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a b s t r a c t

The aim of this work was to investigate chitosomes, i.e. liposomes coated by a polyelectrolyte complex
between chitosan (CH) and xantan gum (XG), as potential delivery system for oral administration of the
protein C-phycocyanin. To this purpose several CH–XG-microcomplexes were prepared in aqueous lactic
acid at different chitosan–xanthan gum percent ratios and rheological properties of the microcomplexes
were studied to analyse the contribution of chitosan and xanthan gum in the reaction of microcomplex-
ation. After establishing the best microcomplexes, chitosomes were prepared by coating C-phycocyanin
loaded liposomes with the CH–XG hydrogels using spray-drying or freeze-drying. The chitosomes were
characterized in terms of morphology, size distribution, zeta potential, swelling properties, drug release,
and mucoadhesive properties. Rheological studies showed the influence of xanthan gum in the micro-
welling
ucoadhesive properties

complex properties. Moreover, obtained results demonstrated the effects of formulation and process
variables on particle size, drug content, swelling, drug release, and especially on the mucoadhesiveness
of C-PC chitosomes of CH–XG. In particular, chitosomes prepared by spray-drying technique using CH–XG
in 0.5/8.0 (w/w) ratio showed a regular surface and a drug release characteristic for a Fickian diffusion of
the active ingredient. The in vitro mucoadhesive study revealed that the spray-drying method is advanta-
geous to prepare C-phycocyanin loaded chitosomes with excellent mucoadhesive properties for colonic

drug delivery.

. Introduction

C-phycocyanin (C-PC) is one of the main biliprotein constituent
f blue-green algae such as Spirula (Arthospira) maxima. In these
rganisms, they act as accessory pigments for photosynthetic light
ollection. At present C-PC is used as a nutrient-dense source
n food (Othes and Pire, 2001; Pugh et al., 2001), as a colorant
n cosmetic and food (Yoshida et al., 1996) and in biomedi-
al applications (Glazer, 1994; Bhat and Madyastha, 2000). In
harmaceutical research, C-phycocyanin has shown radical scav-
nging properties in oxidative stress-induced diseases (Bhat and

adyastha, 2000; Romay et al., 1998) and it has been described

s a strong antioxidant (Romay et al., 1999, 2003; Reddy et
l., 2000; Benedetti et al., 2004). Other studies suggest that
his natural product could be used in the prevention and treat-
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ment of some neurological disorders (Rimbbau et al., 1999)
and cancer pathologies (Subhashini et al., 2004). In vivo anti-
inflammatory effects in mouse have also been reported (Romay
et al., 1999). It has also been described its in vivo capability to
prevent acetic acid-induced colitis, following oral administration,
in rats (Gonzalez et al., 1999) due to inhibition of cyclooxygenase
(COX).

Colloidal carriers have been used to protect drugs and improve
their action time. For these purposes, different colloidal drug
delivery systems such as liposomes, micelles, nanoemulsions, and
nanoparticles have been produced (Barratt, 2003; Cevc, 2004).
These systems have shown to improve drug bioavailability, modify
pharmacokinetics, and protect the encapsulated drug from enzy-
matic attack. However, in many cases the application of colloidal
drug carriers is limited by their stability in solution and in biological
environment. Recently, it has been shown that these carriers may

be conveniently protected and stabilized by coating them with dif-
ferent polymers (Iwanaga et al., 2000; Xu et al., 2007a; Thirawong
et al., 2008). Indeed, researchers of polymer chemistry have devel-
oped a wide range of very powerful sophisticated polymers to solve
specific medical problems.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:octavio.diez@uv.es
dx.doi.org/10.1016/j.ijpharm.2010.03.038
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On the other hand, delayed drug release induced by bioadhe-
ive polymers could lead to increased oral bioavailability of a drug.
ucoadhesive dosage forms have been used to increase drug reten-

ion time and to improve the absorption of poorly absorbable drugs
ecause of their ability to adhere to the mucus layer (Xu et al.,
007a,b). Chitosan has been shown to interact with mucin and its
ydrated form also shows good mucoadhesive properties (Fiebrig
t al., 1995; Hejazi and Amiji, 2003). Liposomes coated with chi-
osan have also shown to have a prolonged residence time in the
astrointestinal (GI) tract of rats in comparison to uncoated lipo-
omes (Takeuchi et al., 1996). Complexes with a chitosan gel core
nd a polycation–polyanion membrane have been widely investi-
ated for colon-specific delivery because they exhibited excellent
ucoadhesive properties (Wittaya-areekul et al., 2006). The use of

iodegradable polymers as carriers for drug delivery has gained a
ide interest, mainly for their biocompatibility and for their ability

o provide local as well as temporal controlled release of the drug
Hejazi and Amiji, 2003; Mladenovska et al., 2007; Xu et al., 2007a).

In the present work, in an attempt to enhance and control C-
C delivery to intestinal tract, C-PC-encapsulated liposomes were
oated with chitosan–xanthan (chitosomes) to develop a carrier
apable of preserving the protein stability in the gastrointestinal
ract and enhancing the residence time of drug in the colon tract
hus improving its efficacy.

. Material and methods

.1. Materials

Soy lecithin (SL) was purchased from Galeno (Prato, Italy). Xan-
han gum (XG) molecular weight (approximately 3 × 105 g/mol)
batch 035k0199) and chitosan (CH) with average molecular weight
f 7.5 × 105 g/mol (75–85% deacetylated) (batch 01518AD), C-
hycocyanin (C-PC), cholesterol (Chol) and all the other products
ere analytical grade and were purchased from Sigma–Aldrich,
ilan, Italy. Phosphate buffer solution (PBS) pH 7 was obtained

rom Carlo Erba Reagents (Rodano, Italy).

.2. Vesicle preparation

Multilamellar vesicles (MLVs) were prepared according to the
hin film hydration method. SL and Chol in chloroform solution
ere mixed in an equimolar ratio. The lipid mixture was deposited

s a thin film by roto-evaporating the chloroform under vacuum.
he film was hydrated with C-PC solution (20 mg/mL) and dex-
rose 1 mM in phosphate buffered saline solution (PBS, pH 7.0) at
oom temperature by mechanical shaking for 2 h. The final lipid
oncentration was SL 30 mg/mL, Chol 15 mg/mL in all cases.

.3. Chitosome preparation

6.5 g of chitosan was dissolved in lactic acid aqueous solution
nd mixed homogeneously. Distilled water was added up to 1 L
nd pH adjusted to 5.6 by addition of NaOH (0.1 mol/L) solution.
anthan solution was obtained by dissolving 6.5 g of xanthan in
L of distilled water and mixing homogeneously. C-PC liposomes
ere added to chitosan gel (chitosomes). Homogeneous complex

f two polymers was formed mixing liposomes and chitosan solu-
ion with xanthan (50 mL of liposomes in l L of final microcomplex
f the two polymers), at different weight ratio under stirring at

5 ◦C for 20 min. We prepared chitosomes (CH–XG) containing from
.5% (w/w) of chitosan and xanthan gum ranging from 2% to 10%
w/w). Vesicles were then spray-dried (SD) or freeze-dried (FD).
pray-drying was performed using a Minispray Dryer (Büchi 190,
witzerland) with a standard 0.7 mm nozzle. The inlet temperature,
f Pharmaceutics 392 (2010) 92–100 93

spray flow and compressed spray air flow (represented as the vol-
ume of the air input) were set at 140 ◦C, 6 mL/min and 10 mL/min,
respectively. Otherwise, samples were frozen at −20 ◦C and freeze-
dried overnight, using a Criotecnica freeze-drier apparatus (MM
Cota Company, Roma, Italy) with 60 mmHg operative pressure at
−80 ◦C.

2.4. Preparation of the tablets

Tablets with a total weight of 350 mg (C-PC ≈ 35 mg) and 9 mm
diameter were compressed on an eccentric press (Korsch Type EKO,
Frankfurt, Germany) at a compression force of 5–6 kg/cm2. The
tablet strength was determined by a Pharma Test strength tester
(PTB311, Pharma Test, Hainburg, Germany) and the friability by a
friabilator (Erweka GmbH, Frankfurt am Main, Germany).

2.5. Rheological tests

Viscoelastic measurements were carried out using a Haake
Rheostress 1 rheometer (Thermo Haake, Germany) with data acqui-
sition software (RheoWin 3.61) and a circulator bath (DC 30)
for temperature control. A cone-plate of 2◦ and 35 mm diame-
ter was used. All measurements were made in triplicate at 25 ◦C.
The microparticles (200 mg) was slightly agitated in distilled water
(1800 mg) and left overnight before measurement. Samples (gel)
were allowed to rest for at least 300 s prior to analysis. In all cases,
the exposed edges of the sample were covered with silicone oil
(Dimethicone, RFE/Ph. Eur.) to prevent evaporation of water during
measurement. In order to determine the linear viscoelastic range,
stress sweeps at a frequency of 1 Hz were performed for all systems
studied.

Frequency sweep tests were performed from 0.01 Hz to 10 Hz,
at 1 Pa for all CH–XG systems. The storage modulus (G′), the loss
modulus (G′′) and loss tangent (tan ı = G′′/G′) were the oscillatory
parameters used to compare the viscoelastic properties for all the
systems.

For creep and recovery tests, a constant stress in the linear region
(1 Pa) was applied instantly and maintained for a period of 300 s
(creep) and the compliance (J) was measured. After removing the
stress, compliance values were also measured during 300 s (recov-
ery).

The creep data were analysed according to the Burger model
(Eq. (1)), consisting of one Maxwell unit and one Kelvin–Voigt unit
in series (Diez-Sales et al., 2007).

J(t) = 1
G0

+ 1
G1

[
1 − exp

(−tG1

�1

)]
+ t

�0
(1)

where J(t) represents the overall compliance at any time t, G0 is the
instantaneous elastic modulus of the Maxwell unit, and G1 is the
elastic modulus of the Kelvin–Voigt unit. The residual viscosity, �0,
corresponds to the Maxwell element and the internal viscosity, �1
corresponds to the dashpot associated with Kelvin–Voigt.

The experimental values of compliance J (Pa−1) in the recovery
process were fitted to the following empirical equation (Corrias et
al., 2008):

J(t) = J∞ + JKVexp(−BtC ) (2)

where B and C are parameters which define the recovery rate of the
system, J∞ is the residual compliance, JKV is the maximum compli-
ance of the Kelvin–Voigt element, and t is time.

Additionally, Maxwell’s spring deformation, or initial shear

compliance J0, was obtained by using Eq. (3), where JMAX is the max-
imum deformation corresponding to the experimental compliance
value for the longest time (300 s) in the creep transient analysis.

J0 = JMAX − (J∞ + JKV) (3)
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inally, from JMAX and J∞ values it is possible to obtain the total
ecovery (R, %) using the following expression:

= JMAX − J∞
JMAX

× 100 (4)

he experimental values were fitted using the KaleidaGraph soft-
are (Synergy Software©KaleidaGraph, version 3.51).

.6. Liposome and chitosome characterization

The liposomes and chitosomes were sized using a Malvern
etaSizer3 apparatus (model MS 1002, Malvern, UK), determining
he volume mean diameter (VMD), polydispersity index (PI) and
eta potential (ZP). VMD and PI were detected by dynamic light
ackscattering by a helium–neon laser (633 nm) at an angle of 173◦

nd a constant temperature of 25 ◦C. The nano-ZS systematically
nd automatically adapts to the sample by adjusting the inten-
ity of the laser and the attenuator of the photomultiplier, thus
nsuring accuracy and reproducibility of the experimental mea-
urement conditions. The polydispersity index (PI) was used as a
easurement of the size distribution. PI less than 0.4 indicates a

omogenous and monodisperse population. The ZP of the systems
as measured as the particle electrophoretic mobility means of

aser microelectrophoresis in a thermostated cell by laser Doppler
nemometry (Malvern ZetaSizer 3). All the samples for size and zeta
otential were analysed immediately and 24 h after their prepara-
ion.

The morphology of the chitosomes was evaluated by a Hitachi
4100 scanning electron microscope (SEM) and morphology of
iposomes was studied by a Jem1010, Jeol transmission electron

icroscope (TEM).
Uncoated liposomes and chitosomes were purified from the

on-encapsulated C-PC by centrifugation (Mikro 200, Hettich) at
4,000 rpm for 20 min at 4 ◦C and washed three times with PBS (pH
.0). Encapsulation efficiencies (E, %) (expressed as a percentage of
he total amount of C-PC found in the studied formulations at the
nd of the preparation procedure) were determined spectrophoto-
etrically after disruption of vesicles. Vesicles were broken with

% Triton X-100 in PBS (pH 7.0); chitosomes were dissolved in
ethanol. Fluorimetric methods were used for determination of

rug contents. Samples were analysed using a Fluorescence Spec-
rophotometer Hitachi F2000. C-PC solution was excited at 600 nm
nd emission of fluorescence was detected at 640 nm.

.7. Swelling studies

The swelling degree of chitosome tablets was determined by
eeping dried test samples in 10 mL of buffered solution (pH 1.5 and
.4, respectively) at 37 ◦C for 24 h. At specific time intervals, samples
ere removed from the swelling medium and blotted with a piece

f paper for 5 s to absorb excess water on surface. The swelling
atios (Swt) of the test samples were calculated from the following
quation:

wt(%) = Wt − Wd

Wd
× 100 (5)

here Wt is the weight of the swollen test sample and Wd is the
eight of the dried test sample. Each Wd of samples was no less

han 0.40 g.

.8. In vitro release study
In vitro release profiles of C-PC from tablets were examined in
imulated gastric fluid (SGF, pH 1.2) and simulated intestinal fluid
SIF, pH 7.4) using USP dissolution apparatus. The tablet (equiva-
ent to 10 ± 2 �g of C-PC) was put into the basket and placed in
f Pharmaceutics 392 (2010) 92–100

20 mL of the dissolution medium, thermostated at 37.0 ± 0.5 ◦C. The
drug dissolution was determined in SGF and SIF media for 24 h at
100 rpm. At scheduled time intervals agitation was stopped, the
samples (1 mL) were withdrawn and replaced with fresh medium.
The samples were diluted in methanol, filtered and the drug content
determined spectro-fluorometrically at 600 nm of excitation and at
640 nm of emission of fluorescence. All the experiments were made
in triplicate.

The mean release profiles (cumulative drug release up to 60%)
were fitting according to the power law equation (Eq. (6)) in order
to describe the drug release mechanism.

Mt

M∞
= Ktn (6)

where Mt and M∞ are the absolute amount of drug released at t and
infinite time, respectively; K is a constant reflecting structural and
geometric characteristic of the device, and n is the release exponent
characterizing the diffusion mechanism. According to the crite-
ria for release kinetics from swellable cylindric systems, release
exponent values n = 0.45, 0.45 < n < 0.89 and 0.89 indicate, respec-
tively, Fickian (case I) diffusion, non-Fickian (anomalous) transport,
and diffusion and zero-order (case II) transport (Ritger and Peppas,
1987; Siepmann and Peppas, 2001).

2.9. Preparation of GI tissues and mucoadhesive test

Wistar rats (13-week old) have been fasted for 24 h. The fasted
conditions were set to minimize the contents in the GI tract, which
disturbed the washing process for the following use. The intestine
tissues (i.e. duodenum, jejunum, ileum and colon) were excised
from rats that were sacrificed. Each section of tissues was then
slowly washed with a large amount of normal saline solution. Then,
the intestine tissue (duodenum, jejunum, ileum and colon) was
immediately used for this study.

Swelling of tablet was simulated using USP dissolution appa-
ratus in the same condition of release study: 45 min in 500 mL of
SGF at 200 rpm and after 500 mL of SIF at 100 rpm, thermostated
at 37.0 ± 0.5 ◦C. At scheduled time intervals tablet mucoadhesion
studies were done using different part of rat intestine tissue. At
60 min tablet mucoadhesion using duodenum tissue was studied,
at 90 min using jejunum, at 120 min using ileum and at 150 min
using colon.

The mucoadhesion study was done using a universal tensile
tester (Lloyd Instruments, LR 50K model, UK). The stainless steel
plate (L-shape) was fitted by one of its side into the upper and lower
jaws of the instrument so as the other surfaces of the plates were
facing each other. The rat intestine tissue was stuck at the upper
plate surface with the glue, while tablet was stuck on the lower
plate. PBS, pH 7.4, was used as a medium and 20 �L were spread
on the contact surface between tablet and tissue. Then the upper
jaw with tissue stuck on the plate was lowered slowly so that it
just touched the tablet surface. No external force was applied. The
tablet was kept in contact with the tissue for 5 min and then the
upper jaw was slowly moved upward at the speed of 10 mm/min.
Liposome dispersion without any polymer was used as a control.
All the experiments were done in triplicate. The maximum detach-
ment force (FMAX), i.e. the force required for separating the tablet
from the tissue surface was obtained directly from NimaST518.vi

software (Nima Technology Ltd., Coventry, England) and the total
amount of forces involved in the probe withdrawal from the tissue
(work of adhesion, Wad) was then calculated from the area under
the force versus distance curve. These parameters were used to
compare the different formulations tested.
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Fig. 1. Magnitude of the storage modulus G′ , and loss modulus G′ ′ as a function of
the angular frequency ω. G′ (filled symbols) and G′ ′ (open symbols). (a) Spray-dried
(SD) CH–XG complexes; (b) freeze-dried (FD) CH–XG complexes; (c) XG hydrogels
M. Manconi et al. / International Jou

.10. Statistical analysis of data

Analysis of variance (ANOVA) and Bartlet’s test for homogeneity
f variance were performed using SPSS version 10.0 for Windows
SPSS Inc., USA). Post hoc testing (P < 0.05) of the multiple compar-
sons was performed by the Scheffe test.

. Results and discussion

.1. Rheological analysis

In this part of the study we investigated the rheological prop-
rties of different CH–XG complexes with the aim to check the
nfluence of the xanthan gum concentration on the complexation
eaction and the methodology used, spray-dried (SD) and freeze-
ried (FD), in the formation of the microparticles.

.1.1. Oscillatory test
Experimental values of mechanical spectra for the different con-

entrations of CH–XG complex, obtained in the region of linear
ehaviour, are shown in Fig. 1 (a and b). In the case of FD complexes
CH–XG from 0.5/2.0 to 0.5/10) and SD complexes (CH–XG from
.5/6.0 to 0.5/10), there was a predominance of the elastic over the
iscous behaviour (G′ was greater than G′′). As can be seen from the
ig. 1(a), in the case of SD formulation, the storage modulus (G′) and
he loss modulus (G′′) increased as XG concentration increased. On
he contrary, for FD system the G′ and the G′′ values decreased as XG
oncentration increased. However, in both cases the loss tangent
tan ı = G′′/G′) was always lower than 1. This behaviour is typical of
hree-dimensional networks and indicates the formation of a true
el.

However, SD complexes using CH–XG between 0.5/2.0 and
.5/4.0 (w/w) showed a loss modulus (G′′) greater than the stor-
ge modulus (G′). In Fig. 1(a), as an example, only the behaviour
f CH–XG (0.5/2.0, SD) is shown. This is a characteristic behaviour
f non-structured systems, with a predominance of viscous over
lastic properties.

Therefore, the addition at high weight ratio (from 0.5/6.0 to
.5/10 (w/w)) of a polyanion (such as XG) to a polycation (CH) led
o a gelled matrix (Fig. 1(a)). The storage modulus was larger than
he loss modulus, and practically independent of frequency. Similar
ehaviour was obtained with the FD systems in all range of tested
oncentrations (CH–XG) (Fig. 1(b)). The prevalence of elastic over
iscous nature in gelled systems could be considered an advan-
age for the development of mucoadhesive systems (Oechsner and
eipert, 1999). Therefore all CH–XG preparations with an elastic
ehaviour would be useful for the colon-specific delivery of C-PC.

To evaluate the influence of XG on the complexes, hydrogels
ithout CH (control) were also prepared. XG hydrogels (from 2%

o 10%, w/w) showed values of storage modulus (G′) lower than
he CH–XG complexes at the same XG concentrations (Fig. 1(c)).
onsequently, these results confirm that the presence of CH induces
complementary reinforcement of the mechanical properties of

he system, as a consequence of the complex reaction.

.1.2. Creep and recovery tests
Creep and recovery analyses were carried out to understand the

nternal structure of all prepared systems that had shown an impor-
ant elastic behaviour, i.e. 0.5/2.0 CH–XG and 0.5/4.0 CH–XG SD
ystems were not considered as their behaviour is mainly viscous
see Fig. 1(a)). As an example, the time dependence of compliance,

, for XG gel (8%), CH–XG (0.5/8.0 SD) and CH–XG (0.5/2.0, FD) is
hown in Fig. 2. As it can be observed, the system formulated with-
ut chitosan is the more deformable while the CH–XG systems (SD
nd FD) showed a much smaller deformation thus indicating they
re more structured systems.
at different % (w/w) concentrations: (a) 0.5/2.0 (�,©); 0.5/6.0 (�,�); 0.5/8.0 (�,�);
0.5/10 (�,�); (b) 0.5/2.0 (�,©), 0.5/4.0 (�,♦), 0.5/6.0 (�,�), 0.5/8.0 (�,�), 0.5/10 (�,�)
and (c) XG 2.0 (�,©), XG 4.0 (�,♦), XG 6.0 (�,�); XG 8.0 (�,�); XG 10.0 (�,�).

All the creep curves were fitted to Burger’s model (Eq. (1)). The

values of the elastic moduli, G0 and G1, and the dashpot viscosities,
�0 and �1, are shown in Table 1. As it is logical, all the parame-
ter values increase when increasing gum concentration in xanthan
gum dispersions (without chitosan). Influence of chitosan depends



96 M. Manconi et al. / International Journal o

F
(

o
a
c
t
i
t

T
E
(

R

T
C
s

ig. 2. Creep and recovery compliance curves of XG gel (8%, w/w) (�), CH–XG
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n preparation method. For FD method all the parameter values

re much higher than those corresponding to the systems withouth
hitosan, and they decrease when increasing xanthan gum concen-
ration. However, for SD method, all the parameters increase when
ncreasing xanthan gum concentration and their values are lower
han those corresponding to FD method. On the other hand, when

able 1
lastic moduli (G0, G1) and dashpot viscosities (�0 and �1), using the mechanical Burger’s
CH–XG) obtained by means of the spray-dried (SD) and freeze-dried (FD) methods.

XG conc (%) G0 (Pa) G1 (Pa)

Without chitosan
2.0 0.98 ± 0.03 0.39 ± 0.01
4.0 1.16 ± 0.03 0.49 ± 0.01
6.0 9.5 ± 0.2 6.4 ± 0.1
8.0 12.9 ± 0.6 9.8 ± 0.2
10.0 19.3 ± 0.2 16.4 ± 0.4

With chitosan (FD)
2.0 2990 ± 70 1570 ± 30
4.0 1860 ± 30 878 ± 14
6.0 1630 ± 20 820 ± 13
8.0 900 ± 12 523 ± 8
10.0 690 ± 20 374 ± 8

With chitosan (SD)
6.0 4.1 ± 0.1 1.83 ± 0.04
8.0 30.9 ± 0.3 23.8 ± 0.2
10.0 109.4 ± 2.1 170 ± 10

esults are the mean ± standard deviations (n = 3).

able 2
ompliance values (JMAX, J∞ , JKV and J0) and total recovery percentage [R, %] for xanthan
pray-dried (SD) and freeze-dried (FD) methods. Results are the mean ± standard deviatio

XG (%) JMAX (Pa
−1

) J0 (Pa
−1

)

Without chitosan
2.0 12.59 ± 0.04 0.41 ± 0.01
4.0 8.77 ± 0.03 0.26 ± 0.01
6.0 0.576 ± 0.003 0.062 ± 0.003
8.0 0.390 ± 0.002 0.048 ± 0.002

10.0 0.236 ± 0.002 0.038 ± 0.002
With chitosan (FD)

2.0 (1.5 ± 0.1) × 103 (0.13 ± 0.01) × 103

4.0 (2.5 ± 0.2) × 103 (0.17 ± 0.03) × 103

6.0 (2.7 ± 0.4) × 103 (0.21 ± 0.06) × 103

8.0 (4.5 ± 0.5) × 103 (0.43 ± 0.05) × 103

10.0 (6.7 ± 0.7) × 103 (0.61 ± 0.08) × 103

With chitosan (SD)
6.0 3.591 ± 0.004 0.147 ± 0.005
8.0 0.146 ± 0.005 0.029 ± 0.006

10.0 0.023 ± 0.002 0.0069 ± 0.00001
f Pharmaceutics 392 (2010) 92–100

comparing with systems without chitosan, we must point out that
only system (CH–XG SD) with more than 8% of xanthan gum con-
centration present higher values of the parameters. In our opinion,
the high values obtained when adding chitosan using SD method
could be the result of a complexation reaction between xanthan
gum and chitosan that is only produced for the highest concentra-
tions due to the different molecular weights of both polymers. The
opposite effect in FD method (reduction of parameter values) could
be a consequence of frozen-dried effect in formulation procedure.

The compliance values (JMAX, J0, JKV and J∞) and total percentage
of recovery (R, %) obtained for each element of the Burger model by
means of Eqs. (2)–(4) are shown in Table 2. In accordance with creep
results (Table 2), systems without chitosan and CH–XG (SD) sys-
tems showed a reduction of the compliance values (J, Pa−1) as the
XG concentration increased, while FD systems, J values increased
with xanthan gum concentration.

Regarding R, % values, it is observed than xanthan gum con-
centration does not affect significantly systems without chitosan
and CH–XG (FD) as the recovery percentage is quite similar. On the
other hand, the presence of chitosan implies a lower recovery of
the systems. However, in SD systems, xanthan gum concentration
clearly affects R, %, reaching even values of about 90%, what is a

consequence of the increased contribution of the Maxwell spring
deformation (J0/JMAX, %). Therefore, the FD preparation method pro-
vokes a structure that is easier to deform and less reversible.

Moreover, creep and recovery tests allowed us to calculate the
gel strength (S) and the relaxation exponent (n), using the Eq. (7)

model for xanthan without (R > 0.997) and with chitosan microparticles (R > 0.998)

�0 (Pa s) �1 (Pa s)

31.6 ± 0.5 5.6 ± 0.3
47.9 ± 0.8 6.7 ± 0.5
859 ± 18 166 ± 1

1370 ± 30 248 ± 18
2480 ± 50 410 ± 30

(5.3 ± 0.8) × 105 (3.20 ± 0.02) × 104

(3.0 ± 0.1) × 105 (1.25 ± 0.01) × 104

(2.8 ± 0.1) × 105 (1.21 ± 0.03) × 104

(1.76 ± 0.06) × 105 (0.76 ± 0.04) × 104

(1.06 ± 0.04) × 105 (0.71 ± 0.01) × 104

105 ± 9 42 ± 2
3900 ± 170 540 ± 30

38,200 ± 2100 3810 ± 140

(XG) without and with chitosan (CH–XG) formulations obtained by means of the
ns in brackets (n = 3).

JKV (Pa
−1

) J∞ (Pa
−1

) R (%)

5.94 ± 0.01 6.15 ± 0.01 51
5.74 ± 0.04 2.77 ± 0.03 68

0.304 ± 0.001 0.222 ± 0.001 64
0.214 ± 0.001 0.128 ± 0.001 67
0.127 ± 0.001 0.0707 ± 0.0002 70

(0.82 ± 0.02) × 103 (0.542 ± 0.002) × 103 64
(1.10 ± 0.01) × 103 (1.29 ± 0.01) × 103 49
(1.17 ± 0.01) × 103 (1.32 ± 0.02) × 103 51
(2.35 ± 0.01) × 103 (1.73 ± 0.01) × 103 52
(3.29 ± 0.02) × 103 (2.78 ± 0.01) × 103 58

1.454 ± 0.009 2.085 ± 0.006 42
0.085 ± 0.001 0.039 ± 0.001 73

0.0137 ± 0.0003 0.0025 ± 0.0002 89
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Table 3
Results of the gel strength parameter (S), n and correlation coefficients (R) for sys-
tems without chitosan and with chitosan and xanthan gum (CH–XG) obtained by
means of the spray-dried (SD) and freeze-dried (FD) methods.

XG (%) S (Pa sn) n R>

Without chitosan
2 0.87 ± 0.02 0.38 ± 0.01 0.995
4 1.03 ± 0.02 0.36 ± 0.01 0.993
6 10.50 ± 0.20 0.31 ± 0.02 0.993
8 15.03 ± 0.16 0.29 ± 0.03 0.993

10 22.30 ± 0.30 0.28 ± 0.03 0.993
With chitosan (FD)

2 3130 ± 50 0.28 ± 0.01 0.991
4 1350 ± 20 0.22 ± 0.01 0.993
6 1120 ± 20 0.19 ± 0.02 0.994
8 827 ± 7 0.24 ± 0.01 0.995

10 560 ± 20 0.21 ± 0.01 0.996
With chitosan (SD)

6 5.17 ± 0.12 0.48 ± 0.04 0.992
M. Manconi et al. / International Jou

Nijenhuis, 1997):

(t) = St−n (7)

here G(t) is the relaxation function, S is the gel strength parame-
er, which depends on the cross-linking density and the molecular
hain flexibility, and n is related to the molecular structure and
onnectivity of the incipient gel (Nyström et al., 1996). Exponent n
haracterizes the critical gel: at n < 0.5, the cross-linker is in excess
nd the opposite holds when n > 0.5. G(t) is the relaxation function,
hich is established from creep test data as the reciprocal of J(t).

Table 3 shows the obtained S and n values. When SD method
as used, the complexes strength increased as the concentration

f XG increased leading to the most structured, firm, and stable
ystems obtained with the highest XG concentrations: i.e. SD com-
lexes (CH–XG from 0.5/8.0 to 0.5/10 (w/w)). However, when the
D method was used, the most structured systems were those
btained with the lowest XG concentration (i.e. CH/XG, 0.5/2.0).

On the other hand, Table 3 also shows exponent n value, which
s related to the molecular structure of the gel. A high n value can be
ssociated to a spongy gel network while low n values indicate tight
els. The presence of chitosan, in both methods, produces tighter
els. This effect is more important as xanthan gum concentration
ncrease in SD method.

Taking into account all the rheological results obtained, SD com-
lex containing CH–XG 0.5/8.0 (w/w) and FD complex containing
H–XG 0.5/2.0 (w/w) were chosen for C-PC delivery.
.2. Liposome and chitosomes characterization

Liposomes were prepared using a fixed amount of C-PC
20 mg/mL). To prepare stable vesicles it was necessary to use an

Fig. 3. SEM pictures of chitosomes: FD CH–XG 0.5/2
8 34.7 ± 0.5 0.27 ± 0.03 0.994
10 119.1 ± 1.8 0.16 ± 0.01 0.996

Results are the mean ± standard deviations (n = 3).

amount of 30 mg/mL of SL and 15 mg/mL of Chol. C-PC-liposomes
were coated with CH–XG system. Chitosomes containing CH–XG
0.5/8.0 (w/w) were dried by SD method (0.5/8.0 SD) and these con-
taining CH–XG 0.5/2.0 (w/w) were dried by FD method (0.5/2.0 FD).
The liposomes coated by FD procedure had an irregular shape and a
rough surface, as shown in Fig. 3(a and b). In particular, liposomes

coated by CH–XG 0.5/2.0 FD were irregular with aggregated par-
ticles forming filaments (A and B). Chitosomes 0.5/8.0 SD joined
themselves without fusion and showed a more regular surface (C
and D).

.0 (A and B) and SD CH–XG 0.5/8.0 (C and D).
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Table 4
Physico-chemical properties of C-PC-entrapping liposomes and coated liposomes: average size and polydispersity index (PI), Z-potential, and encapsulation efficiency (E, %).

Formulations CH/XG coated liposomes

C-PC liposomes Size (±SD) �m PI Zeta potential (±SD) (mV) E (±SD) (%)

Uncoated 0.416 ± 0.042 0.243 −63 ± 9 30 ± 11
4
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0.5/8.0 SD 3.785 ± 0.376 0.33
0.5/2.0 FD 6.561 ± 0.411 0.42

esults are the mean ± standard deviations (n = 3).

As it can be seen in Table 4, C-PC loaded liposomes showed a
ean size of 416 nm and a high negative zeta potential probably

ue to the negative charge of phosphatidylcholine group at pH 7.
able 4 also shows that when the negative-charged liposomes were
oated with the CH–XG-microcomplexes a modification of the zeta
otential (from −60 to −35 and −26) occurred thus confirming the
urface coating. It can also be seen that the CH–XG coating sig-
ificantly increased the particle size, which ranged from 3 �m to
�m.

On the other hand, as it can be seen the encapsulation effi-
acy increase in the coated systems (Table 4). This fact could be
ttributed to the partial coalition of the liposomes during the coat-
ng process.

.3. Swelling studies

Swelling degree is a characteristic of hydrogels that controls
rug loading as well as drug release. The chitosome tablets reached
he highest swelling degree within a period of 24 h (Fig. 4); after
hat, polymers dissolved. As can be seen, the swelling rate was

ore rapid for 0.5/2.0 FD formulation than for 0.5/8.0 SD system.
or 0.5/8.0 SD samples the swelling profile in SGF and in SIF did not
how any appreciable differences. In the case of 0.5/2.0 FD sam-
les, the swelling profiles were similar in both media until the
th h but afterward the swelling rate increased faster in the acidic
edium. The differences observed between chitosomes (0.5/8.0

D) and chitosomes (0.5/2.0 FD) swelling behaviour may be the
onsequence of the higher XG concentration in the SD sample and

lso as a consequence of the different preparation method. In fact,
he SD chitosomes were more compact than the FD chitosomes that
ormed a microporose hydrogel able to swell more rapidly.

ig. 4. Swelling characteristics of tablets prepared using spray-dried (SD CH/XG
.5/8.0) and freeze-dried (FD CH/XG 0.5/2.0) chitosomes in SFG and SIF medium,
espectively.
−35 ± 7 68 ± 15
−26 ± 8 67 ± 13

3.4. In vitro release study

The in vitro release profiles of C-phycocyanin from the tablets
prepared with the chitosomes 0.5/2.0 FD and CH–XG 0.5/8.0
SD were investigated in simulated gastric (SGF, pH 1.2) and
intestinal fluid (SIF, pH 7.4) using USP dissolution apparatus.
Both types of tablets showed a slower release rate in the acidic
medium (Fig. 5). This is probably due to the intramolecular and
intermolecular hydrogelation properties of the CH–XG system
(Martínez-Ruvalcaba et al., 2007). In SIF, dissolution of the chito-
somes promoted the drug diffusion to the external medium. The
release of the drug was faster for 0.5/2.0 FD tablets. In fact, as can
be seen from the Fig. 5, after 4 h the amount of C-PC released from
the FD tablets in SGF and SIF was 49% and 68%, respectively. These
results are in agreement with the swelling behaviour of the tablets
and they are the consequence of various factors affecting the chi-
tosome structure. In fact, composition of the studied chitosomes is
different for the CH–XG ratio in the complex: the highest XG con-
tent of the SD product (CH–XG 0.5/8.0 SD) led to a more compact
structure able to better control the drug release rate. Moreover,
the obtained results are also affected by the different preparation
method (i.e. freeze-drying or spray-drying). Therefore, the biggest
porosity in the systems elaborated by means of FD method could
justify a bigger release rate.

The release data were analysed by applying the power law Eq.
(5). The fitting results are presented in Table 5. As can be seen from
the obtained correlations coefficient values (R ≥ 0.99), the release
data fit well to the empirical Eq. (5). The n values for all formulations
are close to 0.45 (from 0.40 to 0.46). Therefore, the drug release from

the studied tablets is characteristic for a Fickian diffusion of active
ingredient from a cylindric polymeric delivery system (Ritger and
Peppas, 1987).

Fig. 5. In vitro phycocyanin release from tablets prepared using spray-dried (SD
CH/XG 0.5/8.0) and freeze-dried (FD CH/XG 0.5/2.0) chitosomes, in different test
medium (n = 3).
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Table 5
Comparison of estimate parameters from curve fitting of drug dissolution in pH
change media to power law expression.

Formulations Ka (h−1) na R>

0.5/2.0 FD SGF 0.471 ± 0.047 0.40 ± 0.12 0.991
0.5/2.0 FD SIF 0.574 ± 0.023 0.44 ± 0.05 0.998
0.5/8.0 SD SGF 0.073 ± 0.004 0.41 ± 0.03 0.991
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to produce CP-P chitosomes (0.5/8.0 SD) with excellent mucoadhe-
0.5/8.0 SD SIF 0.143 ± 0.013 0.46 ± 0.04 0.990

a These values are presented with standard errors.

.5. Ex vivo test for mucoadhesive properties

Gastrointestinal retention depends on many factors such as
ensity, size and resistance of the dosage form, fasting or fed con-
ition, nature of the taken meal, sleep, and posture. It also depends
trongly on a complicated and unpredictable gastrointestinal emp-
ying with migrating myoelectric complex motility of the stomach
Talukder and Fassihi, 2004).

To realise colon targeting, modified drug delivery systems with
rolonged residence time in the colon and the lower intestine are
eeded. Adequate control of the intestinal residence time com-
ined with time-controlled drug release patterns can significantly

ncrease drug bioavailability and, thus, the efficiency of the medi-
al treatment. Bioadhesive polymers (chitosan and xanthan gum)
ould delay drug release in the gastrointestinal tract thus leading
o increased oral bioavailability of a drug. It is well known that

ucoadhesive systems offer several advantages over other oral
ontrolled release systems since they can extend residence time
f drugs in the GI tract, favour localization of the dosage form at a
pecific site, and reduce local irritation.

In this work, chitosomes were produced also to evaluate the
ucoadhesive properties of the obtained systems in comparison
ith the non-coated liposomes. Therefore, the in vitro mucoadhe-

ive properties of the studied chitosomes (0.5/2.0 FD and 0.5/8.0
D) were studied using rat’s intestine, and the test was carried out
n the chitosomal tablets.

The maximum detachment force (FMAX), i.e. the force required
or separating the tablet from the tissue surface and the total
mount of forces involved in the probe withdrawal from the tis-
ue (work of adhesion, Wad) of both formulations on different GI
ucosa are shown in Fig. 6. The figure shows the effect of the con-

act time between tablets and GI mucosa on the FMAX and Wad. As
an be seen (Fig. 6(b)), colon mucosa showed a stronger mucoadhe-
ion than small intestinal mucosa (Schumacher and Schumacher,
999). These results can be explained considering that the colon
oes not contain villi but is richer than other GI tracts in goblet cells
nd therefore it is characterized by high mucin levels that favour
ucoadhesion occur easily.
Obtained results also show that the FMAX and Wad have

tendency to increase as the contact time increased in both
ablets. Moreover, significant differences between FMAX and Wad
alues in colon and in small intestinal mucosa (P < 0.05) were
ound. This is consistent with values obtained in the literature
Tobyn et al., 1995; Wong et al., 1999) where different types of
olymers (e.g. carbomer, polycarbophil, hydroxypropylmethyl cel-

ulose, sodium carboxymethylcellulose) and model mucosa were
sed. The increase of FMAX and Wad values is most likely due to the
egree of hydration and swelling, sufficient to expand the mucoad-
esive network. Increasing contact time may provide interdiffusion
nd chain entanglement between biopolymer and mucin chains in
ucus membrane. This is in agreement with Leung and Robinson
Leung and Robinson, 1990), who demonstrated that mucoadhe-
ion of carbomer was a time-dependent process thus supporting
he proposed interpenetration as being a time-dependent pro-
ess. A prolonged contact resulted in an increased formation of
Fig. 6. Ex vivo mucoadhesive performance of phycocyanin tablets. Effect of GI
mucosa on (a) maximum detachment force and (b) work of adhesion (n = 3–5).

secondary bonds and diffusion path or depth of interpenetration
between two macromolecules. Increasing contact time between
the mucoadhesive polymer and the mucus layer could, therefore,
increase the mucoadhesive strength (Leung and Robinson, 1990).

On the other hand, most of the studies have shown that the
prerequisite for a good mucoadhesiveness of a polymer is the high
flexibility of its backbone structure and polar functional groups.
Such a flexibility of the polymer chains, however, is reduced if the
polymer molecules are cross-linked each other. In accordance with
this, the 0.5/8.0 SD chitosomes in colon mucose (Fig. 6) showed
higher mucoadhesion than the chitosomes 0.5/2.0 FD that on the
contrary showed a higher elasticity.

4. Conclusions

This work demonstrates the effects of formulation and pro-
cess variables on particle size, drug content, swelling and drug
release, and on the mucoadhesiveness of C-PC encapsulated lipo-
somes coated by chitosan and xanthan gum hydrogel. The in vitro
mucoadhesive study revealed that the SD method is advantageous
sive properties for colonic drug delivery. Moreover, these vesicles
showed a regular shape and surface and the drug release is charac-
teristic for a Fickian diffusion. Therefore, this formulation might be
a good candidate for further research aimed to evaluate the effects
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