by Min-
istry of Education and Science Romania, project PNCD II 41-017/
2007.

References

1. Soeterboek AM, Jonkman JHG. Clinical-pharmacokinetics
aspects of theophylline. In: Merkus FWHM, editor. The serum
concentration of drugs: clinical relevance, theory and practice.
Amsterdam: Excerpta Medica; 1980, p. 25-259.

2. Barnes PJ. Theophylline new perspectives for an old drug. Am
J Respir Crit Care Med. 2003;167:813-8.

3. Rama FSF, Jardinb JR, Atallahc A, Castrod AA, Mazzinie R,
Goldsteinf R, et al. Efficacy of theophylline in people with stable
chronic obstructive pulmonary disease: a systematic review and
meta-analysis. Resp Med. 2005;99:135-44.

4. Mellstrand T, Svedmyr N, Fagerstrom PO. Absorption of the-
ophylline from conventional and sustained release tablets. Eur
J Respir Dis Suppl. 1980;109:54-61.

5. Jenne JW, Wyze E, Road ES, MacDonald FM. Pharmacokinetics
of theophylline. Clin Pharmacol Ther. 1972;13:349-60.

6. Ellis EF, Koysooko R, Levy G. Pharmacokinetics of theophylline
in children with asthma. Pediatrics. 1976;58:542—7.

7. Mehvar R. Principles of nonlinear pharmacokinetics. Am J Pharm
Educ. 2001;65:178-84.

8. Bauer LA. Applied clinical pharmacokinetics. 2nd ed. : McGraw
Hill Medical; 2008.

9. Mastiholimath VS, Dandagi PM, Jain SS, Gadad AP, Kulkarni
AR. Time and pH dependent colon specific, pulsatile delivery of
theophylline for nocturnal asthma. Int J Pharm. 2007;328:49-56.

10. Lee SJ, Rosenberg M. Preparation and properties of glutaralde-
hyde cross-linked whey protein-based microcapsules containing
theophylline. J Control Rel. 1999;61:123-36.

11. Radwan M, Zaghloul I, Aly Z. In vivo performance of parenteral
theophylline-loaded polyisobutylcyanoacrylate nanoparticles in
rats. Eur J Pharm Sci. 1999;8:95-8.

12. Asada M, Takahashi H, Okamoto H, Tanino H, Danjo K. The-
ophylline particle design using chitosan by the spray drying. Int
J Pharm. 2004;270:167-74.

13. Nunthanid J, Laungtana-anan M, Sriamornsak P, Limmatvapirat
S, Puttipipatkhachorn S, Lim LY, et al. Characterization of
chitosan acetate as a binder for sustained release tablets. J Control
Rel. 2004;99:15-26.

14. Miyazaki Y, Onuki Y, Yakou S, Takayama K. Effect of tem-
perature-increase rate on drug release characteristics of dextran
microspheres prepared by emulsion solvent evaporation process.
Int J Pharm. 2006;324:144-51.

15. Zhao X, Liu JP, Zhang X, Li Y. Enhancement of transdermal
delivery of theophylline using microemulsion vehicle. Int J Pharm.
2006;327:58-64.

16. Gomez-Carracedo A, Souto C, Martinez-Pachebi R, Concheiro
A, Gomez-Amoza JL. Microstructural and drug release properties
of oven-dried and of slowly or fast frozen freeze-dried MCC-
Carbopol® pellets. Eur J Pharm Biopharm. 2007;67:236-45.

17. Rokhade AP, Shelke NB, Patil SA, Aminabhavi TM. Novel
interpenetrating polymer microspheres of chitosan and methyl-
cellulose for controlled release of theophylline. Carbohyd Polym.
2007;69:678-87.

18. Zacchigna M, Luca GD, Cateni F, Zorzet S, Maurich V.
Improvement of physicochemical and biopharmaceutical prop-
erties of theophylline by poly(ethylene glycol) conjugates. Il
Farmaco. 2003;58:1307-12.

@ Springer



1248

J Mater Sci: Mater Med (2010) 21:1241-1248

19.

20.

21.

22.

23.

24.

25.

26.

27.

Munday DL, Fassihi AR. In vitro-in vivo correlation study on a
novel controlled release theophylline delivery system and on
Theo-Dur tablets. Int J Pharm. 1995;118:251-5.

Musko Z, Pintye-Hodi K, Gaspar R, Pintye J, Szabo-Revesz P,
Eros 1, et al. The in vitro and in vivo dissolution of theophylline
from film-coated pellets. Eur J Pharm Biopharm. 2001;51:143-6.
Agnihotri  SA, Mallikarjuna NN, Aminabhavi TM. Recent
advances on chitosan-based micro- and nanoparticles in drug
delivery. J Control Rel. 2004;100:5-28.

Costa FO, Pais AACC, Sousa JJS. Analysis of formulation effects
in the dissolution of ibuprofen pellets. Int J Pharm. 2004;270:9-19.
Labacevski N, Zendeloska D, Sibinovska O, Simeska S, Kiker-
kov I, Miloseviski P, et al. Development and validation of the
HPLC method for the determination of theophylline serum con-
centration: a comparison with FPIA method and its application
for bioequivalence study. Bull Chem Technol Macedonia. 2003;
22:97-104.

Dumitriu S, Magny P, Montagne D, Vidal P, Chornet E. Poly-
ionic hydrogel obtained by complexation between xanthan and
chitosan: their properties as supports for enzyme immobilization.
J Biactive Comp Polym. 1994;9:184-210.

Argin-Soysal S, Kofinas P, Martin Lo Y. Effect of complexation
conditions on xanthan-chitosan polyelectrolyte complex gels.
Food Hydrocolloids. 2007;23:202-9.

Denuziere A, Ferrier D, Damour O, Domard A. Chitosan-chon-
droitin sulphate and chitosan-hyaluronate polyelectrolyte com-
plexes: biological properties. Biomaterials. 1998;19:1275-85.
Cetin S, Erdincler A. The role of carbohydrate and protein parts
of extracellular polymeric substances on the dewaterability of
biological sludges. Water Sci Technol. 2004;50(9):49-56.

@ Springer

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hamcerencu M, Desbrieres J, Popa M, Khoukh A, Riess G. New
unsaturated derivatives of Xanthan gum: synthesis and Charac-
terization. Polymer. 2007;48:1921-9.

Gunasekaran S, Sakari G, Ponnusamy S. Vibrational spectral
investigation on xanthine and its derivates-theophylline, caffeine
and theobromine. Spectrochim Acta A. 2005;61:117-27.
Dashevsky A, Mohamad A. Development of pulsatile multipar-
ticulate drug delivery system coated with aqueous dispersion
Aquacoat® ECD. Int J Pharm. 2006;318:124-31.

Serra L, Domenech J, Peppas NA. Drug transport mechanisms
and release kinetics from moleculary designed poly(acrylic acid-
g-ethylene glycol) hydrogels. Biomaterials. 2006;27:5440-51.
Aelenei N, Popa MI, Novac O, Lisa G, Balaita L. Tannic acid
incorporation in chitosan-based microparticles and in vitro con-
trolled release. J Mater Sci Mater Med. 2009;20:1095-102.
Ritger PL, Peppas NA. A simple equation for description of so-
lide release. II. Fickian and anoumalous release from swellable
devices. J Control Release. 1987;5:37—-42.

Lee WF, Jou LL. Effect of the intercalation agent content of
montmorillonite on the swelling behavior and drug release
behavior of nanocomposite hydrogels. J Appl Polym Sci. 2004;
94:74-82.

Artursson P, Lindmark T, Davis SS, Illum L. Effect of chitosan
on the permeability of monolayers of intestinal epithelial cells
(Caco-2). Pharm Res. 1994;11:1358-61.

Ishizawa C, Dumitriu S, Chornet E. Enhaced solubilization rates
of hydrophobic drugs using polyionic chitosan—xanthan hydrogel.
US Patent No. 0203962; 2001.



	Hydrogels based on chitosan--xanthan for controlled release  of theophylline
	Abstract
	Introduction
	Materials and methods
	Materials
	Xa--CS complex preparation
	Preparation of THP loaded capsules
	Hydrogel capsules characterization
	Determination of the swelling degree
	Infrared spectroscopy--FTIR
	Morphology characterization
	THP loading assay
	THP in vitro release
	In vivo drug release


	Results and discussion
	Hydrogel swelling studies and THP entrapment
	Morphology study
	FTIR spectra
	In vitro release of THP from complex
	THP in vivo release profile

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


