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Abstract: Driven by growing environmental concerns and regulations, cosmetic companies are
seeking reliable methods to promptly assess the possibility of replacing high-impact ingredients with
sustainable alternatives. In this work, we exploited rheological and texture analyses to evaluate the
possibility of using natural and biodegradable raw materials for reformulating three commercial
oil-in-water skin care emulsions from an eco-design perspective. Synthetic texturizers, like nylon-12
and PMMA, were replaced with starch, maltodextrin, and silica, while acrylic rheological modifiers
were substituted with polysaccharide associations of sclerotium gum, xanthan gum, diutan gum,
and carrageenan. Plant-based emollients and a biodegradable elastomer were used as alternatives to
silicone oils. The flow and viscoelastic properties of the samples were characterized using rheological
tests under continuous and oscillatory flow conditions. The immersion/de-immersion texture
analysis allowed us to measure the mechanical properties of firmness, adhesiveness, and stringiness.
A double-blind sensory test assessed the products” application and sensory characteristics. The
results revealed that rheology and texture analysis are complementary and correlated techniques,
useful for predicting cosmetics’ sensory characteristics. While perfect replication of the original
formulas might not be achievable, this protocol can aid formulators in selecting new eco-friendly
ingredients ensuring the products’ desired application and sensory properties without compromising
consumer experience.

Keywords: eco-design; sustainability; rheology; texture analysis; polysaccharides

1. Introduction

The heightened focus on sustainability has become a central imperative within the
global cosmetics industry, compelling companies to develop innovative products that could
minimize environmental impact [1]. This transition represents a considerable challenge,
demanding in-depth research into eco-friendly materials and the integration of life cycle
thinking throughout every stage of the product development process. Emerging as a
powerful tool for fostering innovation in sustainable product development, eco-design
formulation offers a comprehensive and systematic approach that prioritizes sustainability
throughout the entire product life cycle [2]. By meticulously integrating environmental
considerations into every step of the design and development, this approach allows us to
significantly reduce cosmetics” environmental impact without neglecting costs, processes,
and regulatory aspects [3].

Cosmetics brands today face the dual challenge of meeting rising consumer expecta-
tions while acknowledging the complexities of sustainability, where “natural” or “green”
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formulations do not automatically guarantee environmental responsibility [4]. At the same
time, functionality, efficacy, and sensory appeal remain non-negotiable, posing distinct
challenges for formulators seeking to align their products with these demands [5-7]. In
this context, a holistic, eco-design approach to cosmetic development is crucial [8,9].

One critical area for optimization lies in the selection of raw materials as it significantly
influences the environmental impacts [10]. The primary environmental impacts differ
between rinse-off and leave-on products. With rinse-off cosmetics, water usage and the
downstream effects on aquatic ecosystems are crucial concerns. On the other hand, for leave-
on products, the upstream phase and raw material sourcing hold greater environmental
significance, underscoring the importance of sustainable ingredient selection [9].

This point presents unique hurdles. Conventional high-performance ingredients such as
synthetic acrylic polymers, texturizing microplastics, and silicone emollients, whose ecological
impacts are not negligible, should be replaced by natural-origin and biodegradable ingredients
or synthetic substitutes derived from green chemistry principles, while safeguarding product
excellence. Moreover, recent developments such as the restrictions on microplastic usage in
leave-on products and the expansion of the microplastic definition proposed by the European
Chemicals Agency are propelling manufacturers toward reformulations in this direction [11-13].
However, these substitutes may lack extensive application performance data, exhibit instabilities,
or introduce esthetic-sensorial limitations [14].

Rheological and texture analyses are powerful tools for the characterization of cos-
metic formulations [15-17]. They can be used to quickly assess the impact of formulation
changes, including the replacement of commonly used raw materials with more sustain-
able alternatives [18]. Rheological tests, performed under both continuous and oscillatory
flow conditions, provide a wealth of information about the structure, flow behavior, and
viscoelastic properties of cosmetic samples [19-21]. Texture analysis can be used to further
investigate the mechanical properties of these products, such as firmness, consistency,
adhesiveness, and stringiness [22-24]. These data are essential for the development and
quality control of new cosmetic products and the optimization of existing formulations.
They can also be used to support marketing claims of application and sensorial properties
in an objective and scientific way.

Following an eco-design approach, in this study, we reformulated three cosmetic
products sold in the pharmaceutical sales channel by replacing some high environmental
impact ingredients with eco-friendly alternatives. Synthetic texturizers, such as PMMA
and nylon-12, which are considered microplastics with a toxicity profile for the marine
fauna [25], have been replaced with natural organic and inorganic raw materials. The
non-biodegradable acrylic rheological modifiers, whose persistence in the environment
is problematic, have been replaced with associations of polysaccharides. The silicon
emollients and film-forming polymers, whose impact is determined by their chemical
synthesis which requires the consumption of many energy resources and determines
significative CO, emissions [26-28], have been replaced with plant-based emollients and a
biodegradable elastomer.

After modifying the formulations as described above and after performing instrumen-
tal analyses to study their structural and application characteristics, a double-blind sensory
test was conducted to verify whether these substitutions allowed us to preserve the sensory
properties of the original products.

2. Materials and Methods
2.1. Materials

Three commercial skin care products provided by Unifarco S.p.A have been refor-
mulated from an eco-design perspective: an acne-prone skin serum (F1), an eye contour
gel-cream (F2), and a body butter (F3).

The product F1, whose formulative scheme is reported in Table 1, is a light-textured
fluid emulsion, formulated with a lipidic complex with emulsifier properties and an anionic
emulsifier. The structural properties are imparted by ammonium acryloyldimethyltau-
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rate/ VP copolymer as rheological modifiers. The lipidic phase is composed of fatty alcohols,
esters, and dimethicone oil. Nylon-12 and PMMA have the function of texturizers and
sensorial enhancers.

Table 1. Formulation scheme of product F1.

Phase Ingredients Composition % w/w
Water Add until reaching 100

Chelating agent 0.1

Humectants 5
Preservatives 0.7

Aqueous Phase Hydrophilic active ingredients 5
Ammonium acryloyldimethyltaurate/VP 0.9

copolymer
Anionic emulsifier 0.3
Nylon-12 25
Polymethylmethacrylate

Oils 2

Dimethicone 1
Lipidic Phase Non-ionic emulsifier system 35
Lipophilic active ingredients 0.2
Antioxidant 0.1

The formula F2 is a gel/cream meant to uniform the under-eye area and ensure
long-lasting hydration. The formulation scheme is shown in Table 2. The emulsifying
system in this gel-cream is composed of a combination of two non-ionic emulsifiers. This
formula is more structured than the previous one thanks to the presence of the cross-
linked acrylic polymer carbomer. The silicones present in this formula are dimethicone,
polysilicone-11, and dimethiconol, which work synergistically to form a film around the
eye. Beyond the presence of silicone gums, the sensory and textural properties are provided
by a combination of a synthetic esters, starch, and PMMA.

The formula F3 is a body butter; this O/W emulsion has a high percentage of oil
phase consisting of fatty alcohols, waxes, and nourishing emollients in combination with
non-ionic and anionic emulsifiers (Table 3). The synthetic polymers sodium polyacrylate
and acrylates /beheneth-25 methacrylate copolymer work together with the lipids to build
the body butter structure. PMMA is the synthetic texturizing agent.

The synthetic ingredients and the naturally derived alternatives chosen for the eco-
design reformulation of the three commercial formulas are listed in Table 4. The synthetic
texturizers of the formulas, i.e., nylon-12 (particle size of 20 um) and polymethyl methacry-
late (particle size of 6-10 pm) have been replaced using naturally derived organic or
inorganic texturizers: Z (zea mays Starch, polyvinyl alcohol, and glycerin) whose particle
size is 5-15 um, M (maltodextrin) whose particle size is 2-20 pm, and S (sodium potassium
aluminum silicate, titanium dioxide, and silica) whose particle size is 2-20 um, H (Mica)
whose particle size is 5-15 um.

The acrylic rheological modifiers present in the formulas have been replaced using
polysaccharidic raw materials in combination: t (sclerotium gum), v (sclerotium gum and
xanthan gum), k (Sphingomonas Ferment Extract), r (succynoglycan), and ¢ (carrageenan).

Dimethicone emollients have been replaced using plant-based emollients: CU (un-
decane and tridecane), EG (C15-19 alkanes), DSG (ethyl olivate and triheptanoin), EP
(palm/kernel alkanes), and P (coco-caprylate/caprate, triheptanoin, C9-12 alkane, dili-
noleic acid /butanediol copolymer, and castor oil /IPDI copolymer).
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Table 2. Formulation scheme of product F2.

Phase Ingredients Composition % w/w
Water Add until reaching 100
Chelating agent 0.1
Humectants 3
Preservatives 0.7
Aqueous Phase Hydrophilic active ingredients 3
Natural gums 1
Carbomer 0.3
Non-ionic emulsifier system 3
Polymethylmethacrylate 1
Buffering agent 0.5
Coemulsifier 0.6
Oils 5
Lipidic Phase Dimethicone
Polysilicone-11 5.5
Dimethiconol
Antioxidant 0.1

Table 3. Formulation scheme of product F3.

Phase Ingredients Composition % w/w
Water Add until reaching 100

Chelating agent 0.3

Humectants 6

Preservatives 0.6

Hydrophilic active ingredients 0.1

Aqueous Phase ;
Sodium polyacrylate
Acrylates/beheneth-25 1.3
methacrylate copolymer

Anionic emulsifier 0.5

Polymethylmethacrylate 3
Buffering agent 0.03

Non-ionic emulsifier system 4

Lipidic Phase Emollients 36
Fragrance 0.7
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Table 4. Synthetic raw materials and natural alternatives chosen for eco-design reformulation of

cosmetic products.

Category Code Name Inci Name Origin Supplier
ORGASOL® 2002 . Arkema
D NAT COS Nylon-12 synthetic (Colombes, France)
JURYMER MB-1 Polymethyl methacrylate synthetic Kowa
(Dusseldorf, Germany)
7 ECOTOUCH® Zea mays starch, polyvinyl alcohol, natural Roelmi HPC
POWDER and glycerin u (Origgio, VA, Italy)
Texturizers AGENAMALT A
. grana
M 20222 Maltodextrin natural (Vienna, Austria)
S RONAFLAIR® Sodium potassium aluminum natural Merck
LDP WHITE silicate, titanium dioxide, and silica ura (Darmstadt, Germany)
Sensient
H SERICA 5 Mica natural (Saint-Ouen-1’Aumone,
France)
CARBOPOL® Acrylates/C10-30 alkyl acrylate svnthetic Lubrizol
ULTREZ 10 crosspolymer y (Wickliffe, OH, USA)
Ammonium Clariant
® . .
ARISTOFLEX® AVC acyloyldimethyltaurate/ VP synthetic (Muttenz, Switzerland)
copolymer
. . Eurotradin
® &
COSMEDIA® SP Sodium polyacrylate synthetic (Veggiano, PD, Ttaly)
ACULYN™ 28 Acqua and acrylates/beheneth-25 svnthetic Dow Chemical
Rheological POLYMER methacrylate copolymer Y (Midland, MI, USA)
modifiers t ACTIGUM™ Sclerotium gum natural Cargill
CS11QD & (Paris, France)
ACTIGUM™ . Cargill
v VSX 20 Sclerotium gum and xanthan gum natural (Paris, France)
KELCO CARE™ ) CP-kelco
k DIUTAN GUM Sphingomonas Ferment Extract natural (Atlanta, GA, USA)
Solva
® Y
r RHEOZAN® SH Succynoglycan natural (Bruxelles, Belgium)
c GENUVISCO® Carrageenan natural CP-kelco
CG-131 & (Atlanta, GA, USA)
™ . . . Lehvoss
BRB™Y DM 5 Dimethicone synthetic (Origgio, VA, Italy)
X-21-5849 Dimethiconol synthetic Shin-etsu
(Chiyoda, Tokyo, Japan)
XIAMETER™ Dimethicone svnthetic Dow Chemical
PMX-200 yn (Midland, MI, USA)
GRANSIL DMG-2 Dimethicone and polysilicone-11 synthetic IMCD
poly y (Milan, MI, Ttaly)
CETIOL® . Eurotrading
CuU ULTIMATE Undecane and tridecane natural (Veggiano, PD, Italy)
Emollient: :
moTien’s EG ~ EMOGREEN™ L15 C15-19 alkanes natural Seppic
(Courbevoie, Francia)
Stearinerie Dubois
DSG DUB™ SOGREEN Ethyl olivate and triheptanoin natural (Boulogne-Billancourt,
Francia)
EUTRADERM® Eurotrading
EP PENTA Palm/kernel alkanes natural (Veggiano, PD, Italy)
Coco-caprylate/caprate,
P GRANSENSE™ Eﬁiﬂ:ﬁﬁiﬂﬁ%ﬁﬁﬁﬂ)ﬁ' natural Grant Industries
TC-18X (Elmwood Park, NJ, USA)

copolymer, and castor o0il /IPDI
copolymer




Cosmetics 2024, 11, 60

6 of 25

2.2. Preparation of Emulsions

All of the emulsions were prepared following the same formulation procedure. The
lipidic phase was prepared by dispersing the emulsifiers and the lipophile molecules
in a mixture of emollients, and then heated at 75 °C. The water phase was prepared by
dispersing the hydrophilic molecules (actives, humectants, chelating agents, and polymers)
in water and heating at 70 °C. The oil phase was added to the water phase using a Silverson
L5T laboratory mixer (Ghiaroni & C srl., Buccinasco, MI, Italy) and homogenized for 5 min
at 4500 RPM. The texturizing powders were added after emulsification stirring at 2500 rpm.
The pH of the emulsions prepared was set between 5 and 5.5 with the addition of citric acid
as a buffering agent and measured with a pH-meter Basic 20 (Crison Instruments, Alella
Barcelona, Spain).

2.3. Stability Assessment

To predict physical instability phenomena, samples were subjected to strong mechani-
cal stress conditions by using the centrifuge MPW-56 (MPW Med. Instruments, Warsaw,
Poland) at 4800 RPM for 30 min.

2.4. Rheological Analysis

The rheological measurements conducted both in continuous and oscillatory flow
conditions were performed using a Rheometer Physica MCR €302 (Anton Paar GmbH,
Graz, Austria), maintaining a temperature of 23 °C £ 0.05 °C. A PP50-P2 sensor (parallel
plates with serrated surfaces) with a fixed gap of 1 mm was used. Rheocompass™ software
(version 1.32.258, Anton Paar GmbH, Graz, Austria) was used to collect and analyze
the data. A controlled shear rate test (CSR) was performed to obtain the samples’ flow
curves, which show the trend of viscosity (1) at an increasing shear rate, from 0.001 to
1000 s~ 1. The zero-shear viscosity 1, i.e., the viscosity of the material at rest, was calculated
by fitting the flow curves with the Carreau—Yasuda mathematical model applicable to
shear-thinning materials:

TZUOOH% 1)
2

1+ (49)7]

where T is the shear stress, 7 is the shear rate, 1, is the infinite viscosity, i.e., asymptotic
viscosity at a high shear rate, A is the relaxation time, and 7 is the power law index [29].

An amplitude sweep test (AS) was used to evaluate the products’ linear viscoelastic
region (LVER) and the critical strain (y G’ = G”). This test was performed at a fixed
frequency of 1 Hz by increasing the amplitude strain (y) from 0.01% to 1000%. A frequency
sweep analysis allowed us to analyze the inner microstructure of the samples by considering
the trend of the storage (G’) and the loss (G”) moduli. This test was conducted by fixing the

oscillation strain within the LVER and decreasing at the same time the oscillation frequency
from 10 Hz to 0.01 Hz.

2.5. Texture Analysis

A texture analysis was performed using a Texture Analyzer TMS-Pro (Food Technology
Corporation, Sterling, VA, USA) equipped with a 10-Newton load cell at room temperature.
A spherical nylon probe with a diameter of 2 cm moved vertically at a speed of 80 mm/min
to a depth of 10 mm into the emulsions contained in 50 mL containers with a diameter
of 5.3 cm. The probe then returned to its original position. Texture Lab Pro software
(version 1.1) was used to collect and analyze the data, generating a curve depicting load (N)
versus cumulative displacement (mm) (Figure 1). Firmness or hardness (N) was defined as
the maximum force recorded, consistency (N.mm) as the area under the positive portion of
the curve, cohesiveness (N) as the negative peak, adhesiveness (N.mm) as the area under
the negative portion of the curve, and stringiness (mm) as the distance that the sample
stretched during the probe de-immersion phase [30,31].
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Figure 1. The curve obtained with an immersion/de-immersion test, performed with a texture
analyzer, and the definitions of the calculated parameters are as follows: firmness (1), consistency
(2), cohesiveness (3), adhesiveness (4), and stringiness (5). The data are plotted as load vs. cumula-
tive displacement.

2.6. Sensory Analysis and Statistical Analysis

A double-blind sensory test was performed, where 33 healthy Caucasian volunteers of
both sexes (age 23-45 years old) were asked to apply the final reformulated products and
the original ones (1 mg cm~2) on each forearm. The products were evaluated by panelists in
the same room with a controlled temperature and relative humidity. Each participant was
provided with paper and cleaning gel to clean their hands and forearms before starting the
test and between each evaluation session. The products, randomly coded with a two-letter
code, unknown to panelists and to test administrators, were presented to them in neutral
30 mL jars to minimize the influence of external factors on their responses. The order
of presentation of the samples was changed every session to avoid a bias in rating score.
Panelists were shown how to pick up and apply the samples through circular movements
until they disappeared on the skin. One minute after application, they were asked to fill
out a seven-question survey concerning sensory parameters in four different phases of the
application: color for the appearance at first sight; consistency at first touch; spreadability
and rate of absorption for the application phase; greasiness, stickiness, and softness of the
skin for the after-feel phase. Each parameter was evaluated on a scale from 1 to 7, where
1 stood for the lowest rating and 7 stood for highest rating:

- Color: from 1 (yellowish) to 7 (greyish) through 4 (white);

- Consistency at first touch: from 1 (fluid) to 7 (very consistent);

- Spreadability: from 1 (not spreadable) to 7 (very spreadable);

- Rate of absorption: from 1 (very slow) to 7 (very fast);

- Greasiness: from 1 (not greasy) to 7 (very greasy);

- Stickiness: from 1 (not sticky) to 7 (very sticky);

- Softness of the skin after application: from (not soft) to 7 (very soft).

This study was conducted in accordance with the Declaration of Helsinki. All of
the volunteers provided their informed consent for research analysis and the reporting of
findings was anonymous, in accordance with Italian legal and ethical requirements. All
participants were informed in detail about the aim of the study, the voluntary nature of
their participation, and their right to withdraw from the study at any time without being
penalized in any way.

The results and the data collected were elaborated with paired samples Student’s t-test
statistical analysis at a significance level of p < 0.05 to determine the statistical differences
between the cream samples, based on the characteristics described by the panelists.
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3. Results and Discussions

The aim of this research study was to reformulate three commercially available cos-
metic skin care oil-in-water emulsions through the lens of eco-design formulation. These
three formulations, each distinct in their technological approach, were F1, a fluid and light-
textured oil-in-water emulsion; F2, a firm cream/gel; F3, a rich emulsion boasting a high
content of lipidic phases. Our systematic approach involved the progressive substitution
of the synthetic and more impactful ingredients within each formula, beginning from tex-
turizers, followed by acrylic rheological modifiers, and culminating in the replacement of
silicone-based materials, where applicable. This comprehensive strategy aimed to optimize
the formulations while adhering to eco-design principles, without interfering with their
sensorial profile.

3.1. Reformulation of Product F1
3.1.1. Substitution of Synthetic Texturizers

The product F1 is a fluid emulsion with high spreadability and a light evanescent
texture. It contains nylon-12 at 1% w/w and PMMA at 1.5% w/w as texturizers which confer
the mattifying and anti-shine effect. A copolymer derived from acryloyldimethyltaurate
acts as a stabilizer and rheological modifier. The emollient portion is composed of fatty
alcohols, esters, and dimethicone oil.

In the first phase of this work, the synthetic texturizers nylon-12 and PMMA, which
falling into the category of microplastics could be harmful to the aquatic environment, have
been replaced with naturally derived and biodegradable powders proposed as more eco-
friendly alternatives: two organic polymers, Z (a combination of zea mays starch powder,
glycerin from olive oil, and biodegradable polyvinyl alcohol) and M (maltodextrin), and
two inorganic polymers, H (mica) and S (a mixture of aluminum silicate, titanium dioxide,
and silica). Four formulations were prepared, each containing these different natural
texturizers to replace the synthetic ones at the same total concentration of 2.5% w/w.

The texture curves in Figure 2 reveal that the parameters measured for the emulsions
containing the organic polymers Z and M as texturizers (F1 Z and F1 M) did not show
significant differences with those measured for the reference product F1 containing nylon-
12 and PMMA. On the contrary, the samples formulated with the inorganic texturizers
S and H (F1 S and F1 H) were characterized by higher values of firmness, consistency,
cohesiveness, and adhesiveness (considering the absolute values), and lower values of
stringiness. These two formulations, in fact, were less spreadable, since the force necessary
to obtain a deformation was greater, and they left a stickier residue on the skin after the
application phase [16].

—F1
—F12
—F1M
F1S
—F1H

0.2 4

0.1 4

Load [N]

0.0 . ; = it b
° W 30 40

displacement [mm)]

Figure 2. Texture curves obtained from an immersion/de-immersion test performed on the product
F1 with the synthetic texturizers and the products F1 Z, F1 M, F1 S, and F1 H with natural ones.
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From the flow curves obtained with a rheological controlled shear rate test, the zero-
shear viscosity of the samples was calculated with the Carreau-Yasuda equation in the
so-called Newtonian plateau region where the viscosity remains almost constant. The
calculated values are listed in Table 5. In accordance with the firmness and consistency data
recorded in the texture analysis, the samples formulated with the starch-derived texturizers
(Z and M) showed lower viscosity values than the samples formulated with the inorganic
texturizers (S and H). The substitution of the microplastics with the organic texturizers did
not cause drastic changes in the viscosity of the product.

Table 5. The zero-shear viscosity (10) values measured for the product F1 with the synthetic texturiz-
ers and the products F1 Z, F1 M, F1 S, and F1 H with natural ones.

Sample Name Texturizer % wiw 10 (Pa-s)
F1 Nylon-12 and PMMA 2.5 6547

Zea mays starch, polyvinyl

F1z alcohol, and glycerin 25 6180

F1M Maltodextrin 2.5 5671
Sodium potassium

F1S aluminum silicate, titanium 2.5 9610
dioxide, and silica

F1H Mica 2.5 10,582

The rheological curves obtained from a frequency sweep test are shown in Figure 3.
The samples showed a weak gel pattern of the viscoelastic moduli, in which the storage
G’ modulus was always greater than the loss G’ modulus in the whole frequency range
investigated. The inorganic polymers S and H caused a slight increase in the elastic com-
ponent (Figure 3b), whereas the use of M caused a decrease in both G’ and G” (Figure 3a).
The moduli of the sample containing the texturizer Z were superimposed on those of the
original product formulated with the synthetic polymers, demonstrating that the natural
polymer Z can be considered a valid alternative to the synthetic texturizers in this prod-
uct. In this formulation which contains a high percentage of aqueous phases (more than
70% w/w), the starch-derived polysaccharides gave more balanced viscoelastic properties
compared to the inorganic powders, being able to interact and bind with water through
the formation of hydrogen bonds, but also able to efficiently absorb the oil phase, without
feeling sticky or greasy, as demonstrated in the study conducted by Marku et al. in which
starch-stabilized surfactant-free emulsions with a high oil content were found to be stable
and pleasant during application on the skin [32].

=F1G' = F1G" ~-F1G' -=-F1G"
=F12G' —~F12G" F1SG' F1SG"
-F1MG' —<=F1MG" —FLHG" ~FLHG'

.
¥
T
_y g g
s

© o

- - s

U] [ M/

o O bGsggg3 g3 e oot ol
10 10
0.01 0.1 1 10 100 001 0.1 1 10 100
Frequency [rad/s] Frequency [rad/s]
(a) (b)

Figure 3. Trends of the elastic G’ and viscous G” moduli in the function of the oscillation frequency
for the product F1 compared with the samples formulated with the organic texturizers F1 Z and F1 M
(a) and the samples formulated with the inorganic ones, F1 S and F1 H (b).
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3.1.2. Substitution of Acrylic Rheological Modifiers

The acne-prone serum with Z as a texturizer (F1 Z) contains ammonium acryloyldimethyl-
taurate/ VP copolymer at 0.9% w/w as a rheological modifier and has been reformulated using
the following polysaccharidic raw materials at different concentrations: t (sclerotium gum), v
(a combination of sclerotium gum and xanthan gum), and r (succinoglycan). These natural
ingredients are polysaccharides obtained from bacterial fermentation proposed as cosmetic
rheological modifiers, since, according to their chemical structure characterized by the presence
of several hydroxyl groups, they can bind with water molecules and modulate the viscosity
and mechanical properties of the systems [33]. Since the aim of this study was to replace the
acrylic polymer while maintaining the physical-mechanical properties of the formula, the four
polysaccharides were chosen among those that were found to be able to form weak gel-type
structures, according to the results of our previous studies characterizing the rheological and
texture properties of aqueous dispersions of naturally derived rheological modifiers [34,35].
The samples containing the microbe-derived ingredients at a concentration of 0.75% w/w were
not stable in the centrifuge test conducted at 4800 rpm for 30 min, showing phase separation
(Table 6). The samples that were stable in the centrifuge test were subjected to a controlled
shear rate rheological test. By increasing the concentration of the polysaccharides t and v at 1%
w/w, we obtained stable emulsions, but we registered high values of viscosity at rest, firmness,
and consistency, which are parameters correlated with poor spreadability (Figure 4). In their
work, Kulawik-Pioro et al. stated that too much firmness, which is strictly correlated with
viscosity, could cause difficulties in spreading the product on the skin, since higher forces are
needed to deform it, which would discourage consumers from regular and frequent use [16].
We therefore maintained the concentration of the polysaccharides t and v at 0.75% w/w and
we introduced 0.1% w/w and 0.2% w/w of the polysaccharide k (diutan gum) known for its
stabilizing properties even at low concentrations.

Table 6. Mechanical stability test results for the formulation F1Z with the natural texturizer Z and
different polysaccharides used at different concentrations to replace the synthetic acrylic rheological
modifier. The samples that were stable in the centrifuge test were subjected to a controlled shear rate
rheological test to measure the zero-shear viscosity (0).

Sample Name v% w/w t% ww r% wiw k% v 4800 rpm; 30 1n0 (Pa-s)

F17Z v075 0.75 - - - separation -
F1Z vl 1 - - - stable 5609
F17 1075 - 0.75 - - separation -
F1Z t1 - 1 - - stable 5650
F17 x075 - - 0.75 - separation -
F1Z r1 - - 1 - separation -
F1Z vk 0.75 - - 0.1 stable 3852
F1Z tk - 0.75 - 0.1 separation -
F1Z tk2 - 0.75 - 0.2 stable 6929

To stabilize the formula containing the polysaccharide t at 0.75% w/w, it was necessary
to use a concentration of k of 0.2% w/w (sample F1Z tk2), leading to an increase in firmness
at higher values than the formulation F1Z t1 with t at 1% w/w. As shown in Figure 5, the
association between v at 0.75% w/w and k at 0.1% w/w (F1Z vk) stabilized the emulsion,
producing the lowest increase in firmness.
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Figure 4. Texture curves obtained from an immersion/de-immersion test performed on the product
F1Z with the synthetic texturizer Z and the acrylic rheological modifier and the samples with the
polysaccharidic rheological modifier and F1Z v1, F1Z t1, F1Z vk, and F1Z tk2.

Firmness

0.3
—0.2 =
E k=
©
(52
(o]
—
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0.0

F1Z F1Z t1 F1Z vl F1Z vk F1Z tk2

Figure 5. Firmness measured by means of an immersion/de-immersion test for the product F1Z by
substituting the acrylic rheological modifier.

The frequency sweep rheological analyses showed that the substitution of the acrylic
polymer with the polysaccharides determined a loss of the solid elastic component, since
the formulation F1Z vk had a lower storage G’ modulus (Figure 6a) compared to the F1Z
product and higher values of damping factor tand (Figure 6b), which is calculated from the
ratio between the viscous modulus G” and the elastic modulus G'.

Despite the differences found between the products after the replacement of the acrylic
polymer with polysaccharides of microbial origin, by combining the polysaccharide raw
material v e at 0.75% and the diutan gum k at 0.1%, we managed to obtain a fluid product
stable against mechanical stress, with high spreadability, modules that fall between the
second and third decade, and a viscosity similar to that of the original product (n at0.01 s~
for F1 was 1173.3 Pa-s; for F1Z vk, it was 1145.4 Pa's). Compared to the raw material
t composed of only sclerotium gum, the raw material v is composed of a mixture of
sclerotium gum and xanthan gum, which act synergistically with diutan gum to form a
structured network in the aqueous phase, giving greater stability to the emulsion and a
better balance of texture properties.
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Figure 6. Trends of the elastic G” and viscous G” moduli (a) and the damping factor tand (b) in the

function of the oscillation frequency for samples F1Z with the acrylic polymer and F1Z vk with a
combination of polysaccharides.

3.1.3. Substitution of Silicone Emollients

In the formula F1Z vk, where the texturizers and rheological modifier were replaced,
we proceeded by replacing the emollient dimethicone, which was present at 1% w/w
and whose production process has a high expenditure in terms of carbon dioxide and
is, therefore, highly impactful on the environment. Silicones are highly appreciated in
cosmetics for their sensorial properties, as they give a light, smooth, and silky texture to
the formula. The raw materials chosen for the replacement were plant-based emollients
proposed on the market as sustainable alternatives to silicones as they create a skin-like feel
and a dry touch like those given by silicones [8]. These emollients were used at the same
concentration of dimethicone (1% w/w): CU (undecane and tridecane), EG (C15-19 alkanes),
DSG (ethyl olivate and triheptanoin), and EP (coconut/palm kernel alkanes). As shown
from the values of the damping factor (tand) in the function of frequency (Figure 7 and
Table 7), the formulation which was found to have the same viscoelastic properties as the
formula F1Z vk was F1Z DSG (containing ethyl olivate and triheptanoin as a dimethicone-
substitute emollient). These data highlight how the qualitative composition of the internal
phase can influence the rheological and application properties of the emulsion. Even if
the differences were not so marked, the ester-based raw material compared to that based
on alkanes allowed us to obtain a good compromise between the polarity, mechanical
properties, and sensoriality, bieng similar to those imparted by dimethicone.

Table 7. Damping factor tand values registered at different frequencies (10 and 0.5 rad/s) and zero-
shear viscosity values (10) for samples F1Z v075 k01 with dimethicone and samples F1Z DSG, F1Z
CU, F1Z EG, and F1Z EP with naturally derived emollients.

F1Z vk 0.278 0.347 3852
F1Z CU 0.303 0.371 3151
F1Z DSG 0.282 0.342 4407
F1Z EG 0.302 0.374 3677

F1Z EP 0.290 0.321 2677




Cosmetics 2024, 11, 60

13 of 25

+F1Z vk —~-F1Z CU
F1Z DSG —~-F1Z EG
F1Z EP

Tan

0.1

0.01 0.1 1 10 100
Frequenza [rad/s]

Figure 7. Trends of the damping factor tand in the function of the oscillation frequency for samples F1Z vk
with dimethicone and samples F1Z DSG, F1Z CU, F1Z EG, and F1Z EP with naturally derived emollients.

The graph of texture parameters in Figure 8 shows the comparison between the
original commercial formula F1 and the final formula F1Z DSG reformulated using an
eco-design approach by substituting the synthetic texturizers nylon-12 and PMMA with
the starch-based raw material Z, the acrylic rheological modifier with the combination
of sclerotium, xanthan (v), and diutan (k) gums, and dimethicone with the natural emol-
lients ethyl olivate and triheptanoin (DSG). The formulations had similar values of co-
hesiveness (F1: —0.036 N £ 0.003; F1Z DSG: —0.039 N + 0.001) and adhesiveness (F1:
0.413 N.mm =+ 0.029; F1Z DSG: 0.363 N.mm = 0.018), as the negative part of the curves
are almost superimposed. On the other hand, F1Z DSG showed slightly higher val-
ues of firmness (F1: 0.139 N =+ 0.001; F1Z DSG: 0.205 N =+ 0.003) and consistency (F1:
0.982 N.mm = 0.053; F1Z DSG: 1.395 N.mm = 0.030) and significantly lower values of
stringiness (F1: 8.91 mm =+ 1.05; F1Z DSG: 6.57 mm =+ 0.521), indicating that the substitu-
tion made resulted in a more structured emulsion with lower pick-up properties. These
differences are mainly attributable to the replacement of the acrylic polymer with polysac-
charides, which, in order to guarantee the mechanical stability of the formulation, must be
used at high concentrations, resulting in an increase in firmness and consistency.

—F1 —F1Z DSG
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” W 30 40
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Figure 8. Texture curves obtained from an immersion/de-immersion test performed on the original
product F1 and the sample F1Z DSG reformulated using an eco-design approach by replacing the
synthetic texturizers, the acrylic rheological modifier, and dimethicone.



Cosmetics 2024, 11, 60

14 of 25

We performed a double-blind sensory test comparing the original formula F1 and the
reformulated one F1Z DSG. Differences were detected just for one parameter, that is, the
consistency at first touch, in agreement with the texture parameters measured in the texture
analysis. On a scale of values where 1 is fluid and 7 is compact, F1Z DSG was evaluated on
average as |1 = 2.61, while F1 was measured as p = 1.73 [t (32) = 3.98 p < 0.01]. No differences
were detected in terms of the spreadability, absorption rate, and after-feel phase.

3.2. Reformulation of Product F2
3.2.1. Substitution of Synthetic Texturizers

The product F2 is a firm gel-cream to be applied on the under-eye area, whose emul-
sified system is composed of two non-ionic emulsifiers and carbomer acts as a stabilizer
and rheological modifier. The film-forming properties are provided by PMMA and a mix-
ture of dimethicone, polysilicone-11, and dimethiconol, which also provide sensorial and
texturizing properties.

The synthetic texturizer present in the formula at a concentration of 1% w/w has been
replaced by natural texturizers at the same concentration, namely, Z, M, S, and H. Four
formulations, each containing these different natural texturizers at 1% w/w, were prepared
and analyzed through texture analysis and rheology.

The texture curves in Figure 9 show that the incorporation of natural polymers instead
of the synthetic ones caused a slight decrease in the emulsions’ firmness, consistency, and
cohesiveness. The most significant decrease occurred when the synthetic texturizer was
replaced with polymer Z.

—F2
—F2Z
—F2M
F2S
04 —F2H

0.6

0.2 -

Load [N]

0.0

10 2/ 30 40

displacement [mm)]

Figure 9. Texture curves obtained from an immersion/de-immersion test performed on the product
F2 with the synthetic texturizers and the products F2 Z, F2 M, F2 S, and F2 H with the natural ones.

The values of zero-shear viscosity calculated with the Carreau—Yasuda model are
listed in Table 8. The substitution of PMMA with the natural texturizers caused slight
variation in the viscosity of the product. In accordance with the texture parameters, the
sample containing Z had the lowest values of viscosity at rest.

The samples showed a weak gel rheological pattern, with G’ always dominating over
G” in the entire frequency range investigated, whose values were settled between the
second and third decades. Polymer Z caused a decrease in the complex G* modulus and
an increase in the damping factor tand, thus indicating a less structured system with a
lower elastic component than the other samples (Figure 10). Polymer M turned out to be
the texturizer that caused fewer variations in the rheological and textural properties of
the product.
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Table 8. Zero-shear viscosity (10) values measured for the product F2 with the synthetic texturizers
and the products F2 Z, F2 M, F2 S, and F2 H with the natural ones.

Sample Name Texturizer % wlw Nn0 (Pa-s)
F2 PMMA 1 48,554
n7 Zea mays starch, polyymyl 1 36,186
alcohol, and glycerin
F2M Maltodextrin 1 51,676
S Sodlum p.otassn.lm.alummur?n. silicate, 1 12613
titanium dioxide, and silica
F2H Mica 1 48,589
-=-F2G* -F2ZG* —=F2MG* -=-F2 G* --F2SG* -=-F2HG*
F2 tand —F2Ztané —F2 Mtané F2 tand F2Stand —F2Htand
1000 1 1000 1
o © -
100 e —————rr —————t 01 100 0.1
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Frequency [rad/s] Frequency [rad/s]
(a) (b)

Figure 10. Trends of the complex G* modulus and of the damping factor tand in the function of the
oscillation frequency for the product F2 compared with the samples formulated with the organic
texturizers F2 Z and F2 M (a) and the samples formulated with the inorganic ones, F2 S and F2 H (b).

3.2.2. Substitution of Acrylic Rheological Modifiers

Once the synthetic texturizer was replaced with the natural texturizer M, we proceeded
with the substitution of the acrylic polymer. This product contains carbomer at 0.35%
w/w and has been reformulated using three raw materials alone and in combination, t
(sclerotium gum), r (succinoglycan), and k (diutan gum), which are polysaccharides with
high elastic and film-forming properties. The polysaccharide concentration used to prepare
the samples and the results of the centrifuge test are reported in Table 9.

Table 9. Mechanical stability test results and zero-shear viscosity (n0) values for the formulation F2M
with the natural texturizer M and different polysaccharides used at different concentrations to replace
the synthetic acrylic rheological modifier.

Sample Name t % wlw r % wlw k % wlw 4800 rpm; 30’ Nn0 (Pa-s)
F2M t 1.5 - - stable 18,434
F2M t2 1.75 - - stable 29,121
F2M t3 2 - - stable 20,052
F2Mr - 15 - stable 12,576
F2M k - - 1.5 stable 9494
F2M tr 15 0.5 - stable 17,331

F2M tk 1.5 - 0.5 stable 18,413
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Even if the use of polysaccharide concentrations higher than 1.5% led to obtaining stable and
structured systems, the emulsions were difficult to prepare and resulted in being non-homogeneous,
sticky, and not very sensorial. It was therefore decided to compare the textural properties of the
emulsions formulated with the different polysaccharides inserted in the water phase at 1.5% w/w
(Figure 11). Compared to the F2M reference product, the F2M t, F2M r, and F2M k emulsions thus
formulated showed lower firmness, consistency, cohesiveness, and adhesiveness values, demon-
strating the difficulty of replicating the mechanical performance of the acrylic polymer through the
use of a polysaccharide alone. Among the polysaccharides studied, t determined lower values of
adhesiveness, r determined greater stringiness since the emulsion formed a longer filament during
the de-immersion phase, which indicated greater pick-up properties, and k determined greater
cohesiveness, which could reflect a more elastic and stiffer system. These different behaviors are
linked to the different chemical structures of the polysaccharides which determine their application
peculiarities. Sclerotium gum (t) is a non-ionic polysaccharide characterized by a linear chain
of glucose with a single glucose branch at every third residue. Its molecular weight is about
1 million Dalton. In water, it assumes a triple-helix conformation which results in a rigid and
pseudoplastic gel with a bouncy texture [36]. Succinoglycan (r) is an octasaccharide of 6 million
Da consisting of seven glucose and one galactose with pyruvyl and succinyl substitutions. Its
semi-flexible double-helix structure established in solution causes the formation of weak and soft
gels [37]. Diutan gum (k) is a high-weight polysaccharide whose molecular weight is between
2.85 and 5.20 million Da. Its structure is characterized by a tetrasaccharide main chain with two
rhamnose side chains, forming a rigid double-helix which enhances its stability in solution by
forming a long-range ordered network [38].

Firmness Consistency
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Figure 11. Firmness (a), consistency (b), cohesiveness (c), adhesiveness (d), and stringiness (e)
measured by means of an immersion/de-immersion test for the product F2M by substituting the
acrylic rheological modifier with polysaccharides t, r, and k alone and in combination.
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By exploiting their different characteristics, it is possible to combine these polysaccha-
rides together to obtain a wide range of textures and try to achieve the physical-mechanical
properties imparted by acrylic polymers. Maintaining the total concentration of polysac-
charides at 2% w/w, the textural properties of the associations between t at 1.5% w/w and r
(formula F2M tr) or k (formula F2M tk) at 0.5% w/w were investigated (Figure 11). The
formula F2M tk showed the texture parameters of firmness and consistency similar to those
of the reference formula F2M. However, significant differences were found in terms of
cohesiveness and adhesiveness, demonstrated by the negative part of the curve, which
corresponds to the de-immersion phase, and could be related to the after-feel phase, i.e.,
the phase that follows the application of the product on the skin. Lower adhesiveness, in
fact, corresponds to a smaller force needed to separate the product from the surface of the
probe and could be attributable to lower film-forming properties.

The mechanical spectra investigated by frequency sweep analyses (Figure 12) reflect
the results of the texture data. The samples presented a weak gel-type pattern where the
elastic modulus G’ dominated over the viscous modulus G”, keeping a parallel trend with
each other. For all of the samples, the moduli were located between the second and third
decades, even though the acrylic polymer’s replacement produced a significant reduction
in their values.
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Figure 12. Trends of the elastic G’ and viscous G” moduli in the function of the oscillation frequency for
samples F2M with the acrylic polymer and F2M tr and F2M tk with combinations of polysaccharides.

3.2.3. Substitution of Silicone Emollients

The silicone ingredients were removed from the F2M tk formula: a five centistokes
dimethicone oil at 3.5% w/w, dimethiconol at 0.5% w/w, and an elastomer composed
of dimethicone and polysilicone-11 at 1.5% w/w. These raw materials were replaced
by a natural ingredient (P), consisting of a polyurethane-based biodegradable elastomer
dispersed in alkanes and esters of plant origin, used alone at 5.5% w/w in the formula F2M
P or in combination with DSG (ethyl olivate and triheptanoin) at 1% in the formula F2M P
DSG 1 and at 1.5% w/w in the formula F2M P DSG 1.5. All of the formulations were stable
after the centrifuge test (Table 10).

From the rheological curves obtained in the frequency sweep test (Figure 13), there
were no differences between F2M P DSG1.5 and the sample F2M tk in terms of viscoelastic
properties, since the G* and tand curves were superimposed. The samples F2M P and
F2M P DSG1, on the other hand, showed a higher G* value, which was related to more
structured emulsions.
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Table 10. Mechanical stability test results and zero-shear viscosity (n0) values for the formulations

F2M tk with natural alternatives to silicones.

Sample Name P % wlw DSG % wiw 4800 rpm; 30’ Nn0 (Pa-s)
F2M P 5.5 - stable 18,962
F2M P DSG 1 45 1 stable 19,501
F2M P DSG 1.5 4 15 stable 16,592
—-F2M tk G* -=F2M P G*
F2M P DSG1 G* F2M P DSG1.5 G*
—F2M tk tané —F2M P tand
F2M P DSG1 tand F2M P DSG1.5 tané
1000 1
T
©

tand

100 0.1

0.01 0.1 10 100

1
Frequency [rad/s]

Figure 13. Trends of the complex G* modulus and of the damping factor tand in the function of the
oscillation frequency for the product F2M tk formulated with silicones and the samples F2M P, F2M P
DSG1, and F2M P DSG1.5 formulated with natural alternatives.

The texture curve in Figure 14 shows the comparison between the original commer-
cial formula F2 and the final formula F2M P DSG1.5 reformulated using an eco-design
approach by substituting the synthetic texturizer PMMA with the maltodextrin pow-
der M, the acrylic rheological modifier with a combination of sclerotium (t) and diutan
(k) gums, and the silicone ingredients with the biodegradable elastomer P and natural
emollients ethyl olivate and triheptanoin (DSG). The formulations showed quite sim-
ilar values of firmness (F2: 0.496 N + 0.014; F2M P DSG1.5: 0.440 N + 0.003), con-
sistency (F2: 3.073 N.mm =+ 0.066; F2M P DSG1.5: 2.746 N.mm =+ 0.023), and stringi-
ness (F2: 5.28 mm =+ 0.32; F2M P DSG1.5: 5.43 mm =+ 0.42). The main differences were
found in the negative part of the curve: the new formula had lower values of cohe-
siveness (F2: —0.159 N + 0.007; F2M P DSG1.5: —0.101 N £ 0.003) and adhesiveness (F2:
1.184 N.mm =+ 0.094; F2M P DSG1.5: 0.768 N.mm =+ 0.044). These differences indicated
that the substitution made resulted in a more spreadable emulsion with lower film-forming
properties. These differences were mainly attributable to the replacement of the acrylic
polymer with polysaccharides, resulting in a decrease in the structure of the systems.

We conducted the consumer sensory test to compare the original formula F2 and
the reformulated sample F2M P DSGL1.5. Differences were detected for three parameters,
even if the numerical data registered were limited and not so marked. For consistency
at first touch, on a scale where 1 was fluid and 7 was very consistent, F2 had an average
rating p = 2.94, while F2M P DSG1.5 had an average rating pu = 4.39 [t (32) = 6.31 p < 0.01].
For spreadability, on a scale from 1—low to 7—high, F2 had an average rating u = 5.91,
while F2M P DSG1.5 had an average rating p = 4.85 [t (32) = 4.79 p < 0.01]. For the rate of
absorption, on a scale from 1—slow to 7—fast, F2 had an average rating p = 4.85, while
F2M P DSG1.5 had an average rating p = 4.21 [t (32) =2.18 p < 0.04].
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Figure 14. Texture curves obtained from an immersion/de-immersion test performed on the original
product F2 and the sample F2M P DSG1.5 reformulated using an eco-design approach by replacing
the synthetic texturizer, the acrylic rheological modifier, and the silicone ingredients.

3.3. Reformulation of Product F3
3.3.1. Substitution of Synthetic Texturizers

The product F3 is an O/W body butter characterized by a high percentage of li-
pidic phases composed of synthetic esters and triglycerides, natural waxes, and fatty
alcohols. The emulsifying system is a combination of non-ionic and anionic emulsifiers.
The semi-solid structure is held up by the synthetic polymers sodium polyacrylate and
acrylates /beheneth-25 methacrylate copolymer. PMMA is the synthetic texturizing agent at
3% w/w, which has been replaced by natural ones at the same concentration: Z, M, S, and
H. Four formulations, each containing these different natural texturizers at 1% w/w, were
prepared and analyzed through texture analysis and rheology. From the texture curves,
one can immediately see how the inorganic texturizers S and H increased the mechanical
properties of the emulsion significantly (Figure 15a,b). The inorganic texturizers showed
better performance in the formulations with a greater oil phase, thanks to their better
wettability compared to organic texturizers. Reducing the silica concentration from 3% to
1.5% resulted in texture parameters similar to those of the reference product (Figure 15b).

—F3 —F3
—F3H 16 L —F351.5

displacement [mm] displacement [mm]

(a) (b)

Figure 15. Texture curves obtained from an immersion/de-immersion test performed on the product
F3 with the synthetic texturizer and the formula with the natural ones F3 Z, F3 M, F3 H (a), F3 S, and
F351.5 (b).

The rheological values obtained from the analysis conducted both in continuous and
oscillatory flow conditions confirmed that the substitution of the synthetic texturizer with
the inorganic polymer S at 1.5% w/w allowed us to obtain an emulsion with viscosity and
elasticity parameters closer to those of the reference emulsion F3 (Table 11).
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Table 11. Zero-shear viscosity 1y values and damping factor tand values measured for the product F3
with the synthetic texturizers and the products F3 Z, F3 M, F3 H, and F3 S with the natural ones.

Name Texturizer % wlw 10 (Pa-s) tané (10 rad/s) tand (0.5 rad/s)
F3 PMMA 3 210,510 0.187 0.291
F37Z Zea mays starch, polyvinyl 3 204,930 0.240 0.360

alcohol, and glycerin

F3 M Maltodextrin 3 111,900 0.223 0.333
F3 H Mica 3 187,190 0.211 0.302
F3S Sodium potassium aluminum silicate, 3 260,830 0.198 0.274
F3S1.5 titanium dioxide, and silica 15 184,800 0.186 0.289

3.3.2. Substitution of Acrylic Rheological Modifiers

The body butter with silica at 1.5% w/w as natural texturizer, F3 S1.5, contained two
synthetic rheological modifiers, sodium polyacrylate at 0.3% w/w and acrylates/beheneth-
25 methacrylate copolymer at 1% w/w, which have been replaced with c (iota carrageenan)
alone at increasing concentrations (1-1.5-2% w/w) or in a binary combination with t
(sclerotium gum). All of the formulations were stable after the centrifuge test (Table 12).

Table 12. Mechanical stability test results and zero-shear viscosity (n0) values for the formulations
F3S and polysaccharides used at different concentrations to replace the synthetic acrylic rheologi-
cal modifiers.

Sample Name ¢ % wlw t % wlw 4800 rpm; 30’ 1n0 (Pa-s)
F3Scl 1 - stable 47,516

F35cl1.5 1.5 - stable 100,150
F3S c2 2 - stable 113,920
F3S ct 1.5 0.5 stable 126,410

Iota carrageenan, once dispersed in water, can form soft and elastic gels. This ability
is due to its chemical structure characterized by galactose dimers with acidic sulfate
groups that lead, in the presence of bivalent cations, to a double-helix-type conformation,
stabilized by cationic bridges between the negatively charged sulfate groups [39]. For these
reasons, this algae-derived polysaccharide was selected to replace the synthetic polymers
and maintain the rich, consistent, and bouncy texture typical of a body butter. As the
concentration of carrageenan increased, the texture parameters of firmness (Figure 16a),
consistency (Figure 16b), and adhesiveness (Figure 16c) increased. However, the sample
with the highest concentration (F3S c2), despite having texture parameters closer to the
F3S sample, was not homogeneous from an organoleptic point of view. At this point,
the carrageenan was associated with another structuring polysaccharide with a weak gel
rheology, sclerotium gum (t) at 0.5% w/w. The sample thus formulated as F3S ct showed
high firmness, consistency, and adhesiveness, similar to those of F3S.

The sample F3S ct containing a combination of ¢ at 1.5% w/w and t at 0.5% w/w
showed a weak gel rheological pattern, as did the sample F3 S1.5 with the acrylic polymers,
but the mechanical spectra showed some qualitative and quantitative differences as the
moduli values were lower (Figure 17a) and more dependent on the applied frequency, and
the damping factor values were higher than those of F3 S1.5 (Figure 17b), indicating a
decrease in the solid elastic properties.
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Figure 16. Firmness (a), consistency (b), and adhesiveness (c) measured by means of an immersion/de-
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immersion test for the product F3 51.5 by substituting the acrylic rheological modifiers with polysac-
charide c alone and in combination with t.
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Figure 17. Trends of the elastic G’ and viscous G” moduli (a) and the damping factor tans (b) in the
function of the oscillation frequency for samples F3 51.5 with the acrylic polymer and F3S ct with a
combination of polysaccharides.

The texture curve in Figure 18 shows the comparison between the original commercial
body butter F3 and the final formula F3S ct reformulated using an eco-design approach
by substituting the synthetic texturizer PMMA with the silica powder S and the acrylic
rheological modifiers with a combination of carrageenan (c) and sclerotium gum (t). The
formulations showed close values of firmness (F3: 1.090 N & 0.089; F3S ct: 1.091 N + 0.014)
and consistency (F3: 6.715 N.mm =+ 0.951; F3S ct: 6.016 N.mm =+ 0.132). The new formula
had lower values of cohesiveness (F3: —0.484 N 4 0.025; F3S ct: —0.399 N % 0.002) and
adhesiveness (F3: 3.597 N.mm =+ 0.171; F3S ct: 3.149 N.mm = 0.031), and higher values
of stringiness (F3: 4.73 mm =+ 0.97; F3S ct: 5.31 mm = 0.49). These differences indicated
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that the substitution made resulted in a body butter with similar mechanical-structural
properties to the original product, with lower adhesiveness and greater pick-up properties.
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Figure 18. Texture curves obtained from an immersion/de-immersion test performed on the original
product F3 and the sample F3S ct reformulated using an eco-design approach by replacing the
synthetic texturizer, the acrylic rheological modifier, and the silicone ingredients.

In the double-blind sensory test performed on the F3 product and the formula F3S
ct, differences were perceived for only two parameters. For consistency at first touch, on
a scale of values where 1 was fluid and 7 was very consistent, F3 had an average rating
w = 5.33, while F3S ct had an average rating 1 = 6.24 [t (32) = 5.71 p < 0.01]. For spreadability,
on a scale where 1 was low spreadability and 7 was high spreadability, F3 had an average
rating p = 5.21 and F3S ct had an average rating u = 4.12 [t (32) = 3.31 p < 0.01].

4. Conclusions

Replacing synthetic ingredients without affecting the applicative properties of a prod-
uct is a hard challenge for the formulator. Synthetic materials like acrylic polymers and
silicones are meticulously engineered to deliver specific functionalities—impacting the
product’s structure, application characteristics, and sensory experience. When replacing
those ingredients with nature-derived raw materials, factors like choosing the right mate-
rial, calibrating its concentration, and exploring synergistic combinations become crucial in
order to achieve the desired performance. Eco-design focuses on selecting environmentally
friendly raw materials without compromising the product’s stability, ease of application,
or the sensorial aspects to which consumers are accustomed. This study proposes a novel
formulation approach that leverages combined rheology and texture analysis to identify
the optimal concentration and ingredient combinations, facilitating effective comparisons
between products. The studies present in the literature that include the combined use of
rheology and texture analysis exploit instrumental techniques to comprehensively describe
the physical-mechanical characteristics of raw materials and finished products in order to
predict the sensorial characteristics perceived by consumers. Kulawik-Pioro et al. in their
paper [16] investigated the relationship between rheological, textural, and sensorial proper-
ties to assess the effectiveness of barrier creams, finding good correlations between viscosity,
firmness, and spreadability. Callixto and Maia Campos, analyzing the physical and textural
properties of skin care products, found a strong correlation between the concentration of UV
filters, spreadability, and cohesiveness. In the study by Gilbert et al. [19], they concluded
that sensory attributes used to describe cosmetic products during the pick-up and rub-out
phases can be foreseen through instrumental rheological and texture analyses. Terscensco
et al. [21] set up an instrumental protocol to investigate the influence of emollients on
the structural properties and the rheological behavior of emulsions, discovering that the
formation of larger oil droplets led to enhanced elastic behavior and spreading properties.
Correlations existing between the textural and sensory parameters determined by the use
of different cosmetic ingredients, such as butters, oils, and starch, were highlighted by
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Vieira et al., in which [27] fluidity and consistency were found to be inversely correlated.
In this work, the instrumental protocol is incorporated into the concept of eco-design
formulation, with the aim of identifying the correct combinations of natural ingredients
that can effectively replace synthetic raw materials with a high environmental impact and
ensuring that the final consumer does not notice these formulation changes.

The replacement of the rheological modifiers in the three formulas highlighted how
the use of polysaccharides resulted in a decrease in the elastic properties together with a
reduction in cohesiveness and adhesiveness. On the other hand, the replacement of silicone
emollients, highly appreciated in terms of sensory properties as they give a light, flowing,
and silky texture to products, with different naturally derived emollients caused different
interactions with the skin, which are difficult to detect with instrumental characterization,
having an impact on the after-feel phase of the product after application.

In F1, an acne-prone skin serum, the substitution of the microplastics with a starch-
based texturizer, the substitution of the acrylic polymer with a combination of sclerotium
gum, xanthan gum, and diutan gum, and the substitution of dimethicone with a mixture of
ethyl olivate and triheptanoin allowed us to obtain a stable and fluid system with good pick-
up properties, and with a skin feel almost equal to that of the original formula, according
to the consumer sensory evaluation.

In F2, an eye-contour gel-cream, the substitution of PMMA with maltodextrin, the
substitution of the acrylic polymers with a binary combination of sclerotium gum and
diutan gum, and the substitution of the silicone ingredients with a raw material containing
a biodegradable elastomer allowed us to produce a stable and smooth system without
increasing the stiffness. However, in the final formula, we were not able to reach the same
adhesiveness and cohesiveness of the original product, as shown by the different trend of
viscoelastic moduli that reflected the differences detected during the sensory test.

In F3, a body butter, the substitution of the synthetic texturizer with silica and the
substitution of the acylates with a combination of carrageenan and sclerotium gum allowed
us to reproduce the rigid structure and the low pick-up value of the original formula.
However, the reformulated emulsion was perceived to be less spreadable and to have a
thicker consistency than the commercial one.

The differences recorded were limited and not so marked, being inevitably due to
the specificity of the raw materials used and the intrinsic performances of the selected
polysaccharides. Although perfectly replicating the structural and application properties
of existing formulas with natural alternatives might be impractical, combining rheology
and texture analyses allows for the selection of the most suitable natural ingredients
that closely resemble the performance of their synthetic counterparts. This instrumental
protocol offers a significant advantage over traditional trial-and-error methods, facilitating
the development of viable solutions with reduced costs and development time. This
proves particularly valuable when reformulating cosmetic products from a green and
sustainable perspective.

The replacement of unsustainable ingredients and the reformulation of products
represents the first step of the eco-design approach. Life cycle assessment studies are
required to have objective data on the sustainability of cosmetic products. Future steps
must consider the entire life cycle of the product, taking into account the emissions during
the production processes and the choice of materials that will make up the packaging.
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