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ABSTRACT: In this preformulations study, rheological
properties of microemulsions with progesterone (1%) were
studied to analyze the effect of xanthan and chitosan at
different concentrations (0.5–3%). Steady shear and oscilla-
tory rheological properties were analyzed using a con-
trolled stress rheometer. Steady shear data were
satisfactorily adjusted to the Carreau model. For all prepa-
rations, shear-thinning behavior was observed. Zero shear
viscosity (g0) increased with the biopolymer concentration.
The results from dynamic experiments showed the behav-
ior of all preparations with xanthan gum and those of chi-
tosan to be characteristic of weak gels and liquid-like

solutions, respectively. The correlation between dynamic
and steady-shear properties (extended Cox-Merz rule) was
satisfactory for the two polymers. The recovery analysis of
microemulsions with xanthan showed a total recovery per-
centage of 90% for the highest concentrations of this poly-
mer. However, microemulsions with chitosan showed
practically no recovery. Progesterone release was greater
for the microemulsions with chitosan. VVC 2008 Wiley Periodi-
cals, Inc. J Appl Polym Sci 110: 1225–1235, 2008
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INTRODUCTION

The topical application of sex hormones to selected
skin sites might be an alternative for hormone
replacement in postmenopausal skin, thereby slow-
ing the ageing process that rapidly progresses with
the onset of menopause. The steroid structure of the
sex hormones and their high lipid solubility makes
them suitable for a percutaneous route of adminis-
tration. It is already known that estrogen and its
derivates increase collagen production and epider-
mal hydration in the skin, and reduce the typical
signs of ageing such as wrinkling and elastosis.1–3

Recently, the effect of progesterone cream (O/W and
W/O) on the skin of peri- and postmenopausal
women has been studied.4 The results of this study
demonstrate that the topical application of progester-
one cream primarily acts by increasing skin elasticity
and firmness in peri- and postmenopausal women.

On the other hand, in attempt to increase cutane-
ous drug delivery, microemulsions formulations
have been shown to be superior for both transder-

mal and dermal delivery of particular lipophilic
compounds, but also hydrophilic compounds appear
to benefit from applications in microemulsions com-
pared with conventional vehicles, such as hydrogels,
liposomes, and emulsions.5,6 Therefore, microemul-
sions represent an interesting prospect for the devel-
opment of formulations for use as vehicles to deliver
drugs to the human body.7,8

In addition numerous studies have been con-
ducted using various lecithin-based microemulsions
as topical formulations enhancing the penetration of
different drugs: methotrexate,9 diclofenac,10 indo-
methacin,11 etc. Absorption of phospholipids on skin
can increase tissue hydration, consequently increas-
ing drug permeation. When phospholipids are
applied to skin as vehicles due to their physicochem-
ical properties and structures they can fuse with the
stratum corneum lipids, perturb its structure, and
facilitate drug delivery.12 Another advantage of
these surfactants is the possibility of forming microe-
mulsions without cosurfactants. In this context,
lesser surfactants are associated with lesser irritation.
Beyond it, most microemulsions are of a very low
viscosity therefore their use may be restricted.

On the other hand, it is well known that biopoly-
mers can act to increase the consistence and the
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stability of emulsions. For this purpose chitosan and
xanthan were chosen. Chitosan is known to be bio-
compatible and biodegradable13 and at physiological
pH is also bioadhesive, which increases its retention
at the site of application.14 Chitosan also promotes
wound healing15 and possesses bacteriostatic
effects.16 Both polysaccharides can be used to stabi-
lize pharmaceutical emulsions17 and for controlled-
release drug delivery.18,19

The aim of this article, based on a progesterone
microemulsion without cosurfactants, is to investi-
gate the influence of different concentrations of xan-
than and chitosan upon the rheological properties of
these formulations and the release rate of progester-
one—a lipophilic model compound—through an ar-
tificial membrane.

EXPERIMENTAL

Materials

Sesame oil (lot 944790003), soybean lecithin grain
(lot 9386900016), glycerin (lot 914290001), methylpar-
aben (lot 9243600018), and progesterone (lot
9368500020) were purchased from Guinama (Valen-
cia, Spain). Xanthan gum (lot 035k0199) with a mo-
lecular weight (�3 � 105 g/mol) and chitosan with
average molecular weight of 7.5 � 105 g/mol (75–
85% deacetylated) (lot 01518AD) were purchased
from Sigma Chemical (Madrid, Spain). Water puri-
fied by reverse osmosis (MilliQ1 Millipore, Spain)
and with a resistivity above 18.2 MX cm was used.
All other chemicals were of high-performance liquid
chromatography (HPLC) analytical grade.

Formulations

Microemulsions of progesterone (1%, w/w) were
prepared. The manufacturing method comprised of
two stages: the first dealt with microemulsion forma-
tion and the second the addition of different concen-
trations of xanthan or chitosan (from 0.5 to 3%, w/
w) in the microemulsion.

In the first stage, the oil phase (O) with soybean
lecithin (1%, w/w), sesame oil (10%, w/w), and
progesterone (1%, w/w) was prepared. The oil
phase was homogenized with an ultrasonic
bath (Ultrasonic cleaned-Fungilab, for 30 min at
458C). The aqueous phase (W) was also pre-
pared in two different containers: glycerin
(2.5%) was mixed in purified water (42.7%)
with methylparaben (0.1%) (W1). In turn, W1

was added to O, and emulsification was carried
out using a rotor-stator Ultraturrax (DI25-basic,
IKA-Germany), with a homogenization speed
of 5000 rpm during 5 min. Then, the emulsion
(O/W) was treated (3 cycles of 10 min) with an
Ultrasonic generator Soniprep 150 (23 kHz)

equipped with a Titanium Probe (end diameter
9.5 mm) and a Process Timer Unit, allowing us
to program the experiments in terms of the
total duration of treatment and the preselected
cycling of alternate bursts of sonication/cooling,
also equipped with a continuous Flow Vessel
48533-1016. This vessel is surrounded by a cool-
ing jacket with a suitable cooling liquid.

In the second stage, in another container, the
proper amount of xanthan or chitosan was
mixed in water purified up to 100 g of prepara-
tion (W2). Finally, W2 was mixed with the
microemulsion under agitation and maintained
during 7 days at 258C, until measurement.

This method allows the preparation of a stable
microemulsion with different consistencies according
to the concentration of xanthan and chitosan used.

Drop size distribution and zeta potential

The drop size distribution of progesterone microe-
mulsions was determined by the laser light scattering
technique (Zetasizer Nano Series, Malvern Instru-
ments, United Kingdom), which is able to determine
the Zeta potential and discriminate drop sizes in the
interval 0.6 nm to 6 lm, using distilled water (1:10)
as dispersant medium. The average diameter used to
describe the results of the drop size distribution is
the Sauter diameter D (3,2) defined as20:

Dð3; 2Þ ¼
P

d3P
d2

(1)

Rheological characterization

A Haake Rheostress 1 rheometer (Thermo Haake,
Germany) with data acquisition software (RheoWin
2.94) and a circulator for sample temperature control
was used. Samples 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. All measurements
were made in triplicate at 258C.

Flow curves

The rheological measurements were carried out
using a cone-plate (28, 35 mm diameter) for microe-
mulsions with xanthan or chitosan concentrations
from 0.5% to 3%, while for the rest of microemul-
sions serrated plates (35 mm diameter and 1 mm
gap) were used to avoid slippage. Steady-state flow
curves were obtained working in controlled stress
mode. Different ranges of shear stresses, in logarith-
mic distribution, were used to obtain shear rates
between 0.0001 and 1000 s�1, approximately. This
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variation in viscosity with shear rate was fitted with
the simplified Carreau model.21

g ¼ g0

1 þ _c
cc

� �2
� �c (2)

where g0 is the zero-shear viscosity (Pa s), the con-
stant viscosity in the lower Newtonian plateau; cc is
the critical shear rate corresponding to the transition
from Newtonian to shear-thinning behavior (s�1); c
is equal to (1 � n)/2 and n is a dimensionless con-
stant that corresponds to the power law index or
flow index.

Oscillatory test

In all cases, the rheological measurements were car-
ried out using a cone-plate (28, 35 mm diameter). To
determine the linear viscoelastic range, stress sweeps
at 258C and at a frequency of 1 Hz were performed
for all systems studied. Frequency sweep tests were
performed from 0.01 Hz (0.0693 rad/s) to 10 Hz
(69.3 rad/s), and in a range from 0.3 to 1 Pa. The os-
cillatory parameters used to compare the viscoelastic
properties for all the systems were the storage mod-
ulus (G0), the loss modulus (G00), the loss tangent
(tan d ¼ G00/G0) and complex viscosity (g*).

Creep and recovery

Creep and recovery analyses for the microemulsions
were also carried out under the same experimental
conditions mentioned above. A constant stress in the
linear region was applied instantly and maintained
for a period of 300 s (creep), and compliance was
measured. After removing the stress, compliance
values were also measured during 300 s (recovery).

For microemulsions with xanthan gum, the creep
data were analyzed according to the Burger model
[eq. (3)], consisting of one Maxwell unit and one
Kelvin-Voigt unit in series.22

JðtÞ ¼ 1

Go
þ 1

G1
1 � exp

�t � G1

g1

� �� �
þ t

go

(3)

J(t) represents the overall compliance at any time t,
G0 is the instantaneous elastic modulus of the Max-
well unit, and G1 is the elastic modulus of the Kel-
vin-Voigt unit. The latter represents the
contributions of the retarded elastic region to the
total compliance. The dashpot of the Maxwell ele-
ment represents the residual viscosity, g0, and the
dashpot associated with Kelvin-Voigt is called the
internal viscosity, g1.

In the case of microemulsions with chitosan, the
creep data were analyzed according to the Maxwell
model [eq. (4)].

JðtÞ ¼ 1

Go
þ t

go

(4)

The experimental values of compliance J (Pa�1) in
the recovery process for microemulsions with
xanthan were fitted with the following empirical
equation23:

JðtÞ ¼ J1 þ JKV exp �BtC
� �

(5)

where B and C are parameters which define the re-
covery rate of the system, J1 is the residual compli-
ance, JKV is the maximum compliance of the Kelvin-
Voigt element, and t is time.

Additionally, Maxwell’s spring deformation, or
initial shear compliance J0, was obtained by using
eq. (6), where JMAX is the maximum deformation
corresponding to the experimental compliance value
for the longest time (300 s) in the creep transient
analysis.

JO ¼ JMAX � ðJ1 þ JKVÞ (6)

On the other hand, the experimental values of
compliance J (Pa�1) in the recovery process for
microemulsions with chitosan were not fitted,
because there was practically no recovery.

The fitting procedure was carried out by means of
KaleidaGraph nonlinear regression (Synergy
SoftwareVVC KaleidaGraph, version 3.51).

In vitro drug release

Drug delivery investigations with topical microemul-
sions have been done in vitro, using the classical
Franz-type diffusion cells.8 Progesterone release
rates from the microemulsions with xanthan gum or
chitosan (containing 1 and 2%, w/w) were deter-
mined through 0.45 mm cellulose-acetate membrane
filters (Teknocroma, Barcelona, Spain), using Franz
type cells8 with an available diffusion area of 0.78
cm2 and 6 mL of receptor cell volume, placed in
heating/stirring mode.24 Because of the slight solu-
bility of progesterone in aqueous solution, the recep-
tor compartments were filled with distilled water in
ethanol (50 : 50), and the receptor phase was stirred
with small magnetic bars. To attain 328C at the
membrane surface, the receptor phase was main-
tained at (37 � 0.5)8C. Subsequently, the microemul-
sion (500 mg) was placed on the artificial membrane
and covered with parafilm to prevent evaporation.
At predetermined time intervals, 100 lL samples
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were taken from the receptor and replaced by the
same volume of fresh liquid to maintain constant
volume.

The mean release profiles were fitting according to
the power law equation to describe the drug release
mechanism from the microemulsions examined25:

Mt

M1
¼ K � tn (7)

where Mt and M1 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 diffusional mechanism.
When n ¼ 0.5, the fraction of the drug released is
proportional to the square root time (Higuchi equa-
tion), and drug release is pure diffusion controlled;
when n ¼ 1, drug release exhibits zero order kinetics
or case-II transport. Values of n between 0.5 and 1
indicate anomalous transport and the superposition
of both phenomena.25

Determination of progesterone

The method used for progesterone determination is
based on the procedure proposed by Lindholm
et al.26 The samples were analyzed by HPLC
(Hewlett–Packard 1100) with ultraviolet detection (k
¼ 245 nm). The column used was a reversed-phase
Kromasil C-18 5 lm 150 � 4.6 mm (Ref: L1415, Ana-
lisis Vinicos S.L., Tomelloso, Spain). The mobile
phase consisted of acetonitrile/water (80 : 20), and
the flow rate was 1.0 mL/min.

Statistical analysis

Homogeneity was confirmed by the Barlett test. One-
way ANOVA, followed by the Tukey multiple com-
parison test was performed with the representative
values of particle size, progesterone release and rheo-
logical parameters, to establish differences between
the calculated means (SPSS 12.0 statistical package).

RESULTS AND DISCUSSION

Drop size distribution

As an example of particle size distribution, the
results obtained for microemulsions with xanthan
(1%) and chitosan (1%) are shown in Figure 1. In
turn, Table I summarizes the mean drop size values
and standard deviations obtained for the different
microemulsions. The result for microemulsion with-
out polymer was 306 � 15 nm, and there were no
significant differences (P > 0.05) with the different
microemulsions. The Zeta potential values for these
concentrations of these biopolymers have also been
summarized in Table I. Obviously, in accordance
with the nature of these polymers, the values are
negative for microemulsions with xanthan and posi-
tive for microemulsions with chitosan.

Flow curves

Typical flow curves at 258C for the preparations, at
different concentrations of xanthan and chitosan, are

Figure 1 Particle size distribution for the microemulsion
with 1% of xanthan gum and a microemulsion with chito-
san (1%) (n ¼ 5).

TABLE I
Drop Size and Zeta Potential for the Microemulsions with Xanthan and Chitosan

Conc.
(%, w/w)

Xanthan Chitosan

Size (nm) Z. Potential (mV) Size (nm) Z. Potential (mV)

0.5 303 � 18 �36.8 � 1.6 317 � 15 þ42.4 � 2.1
1.0 323 � 17 �32.6 �0.9 305 � 21 þ40.1 � 2.3
1.5 314 � 16 �19.1 � 1.4 310 � 17 þ36.7 � 1.4
2.0 301 � 12 �11.4 �0.5 299 � 15 þ33.8 � 3.1
2.5 311 � 14 �17.1 � 0.8 318 � 16 þ34.1 � 1.9
3.0 305 � 22 �19.6 � 1.2 312� 25 þ34.7 � 1.5

Results are the mean � standard deviations (n ¼ 5).
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shown in Figure 2. In this figure, the continuous
lines are the fits to the simplified Carreau’s model
[eq. (2)]. Agreement with the experimental data is
quite satisfactory, as can be seen in the figure. In all
cases, the regression coefficient, r, was �0.996. The
values obtained for zero-shear viscosity (g0, Pa s), _cc
(s�1) and c are shown in Table II. As can be

observed the g0 values of the microemulsiones with
xanthan are higher than the g0 values of the microe-
mulsions with chitosan (Table II), although the chito-
san has an average molecular weight twice superior
to the xanthan. These differences could be explained
taking in consideration that local conformational
ordering and lateral association of ordered chain
sequences could give place to a weak gel-like
network.27

In all cases, the behavior was shear-thinning with
a Newtonian region in the low shear rate range. The
shear-thinning behavior may be regarded as arising
from modifications in macromolecular organization
in the microemulsions as the shear rate changes. At
low shear rates, the disruption of entanglements by
the imposed shear is balanced by the formation of
new ones, so that no net change in entanglements
occurs; it is in the Newtonian plateau region where
the viscosity has a constant value (g0). The values
calculated for g0 increase as the concentration of bio-
polymer increases, the highest viscosity (g0) being
reached with the microemulsions showing the high-
est biopolymer concentration (3%). For higher shear
rates, disruption predominates over the formation of
new entanglements, molecules align in the direction
of flow, and the apparent viscosity decreases with
increasing shear rate. As a result, the shear rate ð _ccÞ
corresponding to the transition from Newtonian to
shear-thinning behavior presents a slow tendency
towards lower values as the biopolymer concentra-
tion increases (Fig. 2).

The parameter c is related to the slope of the
power law region; thus, it yields information on the
shear thinning character of the system. The values of
c have also been summarized in Table II. In the case
of the microemulsions with xanthan, the mean
power law index (n) is about 0.16, and quite similar
to the n value obtained for other gums.28 As it has
been commented above, intermolecular association
among polymer chains are probably the cause
of the formation of a complex network. These
weak bound aggregates are progressively disrupted
under the influence of shear, thus the pronounced

Figure 2 Flow curves at different concentrations of
xanthan (a) and chitosan (b) for the microemulsions: 0.5%
(-o-), 1% (-h-), 1.5% (-^-), 2% (-D-), 2.5% (-!-) and 3%
(-$-).

TABLE II
Parameters of the Carreau Model for the Microemulsions with Xanthan and Chitosan (r > 0.998)

Conc.
(%, w/w)

Xanthan Chitosan

Viscosity (g0, Pa s) _cc � 103 (s�1) c (�0.01) Viscosity (g0, Pa s) _cc � 103 (s�1) c (�0.001)

0.5 618 � 8 1.73 � 0.08 0.40 0.55 � 0.03 81 � 7 0.065
1 4050 � 40 1.53 � 0.13 0.43 1.17 � 0.02 39 � 3 0.069
1.5 7430 � 60 1.30 � 0.04 0.42 3. 02 � 0.09 18� 2 0.063
2 17900 � 200 1.00 � 0.04 0.42 11.88 � 0.08 16 � 4 0.090
2.5 29000 � 400 1.11� 0.09 0.43 33.30 � 0.15 14 � 9 0.132
3 50700 � 600 1.13 � 0.07 0.45 48.03 � 0.14 19 � 5 0.138

Results are the mean � standard deviations (n ¼ 3).
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pseudoplasticity of xanthan solutions.27 On the other
hand, in the case of microemulsions with chitosan at
lower concentration, the n value is close to 1 (n � 0.8),
so the behavior of this vehicle could be considered
overall as quasi-Newtonian.

Oscillatory test

The experimental values of the mechanical spectra
for three different concentrations of biopolymer in
the microemulsions studied, obtained in the region
of linear behavior, are shown in Figure 3. In the
microemulsions with xanthan [Fig. 3(a)], the behav-
ior was predominantly more elastic because G0

was greater than G00 in the entire angular frequency
(x ¼ 2pm) interval studied. Therefore, the loss
tangent (tan d ¼ G00/G0) was less than 1, and these
values decrease with increasing xanthan concentra-
tion. This is an indication that a gel-like structure is
present.29 This result is in agreement with published
reports where a gel-like structure was also found at
xanthan concentrations of 0.5 and 1%.19 The preva-

lence of an elastic over a viscous nature in gelled
systems could be considered an advantage for the
development of bioadhesive systems.30 However, in
the microemulsions with chitosan [Fig. 3(b)], the val-
ues of G00 are greater than those of G0, for all concen-
trations studied. Therefore, the loss tangent was
greater than 1. This is indicative of a liquid-like solu-
tion, and the moduli at the same frequency increase
with increasing concentration. These phenomena
can be explained by macromolecular entanglement.
Since higher concentrations increase entanglement
density (the number of intermolecular contacts per
unit volume), the viscoelastic properties increase
correspondingly.

On the other hand, from the values of G0 and G00

we obtained the complex viscosity (g*) for all the
vehicles studied. Figure 4(a,b) shows the plots g* ¼ f
(x) for the all microemulsions. The g* values
decrease as the angular frequency increases. In con-
trast, the g* values increase as the polymer concen-
tration increase.

Figure 3 G0 (filled symbols) and G00 (open symbols) as a
function for all microemulsions with xanthan (a) and chi-
tosan (b) at different concentrations: 0.5% (l,*), 1.5%
(^,^) and 3% ($,$).

Figure 4 Complex viscosity as a function of angular fre-
quency for microemulsions with xanthan (a) or chitosan
(b) at different concentrations: 0.5% (-o-), 1% (-h-), 1.5%
(-^-), 2% (-D-), 2.5% (-!-) and 3% (-$-).
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For all the systems, the values of g* ¼ f(x) have
been perfectly fitted by power functions of the fol-
lowing kind:

g* ¼ K � xn�1 (8)

where K and n are parameters determined experi-
mentally. All the tracings are practically line parallel,
thus indicating that the g* values of all the systems
are similarly sensitive to changes in the oscillation
frequency [Fig. 4(a,b).

In addition, the storage modulus (G0) and loss
modulus (G00) have also been perfectly fitted by the
following power functions:

G0 ¼ K0 � xn0 (9)

G00 ¼ K00 � xn00 (10)

where K0, K00, n0, and n00 are also parameters deter-
mined experimentally. The dependence of G0 and G00

on frequency (x) shows a good fit to the experimen-
tal data (r > 0.996). The results have been summar-
ized in Table III (microemulsions with xanthan) and
Table IV (microemulsions with chitosan).

In the case of microemulsions with xanthan, the
exponent of G0 in the power law, n0, shows no signif-
icant differences with the value of n for g* (Table
III). This finding coincides with the observations of
other authors,31 and is logical because on consider-

ing that G00 � G0, it can be affirmed that g* % G0/x
for weak gels. Also, in the microemulsions with chi-
tosan, the exponent of G00 in the power law, n00, also
coincided with the value of n for g* (Table IV),
though in this case G00 	 G0. This therefore confirms
that it is characteristic of solutions (g* % G00/x).

Correlation of dynamic and steady shear
properties

The importance of the Cox-Merz rule is that it
relates linear and nonlinear viscoelastic properties.
Therefore, shear viscosity information can be
derived when only linear viscoelastic data are avail-
able, and vice versa. The apparent viscosity values in
the steady shear (g) and the complex viscosity values
(g*) in oscillatory shear for the microemulsions with
xanthan and chitosan, at equal values of shear rate
and frequency, were correlated using the generalized
Cox-Merz rule,32 in the following form [eq. (10)]:

g* xð Þ ¼ C g � _cð Þ½ 
af gx¼ _c (11)

where C and a are parameters to be determined on
an experimental basis for each system. The values of
the parameters of that relation [eq. (10)] for microe-
mulsions with xanthan are given in Table III. The
coefficient correlation values are >0.999, and this
indicates that the fits are excellent. Therefore,

TABLE IV
Power Fits for G00 and g� as Function of x (r > 0.999) and Values of Parameters C and a for the Generalized Cox-Merz

Rule for Microemulsions with Chitosan

Chitosan
concentration

(%, w/w)

G00 ¼ K00. xn00 g* ¼ K�xn�1
g�ðxÞ ¼ C g � c

�� �h ian o
x¼ c

�

K0 (Pa) n0 K (Pa/sn) n C a

0.5 0.16 � 0.01 0.855 � 0.003 0.16 � 0.02 0.860 � 0.005 0.37 � 0.02 0.62 � 0.021
1 0.41 � 0.03 0.904 �0.006 0.41 � 0.04 0.900 � 0.002 0.52 � 0.03 0.64 � 0.012
1.5 1.21 � 0.03 0.893 � 0.005 1.24 � 0.05 0.907 � 0.004 0.85 � 0.07 0.74 � 0.011
2 6.86 � 0.05 0.668 � 0.002 6.94 � 0.07 0.684 � 0.001 0.56 � 0.02 1.02 � 0.03
2.5 7.61 � 0.08 0.694 � 0.001 7.77 � 0.06 0.721 � 0.002 0.41 � 0.01 1.06 � 0.04
3 8.85 � 0.02 0.706 � 0.002 9.70 � 0.08 0.731 � 0.001 0.56 � 0.02 0.98 � 0.05

TABLE III
Power fits for G0 and g� as function of x (r > 0.999) and Values of Parameters C and a for the Generalized Cox-Merz

rule for Microemulsions with Xanthan

Xanthan
concentration

(%, w/w)

G0 ¼ K0� xn0 g* ¼ K�xn�1
g�ðxÞ ¼ C g � c

�� �h ian o
x¼ c

�

K0 (Pa) n0 K (Pa/sn) n C a

0.5 11.4 � 0.2 0.247 �0.008 12.8 � 0.5 0.232 � 0.005 2.71 � 0.04 0.959 � 0.002
1 51.9 �0.5 0.154 � 0.006 57.6 � 0.9 0.151 � 0.008 2.70 � 0.01 0.985 � 0.006
1.5 89.1 � 0.1 0.129 � 0.004 87.4 � 1.1 0.129 � 0.006 2.51 � 0.05 1.054 � 0.005
2 166 � 1 0.111 � 0.004 161 � 3 0.114 � 0.003 2.42 � 0.02 1.067 � 0.002
2.5 227 � 3 0.111 � 0.002 229 � 5 0.110 � 0.001 2.07 � 0.01 1.033 � 0.003
3 288 � 5 0.086 � 0.001 281 � 4 0.088 � 0.001 1.92 � 0.03 1.030 � 0.001
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microemulsions with xanthan follow the generalized
Cox-Merz rule and show greater divergences at high
shear with |g*|>g. As indicated by Soltero et al.,33

g* is usually larger than g, since structure is usually
disturbed to a lesser extent by the small-amplitude
dynamic tests than by steady shear tests. In fact, the
C parameter values are >1, and these values
decrease as the xanthan concentration increases. On
the other hand, the a values are practically equal to
1, which indicates that in the studied cases the gen-
eralized Cox-Merz rule can be reduced to a one-pa-
rameter linear function g�j j xð Þ ¼ C:g _cð Þjx¼ _c called
the extended or modified Cox-Merz rule.34 Thus, a
relationship between the C parameter values and
xanthan concentrations (c) has been obtained: C ¼
(2.76 � 0.04) � (0.097 � 0.008) c2 (r > 0.987). There-
fore, the modified Cox-Merz rule can be expressed
as follows:

g* ¼ ½ð2:76 � 0:04Þ � ð0:097 � 0:008Þ � c2
 � g (12)

Taking into account the xanthan concentrations
(c), it is possible to determine, from eq. (11), the g*
values once the gvalues are known, when the meas-
urements are made with a common viscometer or g*
values from the oscillatory measurements that allow
the determination of ga values. While the Cox-Merz
rule is applicable to several synthetic and biopoly-
mer dispersions, it is unsuitable for biopolymer dis-
persions with hyperentanglements (i.e., high density
entanglements) or aggregates.35 In this case, the data
deviated from the Cox-Merz rule could be inter-
preted in terms of specific interpolymer chain inter-
actions, occurring in addition to entanglements and
reflecting gel-like behavior.36

On the other hand, the values of parameters C
and a for microemulsions with chitosan are given in
Table IV. The correlation coefficient (r) values are
greater than 0.996 for the highest chitosan concentra-
tions (from 2 to 3%). However, the lowest chitosan
concentrations have provided correlation coefficient
values that are not very satisfactory (r > 0.95), due
to the slight consistency of the less concentrated sys-
tems. For this reason, g* ¼ f(g), obtained for all con-
centrations, has been fitted again to the generalized
Cox-Merz rule [eq. (10)]. The following expression
has been obtained:

g* ¼ ð0:64 � 0:02Þ � gð0:998�0:01Þ (13)

In this case, the correlation coefficient (r > 0.998)
is better than in the first individual results. Taking
into account that the a value is practically equal to 1
[eq. (12)], the generalized Cox-Merz rule can also be
reduced to a one-parameter linear function as in the
previous case. Therefore, microemulsions with chito-

san could be said to also follow the extended Cox-
Merz rule. However, in this case the g values were
higher than those of g* (the C parameter < 1), indi-
cating that the Cox-Merz rule is likewise not

Figure 5 Creep and recovery compliance curves of micro-
emulsions for different concentrations of polymer. With
xanthan: (a) 0.5% (-o-) and (b) 1% (-h-), 1.5% (-^-), 2%
(-D-), 2.5% (-!-) and 3% (-$-) and with chitosan: c) 0.5%
(-o-), 1% (-h-), 1.5% (-^-) and 2% (-D-).
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applicable to microemulsions with chitosan. Similar
departures from the Cox-Merz rule (i.e., |g*|<g)
were also found in other polysaccharide studies.37–39

Creep and recovery

Creep and recovery analysis has been carried out for
all these systems, to understand the internal struc-
ture of the microemulsion formulations. The time
dependence of compliance, J, of the microemulsion
with xanthan is shown in Figure 5(a,b). For the low-
est xanthan concentration (0.5%, w/w) (Fig. 5(a)),
the network is weaker than in the case of the rest of
the microemulsions [Fig. 5(b)], giving rise to compli-
ance values lower than the value obtained for the
smallest polymer concentration. These differences
have made it necessary to use another graph. The
elasticity of the system increases as the xanthan con-
centration increases, with a small initial and instan-
taneous deformation for the highest concentrations
of xanthan (3%). This graph suggests elongation and
orientation of the polymer chains, involving the
breaking and reforming of secondary bonds (i.e.,
hydrogen bonds). Also, the time dependence of com-
pliance, J, for the microemulsions with chitosan is
shown in Figure 5(c). This graph is characteristic of
liquid-like solutions, producing a linear response in
the creep analysis, and a practical absence of recov-
ery when the stress is removed.

All the creep curves for microemulsions with xan-
than were fitted to Burger’s model [eq. (3)]. The val-

ues of the elastic moduli, G0 and G1, and the
dashpot viscosities, g0 and g1, are shown in Table
V. The elastic moduli increase with the xanthan con-
centration, and the residual viscosity (g0) is signifi-
cantly affected by the biopolymer concentration and
the same order to the zero-shear viscosity (Table II).
This behavior could be interpreted in terms of spe-
cific polymeric chain interactions, reflecting gel-like
behavior.31 However, in view of the results obtained
for microemulsions with chitosan, the creep curves
should be fitted to simple patterns such as Max-
well’s model [eq. (4)]. The values of the elastic mod-
uli, G0, and the dashpot viscosities, g0, are also
shown in Table V. In the same way, the residual vis-
cosity (g0) is significantly affected by biopolymer
concentration, and is quite similar to zero-shear vis-
cosity (Table II). Thus, the G0 results (Table V) dem-
onstrate that the microemulsions with chitosan show
less elastic behavior than the microemulsions with
xanthan. All results are consistent with those previ-
ously obtained from oscillatory measurements.

The compliance values and total percentage recov-
ery (R, %) for microemulsions with xanthan are
shown in Table VI. For the system formulated with
the lowest concentration (0.5%), the contribution of
the spring of Maxwell is negligible (showing a per-
centage deformation J0/JMAX of only 0.07%) and the
dashpot of Maxwell corresponds the largest percent-
age of deformation (J1/JMAX ¼ 53.6%). Therefore, it
will be deformed and will flow easily when constant
stress is applied to this system. The system only

TABLE V
Elastic Moduli (G0, G1) and Dashpot Viscosities (g0 and g1), using the Mechanical Burger’s Model for Microemulsion

with Xanthan (r > 0.997) and the Mechanical Maxwell’s Model for Microemulsion with Chitosan (r > 0.997)

Conc.
(%, w/w)

Xanthan Chitosan

G0 (Pa) G1 (Pa) g0 (Pa s) g1 (Pa s) G0 (Pa) g0 (Pa s)

0.5 10.2 � 0.2 4.7 � 0.1 571 � 10 141 � 1 0.64 � 0.03 0.1990 � 0.0001
1.0 47.8 � 0.6 38.7 � 1.0 5980 � 130 1022 � 2 1.10 � 0.09 0.5440 � 0.0001
1.5 72.8 � 0.8 75.0 � 1.9 11900 � 300 1864 � 3 1.35 � 0.09 1.892 � 0.002
2.0 138.2 � 1.3 156 � 4 25600 � 600 3563 � 5 1.73 � 0.13 8.43 � 0.04
2.5 202.8 � 1.9 242 � 6 41200 � 900 5435 � 7 1.99� 0.15 22.84 � 0.22
3.0 268.3 � 2.1 412 � 10 76600 � 2100 9464 � 14 3.33� 0.25 24.48 � 0.15

TABLE VI
JMAX, J‘, JKV, and J0 Compliance Values and Total Recovery Percentage [R 5 ((JMax 2 J‘)/JMax) 3 100] for

Microemulsions with Xanthan

Xanthan Conc. (%) JMAX � 103 (Pa�1) J1 � 103 (Pa�1) JKV � 103 (Pa�1) J0 �103 (Pa�1) R (%)

0.5 819 � 10 439.2 � 2.5 323 � 3 57 � 4 46.4 � 0.3
1.0 94.4 � 2.2 35.67 � 0.37 45.7 � 0.4 13.0 � 1.3 62.2 � 0.5
1.5 50.8 � 1.2 17.18 � 0.24 24.0 � 0.3 9.6 � 0.6 66.1 � 0.3
2.0 24.6 � 0.3 7.73 � 0.08 11.15 � 0.11 5.74 � 0.11 68.6 � 0.6
2.5 15.9 � 0.2 4.73 � 0.07 7.55 � 0.08 3.64 � 0.05 70.3 � 1.5
3.0 9.83 � 0.09 1.03 � 0.03 7.47 � 0.05 1.33 � 0.02 89.5 � 1.5

Results are the mean � standard deviations in brackets (n ¼ 3).
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recovers 46.4% of its initial form, since the deforma-
tion taking place in the dashpot of Maxwell is irre-
versible. The total percentage recovery (R, %)
increases as the concentration of xanthan increases
(Table VI), reaching practically 90% for the systems
with the highest xanthan concentration (3%, w/w).

Release of progesterone

The drug delivery rate potential of microemulsions
with given constituents has been demonstrated to be
dependent on the internal mobility of the drug
within the vehicle, which is determined by the com-
position and internal structure of the microemul-
sion.40 In this study, the release of progesterone
from microemulsions has been examined. Because of
the presence of progesterone, a lipophilic drug,
within the oil droplets, i.e., the internal phase of the
microemulsions, release could be the result of two
sequential steps. A first step is the partition from oil
internal phase of progesterone to aqueous external
phase, while the second step corresponds to diffu-
sion through the aqueous external phase. In our
case, the external aqueous phase is added with a
biopolymer, xanthan and chitosan, respectively. The
presence of the biopolymer could modify the viscos-
ity and also the structure of this aqueous phase, and
consequently it could be reflected in diffusion of the
drug.

The release of progesterone from microemulsions
with two different concentrations of biopolymers (1
and 2%) is shown in Figure 6. The fitting of the
release profiles according to the Power law equation
(y ¼ Ktn) is reported in Table VII. The fit was quite
good considering the correlation coefficient values
(r) – all of which approached 1. The exponents, n,
related to drug release kinetics, in all cases range

from 0.84 to 0.95. These differences in n values could
be attributed to the different structure of the aque-
ous phase for the two types of biopolymers used. In
fact, xanthan microemulsions behave as weak gels,
while chitosan microemulsions are liquid-like solu-
tions. In addition, these values differ from the ideal
value of 0.5, indicating diffusion-controlled drug
release (Fickian diffusion mechanism), and are close
to 1, which is indicative of drug release independent
of time (zero order release kinetics). Consequently, it
seems that there is an overlap of both mechanisms.

On the other hand, as has been commented previ-
ously, K is a constant reflecting structural and geo-
metric characteristic of the device. In our study, the
K values do not show significant differences in rela-
tion to biopolymer concentration (1 and 2%) for the
xanthan microemulsions, in the analyzed time inter-
val. However, there are significant differences (P >
0.5) for chitosan microemulsions. In addition, the K
values are greater for chitosan microemulsions than
for xanthan microemulsions (Table VII). These
results are in harmony with the differences in their
respective g0 values (Table II).

CONCLUSIONS

For all preparations, shear-thinning behavior was
observed and zero shear viscosity (g0) increased
with the biopolymer concentration. The results from
the dynamic experiments showed the behavior of
microemulsions with chitosan to be characteristic of
liquid-like solutions, while the microemulsions with
xanthan gum can be regarded as weak gels. The
Creep analysis confirms that the microemulsions
with chitosan show less elastic behavior than the
microemulsions with xanthan gum. Therefore, the
prevalence of elastic over viscous nature in gelled
systems could be considered an advantage for the
development of bioadhesive systems. On the other
hand, the progesterone release rate is greater for chi-
tosan microemulsions than for the xanthan gum. In
both cases, the release of progesterone is independ-
ent of the time and the different K values of the
drug are a consequence of the differences in the vis-
cosity and also the structure of the aqueous phase in

Figure 6 Release profiles of progesterone from microe-
mulsión with xanthan gum (1 and 2%, w/w) and chitosan
(1 and 2%, w/w).

TABLE VII
Results of the Regression for the Drug Release Data

Generated by the Power Law Equation

K � 104 n r

Xanthan 1% 1.4 � 0.2 0.95 � 0.03 0.9995
Xanthan 2% 1.3 � 0.1 0.94 � 0.06 0.9996
Chitosan 1% 5.5 � 0.4 0.84 � 0.02 0.9996
Chitosan 2% 3.3 � 0.3 0.88 � 0.05 0.9997

(Mean and standard deviation were calculated from
three replicates)

1234 CORRIAS ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



the corresponding microemulsions. Therefore, these
formulations might be candidates for further
research to confirm their usefulness in comparison
with the cream formulations.
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