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Abstract: As public attention on sustainability is increasing, the use of polysaccharides as rheologi-
cal modifiers in skin-care products is becoming the first choice. Polysaccharide associations can be
used to increase the spreading properties of products and to optimize their sensorial profile. Since
the choice of natural raw materials for cosmetics is wide, instrumental methodologies are useful for
formulators to easily characterize the materials and to create mixtures with specific applicative
properties. In this work, we performed rheological and texture analyses on samples formulated with
binary and ternary associations of polysaccharides to investigate their structural and mechanical
features as a function of the concentration ratios. The rheological measurements were conducted
under continuous and oscillatory flow conditions using a rotational rheometer. An immersion/de-
immersion test conducted with a texture analyzer allowed us to measure some textural parameters.
Sclerotium gum and iota-carrageenan imparted high viscosity, elasticity, and firmness in the sys-
tem; carob gum and pectin influenced the viscoelastic properties and determined high adhesiveness
and cohesiveness. The results indicated that these natural polymers combined in appropriate ratios
can provide a wide range of different textures and that the use of these two complementary tech-
niques represents a valid pre-screening tool for the formulation of green products.
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1. Introduction

The use of natural polymers in cosmetics is growing, especially in the last few years,
driven by the general interest in sustainability and environmental issues [1]. To meet the
growing demand for raw materials that can replace the traditional non-biodegradable
synthetic polymers, the market has increased the choice of polysaccharides for cosmetic
use. Nature offers a wide variety of polysaccharides with different chemical structures
and different properties. The multifunctionality of polysaccharides, due to their chemical
structure, which has several hydroxyl groups that are able to bind water molecules, allows
their use in different formulations as moisturizing agents, thickeners, stabilizers, and tex-
turizers [2]. However, matching the performance of synthetic polymers using polysaccha-
rides can be quite challenging, since synthetic polymers are artificially created to have a
specific role in a formulation. Manufacturers have to choose the natural raw materials that
best fit the formulation design, without losing the sensorial characteristics and the func-
tional-stability aspects imparted by synthetic polymers, opting for binary or multiple pol-
ysaccharide mixtures whose properties are unique and different from those of the single
materials.
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Even if the physical-mechanical properties of pure polysaccharides are well known,
since many scientific works have deeply investigated them [3], manufacturers often lack
technical information about the raw materials’ molecular weights, degree of substitution,
and chemical features. The information contained in the natural raw materials’ technical
data sheets provided by the supplier companies is purely indicative of their use in a for-
mulation, and the interactions between different polysaccharides are difficult to predict.
For these reasons, formulators, relying on their experience and creativity, have been using
the traditional trial and error formulation approach to associate different polysaccharides
to achieve the functional and sensorial objectives. The tactile and sensorial profile is in-
deed the main driver of the purchase behavior and therefore, it must be coherent with the
consumers’ expectations [4]. The combination of functional and sensorial aspects leads to
what is known as the perceived effectiveness of a cosmetic product, which derives from
the contribution of each different ingredient on the overall quality of the formula.

Cosmetic industries are seeking for more reproducible, simple, and fast instrumental
methods to support every phase of the eco-design process. This involves characterizing
the applicative properties of each natural raw material, evaluating the compatibility and
the advantages of their use in associations in adequate ratios and concentrations that allow
a synergistic action, and comparing the results with those of the benchmarks in the mar-
ket. Rheology and texture analysis have proven to be valid tools for the pre-screening
process of raw materials to predict their contribution to the final formula [5,6].

Rheological measurements, performed both in continuous and oscillatory flow con-
ditions, are used for the characterization of semi-solid materials, to evaluate the spreading
properties of the products, and to study their inner structure and stability [7,8]. Texture
analysis, commonly used in the food industry [9], has been introduced in the cosmetic
field to study the mechanical properties of products, which are linked to their sensory
characteristics [10,11].

In this work, rheological and texture analyses were conducted on a set of samples
formulated by dispersing polysaccharidic associations in water and evaluating the influ-
ence of their concentrations on the physical-mechanical properties of the systems. The raw
materials used in this study have been deeply characterized in our previous work [12].
We selected materials for which the rheological and texture characteristics make them
suitable for the formulation design of a mucoadhesive gel. A product that is intended to
be applied on the oral mucosa for protection or for in situ release of active molecules con-
tains ingredients that ensure adhesive and cohesive properties and thus to adhere to the
application site, without flaking or being removed by facial mechanical movements, swal-
lowing, or salivation. Moreover, these ingredients must provide adequate viscosity and
firmness so that the product is not too thick to result in difficult extrusion from the con-
tainer [13,14]. These properties are usually conferred by cross-linked polyacrylic polymers
or PVP, but polysaccharides have also demonstrated their suitability [15]. Sclerotium gum
and iota-carrageenan were chosen for their thickening properties, since they form struc-
tured systems with weak gel rheological properties. Sclerotium gum is a microbial-de-
rived non-ionic polysaccharide characterized by a linear chain of (1,3)-p-D-glucose with a
single (1,6)-B-D-glucose every third unit of the main chain [16]. Carrageenan, extracted
from Chondrus crispus seaweed, is composed of alternating (1,3)-3-D-galactose and (1,4)-
3,6 anhydro-a-D-galactose monomers, with acidic sulfate groups; it forms soft and elastic
gels in the presence of bivalent ions [17]. Carob gum (Ceratonia siliqua gum) was chosen
for its viscoelastic and bioadhesive properties [18]. It is a plant-derived galactomannan
consisting of a (1,4)-B-D-mannose backbone with side groups of a-D-galactose linked at
Position 6. The degree of substitution (i.e., the number of side units per unit length of the
main chain) is 1:4 between galactose and mannose units [19]. Pectins were introduced to
improve the spreadability of the systems. They are characterized by linear methyl-esteri-
fied (1,4)-a-D-galacturonic acidic sequences, and the degree of esterification strictly de-
pends on the natural source [20].
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The aim of this work was thus to characterize the rheological and texture properties
of different polysaccharidic dispersions, finding the associations of polysaccharides
mixed at adequate ratios that conveniently modulated the structure and the texture prop-
erties of the systems. A combination, which imparted high viscosity, spreadability, and
adhesive properties, was selected and the results have been compared with those obtained
from a benchmark in the market for mucosal application.

2. Materials and Methods
2.1. Materials

Four natural raw materials for cosmetic use were selected. To simplify comprehen-
sion of the results, these polymers are identified with a letter of the alphabet. Actigum CS
11 QD (A) supplied by Cargill (Wayzata, MN, USA) is a Sclerotium gum-based powder
produced by an aerobic fermentation process; it is a quickly soluble stabilizing and tex-
turizing agent. Genuvisco CG-131 (G) is a powder of iota-carrageenan supplied by CP
Kelco (Atlanta, GA, USA), a sulfated polysaccharide extracted from certain species of red
seaweed, which form elastic and cohesive gels in the presence of bivalent ions. Vari Car-
ruba (C) is a Ceratonia siliqua gum supplied by Variati (Concorezzo, MB, Italy) that is COS-
MOS certified; it is a natural hydrocolloid extracted from carob tree seeds with texturizing
and stabilizing properties. Vari Pectin (P), supplied by Variati (Concorezzo, MB, Italy), is
a spreadable beige powder consisting of a blend of standardized pectins obtained from
citrus peel, with a methylation degree of 46-50%. The physico-mechanical properties of
the polysaccaridic associations were compared with those of Alovex gel (reference prod-
uct), a product for oral aphthous ulcer treatment, purchased from a pharmacy.

2.2. Methods

The samples were prepared by dispersing the powder of each raw material, alone or
in combination with the others, in distilled water at 50-55 °C under continuous stirring at
700 rpm using a DLS Digital Overhead Stirrer (VELP Scientifica s.r.l., Usmate Velate, MB,
Italy) until homogeneity.

The samples studied in this work, including the concentrations used, are listed in
Table S1 (see Supplementary Material). G needed the addition of a divalent salt (G:MgSO4
ratio, 2:1) to jellify. After the polymers’ complete dispersion, the pH of the samples needed
to be adjusted with citric acid to a value of 4-5, suitable for topical application or on the
oral mucosa and to protect from microbial contamination. Since pectin dispersions have
low pH values, the pH of the samples containing P were adjusted with a solution of NaOH
(10% w/w). Some pictures of the systems obtained are shown in Figure S1. The samples
were stored at 23 °C for at least 4 days before carrying out the rheological and the texture
analyses.

The rheological analyses were performed under continuous and oscillatory flow con-
ditions using a Rheometer Physica MCR-101 from Anton Paar (Anton Paar GmBH, Graz,
Austria), equipped with a CP50-1 sensor (cone-plate geometry) with a fixed gap (0.098
mm). All the measurements were conducted at a controlled temperature of 23 °C + 0.05
and taken in triplicate to ensure the reproducibility of the data (Figure S2). The disper-
sions’ flow properties were measured under continuous flow conditions by a controlled
shear rate test (CSR), by recording the viscosity values (1) at an increasing shear rate,
ranging from 0.001 to 1000 s-'. The viscosity at rest (10) was calculated by fitting the flow
curves of the different samples with the Carreau-Yasuda model that describes the shear-
thinning behavior of materials [21]. The viscoelastic properties were studied under oscil-
latory flow conditions. The linear viscoelastic region (LVR) of each sample was identified
at a fixed frequency of 1 Hz and an increasing strain (y) from 0.01% to 1000%. The me-
chanical spectra of the samples, i.e., the trend of the storage (G’) and loss (G”) moduli,
were studied at a fixed strain taken from the LVR and varying the oscillation frequency
from 10 Hz to 0.01 Hz.
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An immersion/de-immersion test was conducted at room temperature using a TMS-
Pro Texture Analyzer, from Food Technology Corporation (Sterling, VA, USA), equipped
with a load cell of 10 N and a spherical nylon probe (2 cm diameter). After loading the
samples into 50 mL containers (5.3 cm diameter), the probe penetrated each sample to a
depth of 10 mm at a rate of 1.3 mm s and then returned to its start position. The test was
repeated 3 times. Texture Lab Pro was used to collect and display the data. From the curve
plotted as load (N) vs cumulative displacement (mm), illustrated in Figure S3, the follow-
ing parameters were obtained: firmness, consistency, cohesiveness, adhesiveness, and
stringiness. Firmness is the positive peak and refers to the maximum value of force needed
to obtain a deformation and is expressed in Newtons (N). Consistency is the area under
the positive curve (N-mm) and represents the total work of the sample against the defor-
mation. Cohesiveness is the negative peak (N) recorded during the movement of the probe
upwards and is related to the intramolecular forces of the sample. Adhesiveness is the
area under the negative portion of the curve (N-mm) and is defined as the work needed
to overcome the attractive forces between the surface of the sample and the surface of
another material with which it comes in contact. Stringiness is the distance (mm) to which
the product hangs on the probe when the probe is withdrawn [10].

3. Results and Discussion
3.1. Rheology
3.1.1. Characterization of Carrageenan (G) and Carob Gum (C) Associations

The naturally derived raw materials used in this work have been characterized using
rheological and texture analyses in our previous study [12]. Carob gum (Ceratonia siliqua
gum) dispersed in water formed viscoelastic and stringy solutions, with high spreadabil-
ity and good pick-up properties. The applicative properties of this material make it suita-
ble for associations with other polysaccharides that can strengthen the structure and in-
crease the viscosity of the system, like carrageenans, which, in water, form elastic gels [22].
The rheological behavior of monodisperse systems made with iota-carrageenan (G) and
Ceratonia siliqua gum (C) used at 1.5% w/w have been compared with that of the binary
association at the same total polymer amount (G:C = 1:3). A controlled shear rate test was
performed to study the viscosity trend as a function of the shear rate applied (Figure 1).
The samples were characterized by their shear-thinning behavior, as viscosity progres-
sively decreased under shear application [3]. At lower shear rates, the viscosity remained
almost constant, in the so-called Newtonian plateau region; as the shear rate increased, a
reduction in the viscosity was observed, as the polymer molecules were aligned toward
the flow direction. G dispersed alone formed gels with high viscosity (no 55906.06 Pa-s),
whereas C reached lower values of viscosity (o 21.57 Pa-s). The association of C and G
showed a viscosity at rest over two magnitude orders higher than C alone (o0 G-C 1-3
9534.75 Pa-s), and a more marked shear-thinning behavior since a rapid decrease in vis-
cosity at increasing shear rate was observed.
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Figure 1. Viscosity curves as a function of the shear rate for the samples prepared with G, C, and
the G-C association (1:3) at the same total polymer amount (1.5% w/w). Flow curves (exp) were
fitted with the Carreau-Yasuda model (calc).

The viscoelastic properties as a function of the frequency were investigated. The fre-
quency sweep test was conducted at a fixed oscillation amplitude within the linear visco-
elastic range (Figure 2). The C dispersion showed a typical viscoelastic behavior, with both
the storage (G) and the loss (G”’) moduli being significantly dependent on the frequency
with a crossover point: when high frequencies were applied, the G" modulus was higher
than the G” modulus, which became predominant at lower frequencies [23]. G dispersed
alone showed a weak gel rheological pattern, with G’ being larger than G’ throughout the
whole frequency range investigated (Figure 2a) [24]. This behavior indicated that the elas-
tic components of the system dominated over the viscous components, and that the sys-
tem’s structure was held by physical bonds between the macromolecules. When the two
polymers C and G were combined, a weak gel trend of the moduli was observed, with a
strong dependence of both moduli on the frequency applied (Figure 2b).
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Figure 2. Storage (G’) and loss (G”’) moduli trends as a function of the frequency for the samples prepared with G and C
(a) and the G-C association (1:3) (b) at the same total polymer amount (1.5% w/w).

Figure 3 shows the damping factor (tand) values as a function of the frequency ap-
plied. Tand represents the ratio between the viscous modulus G” and the elastic modulus
G’, and allows us to define the weight of the elastic component. C showed the highest
values of tand, having a predominant viscous component, and this indicated a greater
dissipative capacity than the other materials. G was characterized by the lowest values of
tand and a more elastic behavior. As expected, by mixing the two polysaccharides, a mod-
ulation of the viscoelastic properties can be achieved.
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10t

10°

tand
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Figure 3. Damping factor tand trends as a function of the frequency for the samples prepared with

G, C, and the G-C association (ratio 1:3) at 1.5% w/w of the total polysaccharide amount.
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The values of G" and G” (taken at a frequency of 1 Hz) of the G-C associations used
at a ratio of 1:3 and increasing polymer concentrations are reported in Figure 4. Lower
concentrations (0.75%) produced the formation of liquid-like systems with a higher loss
modulus (G”). Higher concentrations were needed to have gel-like systems with greater
elastic properties. Over 1% of the total polymer amount, G’ dominated over G”, and both
moduli increased by increasing the polymer concentrations.

Gl G "
0.75% 4.2027
4.9218
1.00% 8.8485
8.2244
1.25% 16.202
13.814
1.50% 45.129
31.063
10° 10! 102
G', G" [Pa]

Figure 4. Values of the storage (G’) and loss (G””) moduli measured at a fixed oscillation frequency
of 1 Hz for the samples prepared with G-C associations (ratio of 1:3) as a function of the total poly-
mer amount (0.75%, 1%, 1.25%, and 1.5% w/w).

3.1.2. Characterization of Sclerotium Gum (A) and Carob Gum (C) Associations

Figure 5 shows the flow curves of the dispersed systems prepared using Sclerotium
gum (A) and Ceratonia siliqgua gum (C). A dispersion at 1.5% w/w showed a shear-thinning
behavior with higher values of viscosity (o 5334.51 Pa's) than C dispersions at the same
concentration. The association between A and C at a ratio of 3:2 showed intermediate val-
ues of viscosity between the monodisperse systems A and C (1o 316.54 Pa-s).

o A 1.5% exp —A 1.5% calc
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Figure 5. Viscosity curves as a function of the shear rate for the samples prepared with A, C, and
the A-C association (3:2) at the same total polymer amount (1.5% w/w). Flow curves (exp) were
fitted with the Carreau-Yasuda model (calc).

In the mechanical spectra reported in Figure 6a, A showed a weak gel rheological
pattern, with G’ being higher than G” in the entire frequency range investigated [25],
while C had a viscoelastic profile. The A-C dispersions showed a weak gel pattern, with
moduli values lower that those measured for the A dispersion and a stronger dependence
on the frequency applied (Figure 6b).

-A15% G ~A1.5%G"

-C15% G —-+C1.5%G"
108 108

-A-C3-2G' —A-C3-2G"

102

10t E//ﬂ
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102
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G', G" [Pa]
G', G" [Pa]

100

10 10t
10 100 10t 10? 10t 10° 10t 102

Frequency [rad/s] Frequency [rad/s]

(a) (b)

Figure 6. Storage (G’) and loss (G”) moduli trends as a function of the frequency for the samples prepared with A and C
(a) and the A-C association (3:2) (b) at the same total polymer amount (1.5% w/w).

A was characterized by the lowest values of tand and more elastic behavior. The as-
sociation of polymers A and C resulted in a modulation of the viscoelastic properties (Fig-
ure 7).
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Figure 7. Damping factor tand trends as a function of the frequency for the samples prepared with
A, C, and the A-C association (ratio 3:2) at 1.5% w/w of the total polysaccharide amount.

The modulus values of the systems prepared with A and C in association increased
with increasing polymer concentrations, since more polymer—polymer and polymer—sol-
vent interactions were formed (Figure 8).

Gl Gll
27.354
1.0%
21.421
35.997
1.5%
26.091
75.037
2.0%
44398
10° 10! 102
G', G" [Pa]

Figure 8. Values of the storage (G’) and loss (G””) moduli measured at a fixed oscillation frequency
of 1 Hz for the samples prepared with A—C associations (ratio of 3:2) as a function of the total poly-
mer amount (1%, 1.5%, and 2% w/w).

3.1.3. Characterization of Ternary Systems: Sclerotium Gum (A), Carob Gum (C), and
Pectin (P)

To increase the system’s viscous properties, which are related to the ease of applica-
tion on the skin and the spreading properties, a pectin-based raw material (P) was intro-
duced and ternary systems were formulated. P (i.e., pectin) consists of a mixture of pectins
with different methylation degrees which give a semi-flexible structure to the polymer,
guaranteeing adhesive characteristics. As reported in the technical data sheet provided by
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n[Pas]

104

the supplier company, this raw material, being a particular association of different pectins,
forms a three-dimensional network in water. P at 4% w/w consisted of a system which
exhibited liquid-viscous properties with G”” being greater that G over the entire frequency
range examined (Figure 9).

~PA4%G' ~P4%G"
10?2
‘©
& ot
)
[C]
100
107 10° 10t 102
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Figure 9. Storage (G’) and loss (G”') moduli trend as a function of the frequency for the sample
prepared with P at 4% w/w.

The controlled shear rate test performed on the water dispersions prepared with pol-
ymers A, C, and P in association highlighted the samples’ pseudoplastic behavior, as the
viscosity decreased at increasing shear rate values (Figure 10a) [26]. The zero-shear vis-
cosity (o) values were calculated using the Carreau-Yasuda model. When 1% w/w of P
was added to the A—C mixture, a decrease in viscosity was observed, whereas P at 2%
w/w determined a sharp increase in the viscosity of the system (Figure 10b).
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Figure 10. Viscosity trend as a function of the shear rate (a) with flow curves (exp) fitted with the Carreau—Yasuda model
(calc), and zero shear viscosity (1) values (b), for the samples prepared with ternary associations of A (1.25% w/w), C (1%
w/w), and increasing concentrations of P (0%, 1%, and 2% w/w).

The mechanical spectra of the samples prepared with ternary associations of A, C,
and increasing concentrations of P (0%, 1%, and 2% w/w), are shown in Figure 11. The data
measured by the frequency sweep analysis confirmed the results obtained under contin-
uous flow conditions, as a decrease in both moduli was observed when 1% w/w of P was
added to the A-C mixture, whereas P at 2% w/w produced an increase in the viscoelastic
properties of the system. These data suggest that, if present at 1% w/w, P subtracts water
from the other two polymers and does not contribute to the structure of the network, while
at the concentration of 2% w/w, it contributes to the formation of the network, with a
synergistic effect with the other two polymers.

—-A-CG' -—A-CG"
=A-C+P1% G' —A-C+P1% G"
A-C+P2% G' —A-C+P2% G"
103
/
E 102
o
©
10!
10? 100 10t 102
Frequency [rad/s]

Figure 11. Storage (G’) and loss (G”’) moduli trends as a function of the frequency for the samples
prepared with ternary associations of A (1.25% w/w), C (1% w/w), and increasing concentrations of
P (0%, 1%, and 2% w/w).

3.2. Texture Analysis
3.2.1. Characterization of Carrageenan (G) and Carob Gum (C) Associations

An immersion/de-immersion test was conducted on the monodisperse samples pre-
pared with G and C, and on the association between them at a ratio of 1:3 (Figure 12). G
showed high values of firmness (maximum of the positive curve) and consistency (area
under the positive curve), with extremely low adhesiveness (area under the negative
curve) and stringiness (tailing) [27]. It is a bouncy gel with low pick-up properties. C
formed a fluid system with low values of firmness and consistency and high stringiness,
thus indicating easy spreadability. The association of these polysaccharides allowed mod-
ulation of the textural properties, showing intermediate values of firmness, adhesiveness,
and stringiness between those obtained with the single raw materials used at the same
concentration (1.5% w/w).
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Figure 12. Texture curves obtained by an immersion/de-immersion test performed on the samples
prepared with G, C, and the G-C association (1:3) at the same total polymer amounts (1.5% w/w).

The association between C and G strongly modulated the texture properties of the
gels. The curves obtained by the texture analysis of the samples prepared using G-C as-
sociations at different ratios (1:2 and 1:3) are reported in Figure 13. With an increase in the
total polysaccharide amount (from 0.75% to 1.5% w/w), a significative increase in the pa-
rameters of firmness and consistency was observed, since the force needed to deform the
gel became higher as more polymer—solvent interactions were formed. With a ratio of 1:2
between G and C, higher textural values were achieved (Figure 13a). Increasing the con-
tribution of C, using a ratio of 1:3 between G and C, decreased firmness and consistency
(Figure 13b), thus determining higher spreadability and ease of application on the skin,
since the lower the force necessary to reach a given deformation, the higher the spreada-
bility. The polymer concentration also affected the last part of the curve and the shape of
the negative peak, which is related to the sample cohesive properties. Smooth and monot-
onous curves were observed for polymer concentrations of 0.75% and 1% w/w. At higher
concentrations such as 1.5% w/w, especially using a G-C ratio of 1:2, the curves became
irregular, and the presence of unresolved shoulders could be seen. This suggested that the
withdrawal of the probe from the sample consisted of several steps, and this could be
related to the inhomogeneous micro-gel structure. In practical evaluations, as reported in
the literature, such a material is referred to as being “choppy”, which is considered to be
detrimental to the product’s texture, as it makes uniform spreading on the surface of the
skin difficult [10]. For these reasons, the use of G-C mixtures at concentrations above 1%
w/w is not recommended.
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Figure 13. Texture curves obtained by an immersion/de-immersion test performed on the samples prepared with increas-
ing polysaccharide total amounts (0.75%, 1%, and 1.5% w/w) at different G-C ratios: 1:2 (a) and 1:3 (b).

3.2.2. Characterization of Sclerotium Gum (A) and Carob Gum (C) Associations

The A dispersion at 1.5% w/w was characterized by high firmness and consistency,
with medium to low adhesive properties. As it has been seen for xanthan gum in previous
studies [28,29], we investigated if the association of this polysaccharide with C allowed
modulation of the textural properties (Figure 14). The A—C association at a ratio of 3:2 and
1.5% of total polysaccharide showed intermediate values of firmness, adhesiveness, and

stringiness between those obtained with the single raw materials used at the same con-
centration.

—A1.5%
oss —C1.5%
A-C 3-2

Load [N]

-0.05 -

displacement [mm]

Figure 14. Texture curves obtained by an immersion/de-immersion test performed on the samples
prepared with A, C, and the A—C association (3:2) at the same total polymer amounts (1.5% w/w).

As expected, with an increase in the total polysaccharide concentration at a fixed A—

C ratio of 3:2, the textural parameters increased in terms of firmness, consistency, cohe-
siveness, and adhesiveness, maintaining high stringiness (Figure 15).
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Figure 15. Texture curves obtained by an immersion/de-immersion test performed on the samples
prepared with A—C association (3:2) with increasing total polymer amounts (1.5%, 1.75%, and 2%
w/w).

Figure 16 shows how the texture parameters of adhesiveness and stringiness can be
modulated using different ratios of A—C associations at the same total polymer amount
(1.5% w/w). In particular, the A-C ratio of 3:2 allowed higher values of adhesiveness and
stringiness, since higher forces were needed to detach the sample from the probe and a
longer strand was formed during its withdrawal.

Area [N.mm]

0.6

0.4

0.2

0.0

A1.5%

Adhesiveness Stringiness

20
15

E

é 10

=

[

E, 5
0

A-C 3-1 AC21 A-C32 C1.5% Al15% A-C3-1 AC21 AC3-2 C15%

(b)

Figure 16. Textural parameters of adhesiveness (a) and stringiness (b) measured by an immersion/de-immersion test for
the samples prepared with A—-C associations at different ratios (1:0, 3:1, 2:1, 3:2, 0:1) at 1.5% w/w of the total polymer
amount.

3.2.3. Characterization of Ternary Systems: Sclerotium Gum (A), Carob Gum (C), and
Pectin (P)

The texture curves of the samples formulated with ternary associations of A (1.25%
w/w), C (1% w/w), and increasing concentrations of P (0%, 1%, and 2% w/w) are shown
in Figure 17. In line with the data obtained from the rheological analyses (Figure 11), the
addition of P influenced the shape of the first part of the curve, as it caused a rearrange-
ment of the polymer chains and a change in the microgel structure, forming a more fluid
system with less firmness and consistency than the sample without P. However, when P
was inserted at higher concentrations (2% w/w), the system became more structured and
stiffer, and an increase in the texture parameters occurred, including adhesiveness and
cohesiveness.
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Figure 17. Texture profile of the samples prepared with ternary associations of A (1.25% w/w), C
(1% w/w), and P (0%, 1%, and 2% w/w).

3.3. Selection of a Blend Suitable for Mucosal Application: Comparison with a Market
Benchmark

The data obtained through the physical-mechanical characterization of the polysac-
charide associations were useful for obtaining different textures and selecting the combi-
nations that were most suitable for the formulation of a mucoadhesive gel. A formulation
that is intended to be applied on the oral mucosa must have an adequate firmness to allow
correct extrusion and easy application. Moreover, it must exhibit high adhesive and cohe-
sive properties to adhere to the application site and not be removed by mechanical move-
ments. The results obtained for the ternary gel systems were compared with those ob-
tained by measuring the texture properties of a benchmark (indicated as Ref.) proposed
in the market for mucosal application (Table 1).

Table 1. Numerical values of the textural parameters measured by an immersion/de-immersion test for the samples pre-
pared with ternary associations of A (1.25% w/w), C (1% w/w), and P (0%, 1%, and 2% w/w), and of the reference product

(Ref.).
Samples Firmness Consistency Cohesiveness Adhesiveness Stringiness
[NI] [N-mm] [NI] [N-mm] [mm]
A-C 0.31 1.84 0.07 0.98 13.43
A-C+P1% 0.27 1.66 0.07 1.03 16.77
A-C +P2% 0.38 2.09 0.11 147 15.12
Ref. 0.37 2.21 0.11 1.65 18.52

The mixture with P at 2% w/w allowed higher values of adhesiveness and showed
almost the same values of firmness, consistency, and cohesiveness as the reference prod-
uct (Ref.) (Figure 18).
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Figure 18. Comparison between the texture profile of the sample prepared with the ternary associ-
ation of A (1.25% w/w), C (1% w/w), and P (2% w/w), and of the reference product (Ref.).

The results from the controlled shear rate tests showed that the A-C mixture with P
at 2% w/w and the reference product had similar zero-shear viscosity (1o) values, calcu-
lated using the Carreau—Yasuda model (Figure 19).

Zero-shear viscosity
104
3047.45 2949.15

W

& 10°
=3
f =y

10?

A-C + P2% Ref.

Figure 19. Comparison between the zero-shear viscosity (o) values, calculated via the Carreau—
Yasuda model, for the sample prepared with ternary associations of A (1.25% w/w), C (1% w/w),
and P (2% w/w), and for the reference product (Ref.).

The viscoelastic properties of the gel formulated with the A—C mixture and P at 2%
w/w were compared with those of the reference product (Ref.). Both the samples showed
a weak gel rheological pattern (Figure 20a). The moduli settled between the second and
the third decades and, although the elastic G’ was higher than the viscous G” throughout
the whole frequency range investigated, they showed a slight dependence on the fre-
quency applied. The mixture with P at 2% w/w showed a more structured and elastic
component than the reference gel, as shown by the lower tand (Figure 20b).
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Figure 20. Storage (G’) and loss (G”’) moduli trend as a function of the frequency (a) and damping factor tand taken at 0.5
Hz (b) measured for the sample prepared with ternary associations of A (1.25% w/w), C (1% w/w), and P (2% w/w) com-

pared with the reference product (Ref.).

4. Conclusions

The intense pressure from the media and consumers for sustainability and eco-
friendly choices have forced the cosmetic industries to focus on formula ingredients. In
particular, many synthetic polymers are facing possible restrictions because of their non-
biodegradable nature and many environmental issues. Polysaccharide associations may
be viable alternatives for use in cosmetics as stabilizers and rheological modifiers. Rheo-
logical and texture analyses have proved to be powerful tools for outlining the physico-
mechanical properties of different raw materials and to overcome the trial and error ap-
proach to formulation design. In this work, binary and ternary combinations of polysac-
charides were evaluated using these instrumental techniques. The results obtained con-
firmed that natural raw materials with different applicative properties can be used in as-
sociations in appropriate ratios and concentrations to obtain a wide range of texture and
sensorial properties. When iota-carrageenan (G) was combined with carob gum (C) at low
total polymer amounts (0.75-1% w/w), viscous fluid systems were formed, whereas at
higher concentrations, the dispersions became bouncy and non-homogenous. The associ-
ation of Sclerotium gum (A) with carob gum (C) with the addition of pectin (P) allowed
modulation of the elastic properties, related to the physical stability and film-forming abil-
ity, and the viscous properties, related to the spreadability and the ease of application,
conferred by the single raw materials. In particular, the ternary associations with A (1.25%
w/w), C (1% w/w), and P (2% w/w) were characterized by the highest viscosity and adhe-
sive properties, which were close to those of the reference product, which is intended for
application on the oral mucosa. Textural and rheological analyses turned out to be pow-
erful and complementary instruments for the characterization of the applicative proper-
ties of polymeric mixtures and represent useful tools for manufacturers to achieve their
proposed objectives with a time- and money-saving approach. Moreover, the objective
data on the spreading and the adhesive properties obtained with this instrumental ap-
proach represent the starting point for subsequent in vitro and in vivo efficacy tests and
can facilitate the correct choice of raw materials, early identifying any critical issues that
may be found during the product production phase.
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Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/cosmetics8030062/s1. Table S1: Samples submitted to the rheological and texture anal-
yses, and the concentrations of the polymers used alone or in association. Figure S1: Pictures of the
water dispersion of G (a), C's water dispersion (b), and G-C’s water dispersion at a ratio of 1:3 (c)
at a concentration of 1.5% w/w. Figure S2: Frequency sweep tests repeated three times for the sam-
ples containing the polysaccharidic associations G-C (a), A-C (b), and A-C-P (c). Figure S3: Curve
obtained by an immersion/de-immersion test, performed with a Texture Analyzer, and the defini-
tions of the calculated parameters.
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