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Abstract

Flow behaviour and mechanical properties of 0:100, 15:85, and 30:70 v/v gelled ethanol:water mixtures are studied as a function of pH
(4.0=7.0) and Carbopol® Ultrez™ 10 concentration (0.1-0.5%). As previously reported individually for 30% v/v alcoholic Ultrez™ 10 gels,
flow curves were adjusted to the Ostwald’s model, and similar sigmoidal dose response functions were obtained to describe the pH
dependence of consistency index and mechanical properties of the systems. The concentration dependence of flow indexes was also best
adjusted to one-phase exponential decay functions. As a result, the influence of ethanol content on polymer network is meaningfully assessed
by means of the obtained empirical parameters: bottom value of each variable (Y,,,), pH value required for a 50% polymer network
development (pHsg), and asymptotic flow index value for the fully structured gels (n,;,). Also, it is assessed the influence of cosolvent on
the above-mentioned empirical variables, by studying pH-dependence of gelation in methanol:water, 1-propanol:water and 1-butanol:water
15:85% v/v mixtures. As a result, the alcohol induced variations in consistency and mechanical properties of hydroalcoholic gels were well

correlated to modifications in the solubility parameter (8t1). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aqueous gel vehicles containing water, alcohol, propy-
lene glycol and/or polyethylene glycol, and gelled with
Carbopols or cellulose derivatives, are classed as water-
soluble bases [1]. Simple gelled mixtures of water and alco-
hol, in proportions varying to suit specific cases, are also
extensively used, and are often referred to as hydroalcoholic
gels. Bases of this kind may be formulated to optimise non-
polar drug delivery [2]. However, although alcohols are
useful to increase solubility of non-polar drugs, their use
as cosolvents with hydrophilic polymers is often limited.
The rheological behaviour of polymer solutions is deter-
mined not only by polymer—polymer conformation and
entanglement, but also by concentration and polymer—
solvent effects. Therefore, gelation process in hydroalco-
holic mixtures is also a function of the alcohol-polymer
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intermolecular interactions, and consequently, the alcohol
content used in the design and development of technologi-
cally adequate hydroalcoholic gelled bases is often limited
by the compatibility of the gelling agent with the non-
aqueous solvent [3].

Carbopols are insoluble acrylic acid polymers, which
became stiff gels upon neutralisation in aqueous medium.
By employing organic amines as neutralising agent, it is
possible to gel many semipolar liquids or mixtures of
these liquids with water. Compatibility of the polymer
with non-aqueous liquids depends on the formation of ion
pairs with the amine [4]. Actually, Ultrez™ 10 is a new
member of the Carbopols family, it can be considered a
hybrid between Carbopol® 940 and Carbopol® 934, with
better dispersion properties and a potential wide range of
applicability in the pharmaceutical and cosmetic fields [5].
Like in the case of other Carbopol resins, neutralisation of
Ultrez™ 10 dispersions is essential to develop the rheologi-
cal, and consequently, the mechanical properties of the
polymer, since hardness (H) and compressibility (A) are
components of shearing stress too. Therefore, the exhaustive
characterisation of flow behaviour and mechanical proper-
ties of these systems as a function of neutralisation and
polymer concentration, especially when solubilising cosol-
vents like alcohols are employed, is essential to evaluate the
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ability of Carbopol® Ultrez™ 10 to jellify ethanol:water
mixtures and their potential uses as dermatological bases
[6-9].

In recent years many gelled water-soluble bases have
been formulated to optimise topical drug delivery without
an exhaustive rheological study [10]. Nevertheless,
acknowledge of the rheological and mechanical properties
have an outstanding importance, and may lead to the possi-
ble employ of rheological parameters and empirical models
to optimise topical non-polar drug delivery from dermato-
logical formulations. Particularly, the study of the influence
of alcoholic cosolvents on the rheological and mechanical
properties of Ultrez™ 10 gels, is an important feature in
their exhaustive characterisation as topical delivery systems
[9-13]. With this in mind, the aim of the present work was to
study the flow behaviour and mechanical properties of
Carbopol® Ultrez™ 10 hydroalcoholic gels as a function
of the following variables: pH (4.0-7.0), polymer concen-
tration (0.1-0.5%), ethanol concentration (0.0, 15.0 and
30.0% v/v) and alcohol polarity. Results and models
obtained are to be used in forthcoming studies of non-
polar drug release from these polymeric systems.

2. Materials and methods
2.1. Materials

Carbopol® Ultrez™ 10 was purchased from BF Goodrich
Chemical Co. (Cleveland, OH, USA); all other reagents
were of analytical grade: triethanolamine was obtained
from E. Merck, Darmstadt; ethanol was supplied by Panreac
Quimica SA, Barcelona, Spain; methanol, 2-propanol and n-
butanol were furnished by Scharlau, Barcelona, Spain.

2.2. Hydroalcoholic gel elaboration

Appropriate quantities of Carbopol® Ultrez™ 10 were
added to 0:100, 15:85 and 30:70% v/v ethanol/deionized
water mixtures, to obtain the following polymer concentra-
tions: 0.1, 0.2, 0.3, 0.4 and 0.5% w/w. These mixtures were
agitated at 2000 rpm for 10 min with a Silverson L4R agita-
tor, equipped with an axial flow head in conjunction with a
disintegrating head. Polymer dispersions after 1 h were
neutralised with triethanolamine 50% until the desired
apparent pH value (4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0), measured
‘in situ” with a digital Crison 2000 pH-meter. In order to
evaluate the influence of alcohol polarity, 0.5% w/w Carbo-
pol® Ultrez™ 10 dispersions were also prepared in 15:85 v/v
methanol:water, 2-propanol:water and n-butanol:water
mixtures, and neutralised to the desired apparent pH value
(4.0,4.5,5.0,5.5, 6.0, 6.5, 7.0), as described previously. All
the samples were allowed to equilibrate for 72 h at room
temperature prior to the evaluation of their rheological prop-
erties.

2.3. Viscosity measurements

Rheograms were determined with a cone and plate
Brookfield Digital Viscometer DV III, equipped with a
recirculating water-bath Brookfield TC 200 for control of
sample-container temperature. The data obtained were
analysed and adjusted to Ostwald’s model by Rheocalc for
Windows 1.01 software, that permits us to select from
among all the flow models which is the one that is more
approximated to the behaviour of the system. The viscosity
determinations were done in 0.5 ml of sample, for 21
sequentially increasing and decreasing values of shear rate
in the range 2-200 I/s. The temperature was kept constant at
20 = 0.1°C, and all samples were equilibrated at each run
temperature on the plate for 5 min prior to viscosity
measurements. The influence of agitation time was deter-
mined by recording viscosity for decreasing values of shear
rate after constant agitation at 200 1/s for 1, 2, 5, 10, 20 and
30 min. Thixotropic area values were determined by numer-
ical integration as the difference between the areas enclosed
by the ‘up’ and ‘down’ curves of rheograms.

2.4. Compression study

Compression study was performed using a Load and
Tensile Penetrometer Model PNR 20 fitted with a 20 N
sensor and cylindrical aluminium holed disk 18-0254
(plate diameter 55 mm, diameter of holes 4-5 mm/30°).
Determinations were done in the following conditions:
speed of travel 1.0 mm/s and compression depth 40 mm.
The gels were analysed in its original containers (500 ml)
without stirring or shaking.

3. Results and discussion
3.1. Flow behaviour of hydroalcoholic gels

The flow curves of all the 105 ethanol:water hydroalco-
holic gels studied were characteristic of viscoelastic systems
with pseudoplastic and shear thinning behaviour. These
rheograms were adjusted to Ostwald’s model (7= kD"),
obtaining correlation coefficients in excess of 0.9900 and
good reproducibility in triplicate, with standard deviations
(SD) within 4.0%. Correlation parameters demonstrate that
the Power Law reproduces adequately the rheological beha-
viour of Ultrez™ 10 hydroalcoholic gels in the pH, polymer
and alcohol concentration range evaluated [14]. Further-
more, the study of the influence of agitation time demon-
strated that, in general, Carbopol® Ultrez™ 10
hydroalcoholic gels show high stability against agitation
and exhibit no significant thixotropic behaviour under the
test conditions and range evaluated [15].

3.1.1. Consistency indexes
As previously reported [16], good correlations were
obtained between calculated power law consistency (k)
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Fig. 1. Dependence of consistency indexes (k) of 0.5% w/w Carbopol®
Ultrez™ 10 hydroalcoholic gels with pH at different ethanol concentrations.
Theoretical curves obtained by Eq. (1).

and flow (n) indexes with polymer concentration and pH. In
that experimental work, the mean values of k, obtained for
30% alcoholic gels, were well correlated with the pH
according to a sigmoidal dose response function of the type:

kmﬁx
= 1 + 10®Hso—pH) M

According to this expression, consistency of hydroalco-
holic gels increased with pH and tended to a maximum
value (ky.) at neutral pH, which was in agreement with
the general behaviour of acrylic acid polymers upon neutra-
lisation. Furthermore, the variable pHs, introduced in Eq.
(1), determined the rate at which the system reached its
maximum consistency (k.. In general, this empirical
model was able to adequately describe the variation of
consistency indexes as a function of pH, including variables
with physical meaning. Considering the importance of
cosolvents in developing dermatological bases, we extended
the application of the model to a wider range of alcohol
content.

As an example, Fig. 1 shows experimental k values
plotted as a function of pH, for gels of 0.5% w/w polymer
concentration at different ethanol concentrations. Correla-
tion parameters obtained from Eq. (1), between consistency
indexes and pH, are given in Table 1. As it can be stated
from correlation coefficients and theoretical curves shown
in Fig. 1, Eq. (1) is able to adequately describe the variation
of consistency indexes as a function of pH in the ethanol
concentration range evaluated (0.0-30.0% v/v).

The structure of Carbopol gels in solution is determined
by the extent to which the macromolecules associate and
form entanglement networks. In aqueous media, the poly-
mer is mainly in the free acid form, and the pH-induced
generation of negative charges along the polymer chain,
causes it to uncoil and expand. Subsequently, the value of
the variable pHs, can be assessed as an inflection point in the
structure forming effect of pH, i.e. pHs is the pH value
required to generate half of the neutral gel’s structure,

expressed as ky,,/2. From this pH value onward, the increase
of consistency index with neutralisation is less pronounced,
asymptotically reaching the maximum consistency (kp.x) of
the fully structured polymer network [17].

Calculated maximum consistency indexes (kp.) were
found to be directly related to polymer concentration, and
inversely related to ethanol content. On the other hand, as
previously reported for 30% hydroalcoholic gels, a charac-
teristic feature of the variable pHs, is the inverse relation-
ship with polymer concentration (Table 1). Thereafter, for
higher polymer contents, a more significant network devel-
opment can be obtained at lower pH values. Another
outstanding feature is the dependence of this variable with
the alcohol content. Fig. 2 shows the dependence of calcu-
lated pHso values with polymer concentration in the three
ethanol:water mixtures evaluated as jellying medium. At
constant polymer concentration, an increase in ethanol
content tends to increase the value of pHs, i.e. to increase
the degree of neutralisation required to obtain half structure
development (Table 1, Fig. 2). This increase is more
pronounced between 15.0 and 30.0% v/v ethanol concentra-
tions, than between 0.0 and 15.0% v/v concentrations. For
higher ethanol contents (>40% v/v) random, not reliable
values are obtained, due to change in the flow mechanism
(data not shown). Furthermore, the influence of ethanol
concentration on pHjs, is more pronounced at higher poly-
mer concentrations.

The above-mentioned features are related to changes in
polymer hydration and solubility parameter induced by the
addition of ethanol. The ionised chains of Ultrez™ 10 poly-
mer are extended in good solvents, as would be the case in
aqueous media, due to hydrogen bond formation between
water and hydroxyl groups of the gelling agent. In a poor

Table 1
Correlation parameters obtained from Eq. (1), between Carbopol® Ultrez™
10 gel’s consistency indexes (k) and pH

Ethanol content  Polymer Correlation parameters

(%, vIv) concentration k = f(pH)
(%0,wIw)

kmax PHso r

0.0 0.1 13,130 5.723 0.9914
0.2 26,480 4.867 0.9953
0.3 36,790 4.012 0.9971
0.4 47,860 3.416 0.9926
0.5 66,190 3.192 0.9885

15.0 0.1 8628 5.865 0.9923
0.2 27,130 4.984 0.9961
0.3 35,800 4.155 0.9946
0.4 45,730  3.757 0.9979
0.5 56,900 3.593 0.9994

30.0 0.1 6410 6.226 0.9995
0.2 21,720 5.031 0.9983
0.3 30,070 4.667 0.9996
0.4 40,750 4.287 0.9981
0.5 51,880 4.084 0.9983
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Fig. 2. Relationship between calculated pHs, values and polymer concen-
tration as a function of ethanol content.

solvent, the polymer chain would be more or less tightly
coiled, preferring self-interactions to interaction with the
solvent. The degree of hydration will hence determine the
extent of formation of weak secondary bonds between poly-
mer strands. Addition of alcohols may attract part of the
water of hydration of the polymer, allowing the formation
of more intermolecular secondary bonds, leading to preci-
pitation [3]. Furthermore, alcohols alter the solvent’s char-
acteristics, changing the solubility parameter; the pKa-
values of Carbopol (pKa = 6) are changed due to the
increasing alcoholic concentration, and so less dissociated
product of Carbopol is formed, influencing also the hydra-
tion and viscosity of the polymer. By these mechanisms, the
increment of ethanol concentration decreases the maximum
consistency, and increases the polymer neutralisation
degree required to jelly the medium.

On the other hand, it is accepted that the addition of
ethanol often brings about coacervation rather than gelation,
i.e. the production of viscous, solvated polymer-rich phase,
leaving behind a polymer poor phase [2]. This process
abruptly changes the physical state and the flow mechanism
of the system, which is the case of gels having ethanol
concentrations higher than 40% v/v. In general, it is the
case for all the empirical functions obtained in the present
study, and consequently limit its applicability to the pH and
ethanol concentration ranges evaluated (pH = 7.0, ethanol
concentration =< 30.0% v/v).

3.1.2. Flow indexes

Power law flow indexes were also examined as a function
of pH and polymer concentration at 0.0, 15.0 and 30.0%
ethanol concentrations. In all cases, the increase in pH at
constant polymer concentration was found to induce a
nearly linear decrease in flow indexes, i.e. an increase in
the pseudoplastic and shear thinning character of non-alco-
holic and hydroalcoholic gels [15]. Also it is observed a
lesser dependence between n and pH as polymer concentra-
tion increases. Consequently the effect of the final pH value

of gels upon flow index decreases at higher polymer concen-
trations. It is generally accepted that although the power law
index n measures departure from Newtonian flow, one of the
best way to view it is a function of the rate of change of
structure with shear rate or shear stress [17]. The structure
can be altered on deformation by change in the shape of
polymer molecules and in the number of molecular entan-
glements, possibly by straining a network of temporary
junctions. As a result entanglement lifetimes determines
changes in molecular shape and flow. On the basis of this,
neutralisation will tend to decrease n by increasing intermo-
lecular forces of attraction, and hence increasing lifetime of
junctions to produce a straining of the chain approaching
that of a permanent network.

On the other hand, an exponential decrease of the inter-
cepts of the linear functions n = f(pH) with polymer
concentration was observed, as shown in Fig. 3. The
decrease in calculated n-intercept values also indicates an
increased departure of gels from the Newtonian flow beha-
viour with concentration. As in the case of 30.0% alcoholic
gels [16], n-intercept values of non alcoholic and 15.0%
hydroalcoholic gels [18], were also well fitted by least-
squares to one-phase exponential decay function of the
type (C is concentration, expressed in% w/w):

—AC
n = (Rpax — Npin)€ t Pmin ()

Correlation parameters obtained from Eq. (2) are given in
Table 2. Eq. (2) describes the exponential decrease of n, at a
rate A, with polymer concentration to a constant minimum
value (n;,). As shown in Fig. 3, this behaviour is qualita-
tively similar at the different ethanol contents studied. The
existence of an asymptotic value as a bottom flow index for
all the gels, demonstrates that the three-dimensional polymer
lattice gradually becomes fully structured with increasing
polymer concentration, both in the non-alcoholic and the
hydroalcoholic mixtures evaluated as jellifying mediums.
Nevertheless, as it is shown in Fig. 3, at constant polymer
concentration ng;, increases with ethanol concentration,

08
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Fig. 3. One-phase exponential decay correlation of intercept flow index ()
values and polymer concentration for different ethanol contents. Theoreti-
cal curves obtained by Eq. (2).
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Table 2
Correlation parameters obtained from Eq. (2), between n-intercepts and
polymer concentration

Correlation parameters Ethanol concentration (%, v/v)

0.0 15.0 30.0

Mo 0.9583 1.1260 1.2750
Honin 0.1873 0.2117 0.2311
A 5.8210 6.5930 6.7110
R 0.9902 0.9931 0.9928

since the addition of a poor solvent reduces polymer chain—
solvent interactions. For ethanol concentrations higher than
30% v/v, the poor solvent effect reduces lifetime of junctions
and straining of the polymer chains to an extent that affect the
formation of a permanent like network, and Eq. (2) is no
longer valid. As in the case of the previously discussed
limitation of the empirical equation of consistency indexes,
abrupt changes in the physical state and the flow mechanism
of the system limit its applicability to the alcohol concentra-
tion range evaluated (alcohol concentration = 30.0% v/v).

3.2. Influence of cosolvents on the consistency of
hydroalcoholic gels

Cosolvents are widely used in semisolid bases formula-
tion, and usually have greater influence on the resultant
rheological properties of the systems. So, we intended to
extend the application of the models previously discussed
to a series of decreasing polarity alcohols. To assess the
influence of alcohol quality on the above-discussed empiri-
cal variables, the pH-dependence of gelation in methanol:-
water, l-propanol:water and 1-butanol:water 15:85 v/v
mixtures was evaluated.

The flow curves of the gels were also characteristic of
viscoelastic systems with pseudoplastic and shear thinning
behaviour, and were adjusted to Ostwald’s model, with
correlation coefficients in excess of 0.9850. This behaviour
demonstrates the consistency of flow mechanism in all the
alcoholic mixtures evaluated as jellifying media, since
power law still reproduces adequately their rheological
behaviour. Furthermore, calculated power law consistency
indexes (k) were also well correlated with pH by Eq. (1). As
an example, Fig. 4 shows experimental k values plotted as a
function of pH, for gels of 0.5% w/w polymer concentration
in methanol:water, ethanol:water, 1-propanol:water and 1-
butanol:water 15:85 v/v mixtures. Correlation parameters
obtained from Eq. (1), between consistency indexes and
pH, are given in Table 3.

Calculated maximum consistency indexes (k) were
found to be directly related to the alcohol polarity and solu-
bility parameter, since the value of k., decreases from
methanol to 1-buthanol at constant pH and polymer concen-
tration (Fig. 4, Table 3). On the other hand, as previously
reported for increasing ethanol concentration, an inverse
relationship between pHsy and cosolvent polarity and solu-

bility parameter is observed (Table 3). A decrease in alcohol
polarity tends to increase the value of pHj, i.e. to increase the
degree of neutralisation required to obtain half structure
development in the respective cosolvent:water mixture.
Furthermore, in the case n-butyl alcohol gels some degree
of syneresis was observed, i.e. expression of interstitial liquid
to the surface of the gel. The mechanism of syneresis has
been related to the relaxation of elastic stresses during the
setting of the gel, and the consequent reduction in the avail-
able interstitial spaces, which forces the expression of fluid
[2].

The factors that influence hydrophilic polymeric gel’s
viscosity are molecular size and shape, concentration,
temperature and intermolecular forces of attraction of
solvent and polymer. Other variables being constant, the
above-described features can be related to changes in inter-
molecular forces of attraction, through variations in polymer
hydration and solubility parameter induced by the alcohols.
Addition of alcohols of decreasing polarity change the
solvent’s characteristics, reducing the total solubility para-
meter of the jellifying medium, as demonstrated by the direct
second-order polynomial relationship obtained between ki,
and B (Fig. 5, kpu = —68870 + 14498, — 1449(87)°,
P = 0.9963). At the same time, the decrease in the solvent
solubility parameter induces an increase in pHsy, as demon-
strated by the inverse second-order polynomial relationship
obtained between pHs, and ot (Fig. 5, pHsy = 16.90 — 1.446
51 + 0.038(37)% r* = 0.8857). This findings point to the
importance of the specific effect of the solvent on the confor-
mational characteristics of the macromolecules, which deter-
mines the formation of the entanglement network, and the
influence of this network on the viscosity of gels and empiri-
cal variables introduced in Eq. (1).

3.3. Mechanical properties of hydroalcoholic gels

Formulations designed for topical application may exhi-
bit acceptable mechanical characteristics such as easy
removal of product from container, easy application, and
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Fig. 4. Influence of alcoholic cosolvent on the pH dependence of consis-
tency indexes (k) of 0.5% w/w Carbopol® Ultrez™ 10 gels. Theoretical
curves obtained by Eq. (1).
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Table 3

Empirical variables (k;,,x and pHs) obtained from Eq. (1) for 0.5% w/w gels
in 15:85 v/v alcoholic mixtures, together with the cosolvent total solubility
parameters [dr, (cal/em™)'?]

Cosolvent Kmax pHso r dr

Water 66,190 3.192 0.9885 23.4
Methanol 62,480 3.441 0.9893 14.5
Ethanol 56,900 3.593 0.9994 13.0
1-Propanol 51,880 4.084 0.9926 12.0
1-Butanol 46,710 4.982 0.9901 11.3

low hardness. Texture profile analysis has been proven as an
adequate method for the determination of the most impor-
tant mechanical properties of polymeric systems, such as
hardness and compressibility [13,19].

These two parameters, hardness A (the force required to
attain a given deformation) and compressibility H (the work
required to deform the product during a first compression
cycle), were evaluated as a function of pH (4.0-7.0), poly-
mer concentration (0.1-0.5% w/w), ethanol content (0.0,
15.0 and 30% v/v) and cosolvent polarity in a series of
alcohol:water mixtures. Both parameters were found to be
dependent on the variables evaluated, since increments in
polymer concentration produced a resultant linear enhance-
ment in hardness and compressibility, while the pH depen-
dence was better accomplished by a sigmoidal function with
a top value at neutral pH. On the other hand, ethanol content
and lower polarity were found to affect mechanical proper-
ties of gels by limiting polymer chain interactions.

The evolution of mechanical properties (MP) as a func-
tion of pH in all the alcoholic mixtures studied showed a
marked similarity with the previously obtained pH profile of
consistency index. Similarities observed with k—pH profile
are also confirmed by the good correlations obtained (» >
0.9800) between hardness, compressibility and pH with a

75000 6.0
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65000

60000
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Fig. 5. Second-order polynomial correlation of the empirical variables &y,

and pHs, of 0.5% w/w Carbopol® Ultrez™ 10 gels with the cosolvent total

solubility parameter (cal/em®)"2.

sigmoidal function (Eq. (1)):

MPmax

MP = 1 + 10®Hso—pH)

3

Correlation parameters are shown in Table 4. According
to Eq. (3) both mechanical properties of hydroalcoholic gels
increase with pH and tend to a maximum value (MP,,,,) at
neutral pH, which is in agreement with the evolution of
consistency index of acrylic acid polymers upon neutralisa-
tion. From analogy with the consistency index—pH profile,
Eq. (3) predicts an erroneous nearly constant maximum of
the mechanical properties for pH > 7.0, since obviously it is
unable to account for any change that may occur in the
physical state and flow mechanism of gels at pH > 8.0.

The effect of changing polymer concentration on the
mechanical properties of hydroalcoholic gels was also
analysed. An increase in the Carbopol® Ultrez™ 10 concen-
tration, while keeping constant the pH, results in a linear
increase of H,, and A, with correlation coefficients in
excess of 0.9750 [20]. Furthermore, calculated maximum
mechanical properties (MP,,,,) were found to be directly
related to the alcohol polarity and solubility parameter,
since the values of A, and H,,,, decreased from methanol
to 1-buthanol at constant pH and polymer concentration
(Table 4). On the other hand, as previously reported for
consistency, an inverse relationship between pHs, — related
to MP, Eq. (3) — and cosolvent polarity and solubility para-
meter is also observed (Table 4).

In general, the above-described characteristic features
and similarities between consistency and mechanical prop-
erties point to the fundamental role of viscosity on compres-

Table 4
Values of the variables H,,,x (N), Apax (N-mm) and pHs, obtained from Eq.
(3) as a function of polymer and alcohol content

Alcohol content Ultrez” 10 Correlation parameters
(%, vIV) (%, wiw)
Hmax Amax PHSO
0.0% 0.1 1.40 12.76 4.53
0.2 291 26.29 4.4
0.3 3.93 35.3 4.02
0.4 4.92 44.36 3.76
0.5 6.06 54.35 3.68
15.0% Ethanol 0.1 1.18 10.78 4.72
0.2 2.4 22.22 4.59
0.3 3.32 29.83 4.19
0.4 4.16 37.48 3.93
0.5 5.12 4593 3.84
30.0% Ethanol 0.1 0.99 8.99 5.01
0.2 2.05 18.52 4.86
0.3 2.77 24.86 4.44
0.4 347 31.24 4.16
0.5 4.27 38.28 4.07
15.0% Methanol 0.5 5.64 50.32 3.71
15.0% 1-Propanol 0.5 4.33 36.76 4.19
15.0% 1-Butanol 0.5 3.95 29.12 4.86
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sion characteristics of all the gels studied. This interrelation
is demonstrated by the statistically significant linear corre-
lation obtained between hardness, compressibility and
consistency index (k) for the same polymer concentration
and pH, regardless the composition of the jellifying
medium:

H=(0.072 + 1.14x 10 )k + 0.53 + 0.019

(r=0.9873, n=96, F=9027)

A=(0.632+120X10 %k + 533 = 0.23
(r=0.9745, n =96, F =9687)

This finding agrees with the previously reported studies
on compression characteristics of other polymers [21,22].
Recently, Jones et al. reported significant correlations
between product hardness and compressibility and the visc-
osity enhancement effect of a series of polymer including
hydroxyethylcellulose, polyvinylpyrrolidone and polycar-
bophil. Linear models obtained with our polymer confirm
those results, since the hardness and compression properties
of all the hydroalcoholic gels express as a function of the
viscosity enhancement effect of Carbopol® Ultrez™ 10.

Finally, it can be concluded that, the influence of polymer
concentration, pH and cosolvent on polymer network devel-
opment, and consequently on the flow behaviour and
mechanical properties of Carbopol® Ultrez™ 10 hydroalco-
holic gels, can be assessed by means of empirical para-
meters. The alcohol induced variations in consistency and
mechanical properties of hydroalcoholic gels were corre-
lated to modifications in the solubility parameter (8t).
Furthermore, these empirical parameters (Y., pHso and
nmin) can be used to evaluate the ability of Carbopol®
Ultrez™ 10 to jellify cosolvent:water mixtures, and have a
wide potential to be used as optimisation parameters in
topical drug delivery formulation development.
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