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Abstract: Different processing conditions to produce emulsions can modify the dispersion
of ingredients, visual aspect, and viscosity, influencing the final product’s effectiveness. In
this study, a primary sunscreen emulsion was produced by the conventional stirring process
and subsequently subjected separately to complementary processing methods. A Box-
Behnken 23 factorial design was applied to each complementary processing method: the
High-Shear Method (CP-HS) and the High-Pressure Homogenization Method (CP-HPH).
The present study aimed to investigate the influence of these complementary processes
on particle size distribution (PSD), Zeta potential, pH, rheological properties, in vitro SPF,
and photostability. In the CP-HS factorial design, the factors explored at three levels were
stirring speed and stirring time, while in the CP-HPH design, the factors varied at three
levels of pressure and the number of cycles through the high-pressure homogenizer. Results
indicated that both complementary processing methods significantly influenced (p < 0.05)
the physicochemical characteristics of the primary sunscreen emulsion, which was applied
as the starting point. In CP-HS, the sample subjected to 15,000 rpm for 15 min exhibited
the highest in vitro SPF (p < 0.05), with an average value of 42 at T0, while the primary
sunscreen emulsion had an SPF of 30. In CP-HPH, a more pronounced reduction and
uniformity in PSD among the studied methods were observed (p < 0.05), and the range of
data was 0.20–0.34 µm. These results emphasize how different processing methods can
influence the final characteristics of an emulsion and where suitable choices can significantly
benefit the product.

Keywords: emulsion complementary process; ultra-turrax; high-pressure homogenizer

1. Introduction
Emulsions consist of a dispersion of two immiscible phases and are present in various

products in the cosmetic, pharmaceutical, and food segments [1,2]. Considered thermo-
dynamically unstable, they tend to undergo phase separation through phenomena such
as creaming, coalescence, coagulation, or Ostwald ripening [3,4]. Understanding the phe-
nomena that cause instability in the system is an important step, where aspects such as the
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concentration and physical-chemical properties of the components, emulsification method,
particle size distribution, and storage conditions can be responsible for intense structural
changes in the emulsion [5,6].

When there is no balance in the emulsified system, gravitational separation probably
occurs by the density difference between phases (sedimentation or cremation) [3,4]. Coales-
cence occurs due to the absence of coverage of the particles, where there is no barrier to
continuous phase approximation, leading to irreversible phase separation [7–9]. Coagu-
lation occurs when the particles present an anomalous level of approximation caused by
changes in particle charges, generating aggregates [10]. Ostwald ripening is related to the
decrease or disappearance of the smallest particle size population due to the high energy
they need to stabilize, while larger particles increase spontaneously, as it is a process that
demands less energy and tends to enhance thermodynamic stability [11,12].

In this context, much research has investigated the performance of various ingre-
dients in different concentrations and combinations to achieve physicochemically stable
emulsions [13–17]. In addition to exploring different ingredients and their combinations,
processing methods should also be explored. The choice of processing method plays an
essential role in enhancing a thermodynamically unstable system to show kinetic stability
over the shelf-life [3,18,19].

The input of mechanical energy to obtain emulsionated systems leads to the disper-
sion of particles within the external phase of the system. The distribution, interaction, and
uniformity of particles are essential for understanding the physicochemical aspects and
sensory attributes of emulsions [19,20]. A consistent reduction in the particle size distribu-
tion (PSD) during processing significantly contributes to the improved physicochemical
stability of emulsions. The employment of high-energy and high-shear processes, in addi-
tion to emulsification, is an alternative approach for refining and ensuring uniformity in
PSD [21,22].

The mechanical device based on the rotor-stator principle is widely used to fragment,
rearrange, and reduce particles through the high-shear method (CP-HS). The equipment
is composed of an internal rotor that achieves high-speed stirring levels and an external
stator, with a small distance between both structures ranging from 100 to 3000 µm [23].
The mechanical device increases the shear stress rate within the dispersion, leading to an
increased energy dissipation rate. This is facilitated by the specific geometry and short
distance between the rotor and stator positions. High-shear energy and the promotion of
dissipation contribute to the refinement and uniformity of emulsion systems through the
breakdown and rearrangement of particles [20,23,24].

In complementary processing methods, smaller and uniform particles can also be
achieved through the High-Pressure Homogenization Method (CP-HPH). This technique is
based on the high-energy concept and is widely used to obtain submicron emulsions and
nanoemulsions [25,26]. In this method, the emulsion undergoes high-pressure homogenizer
(HPH), where the mechanical force exerted by high-pressure pistons facilitates emulsion
passage through a narrow gap. The high shear of the turbulent flow and the oscillation in-
duced by the applied pressure (cavitation) produce a smaller and more uniform particulate
system. Given their in-line dispersion design, emulsions can be subjected to one or more
cycles [27,28].

In this study, a sunscreen emulsion was initially produced by a conventional stirring
process as the starting point. Subsequently, complementary processing by high-shear
(CP-HS) and high-pressure (CP-HPH) were separately applied, with parameters defined by
factorial design. The impacts of each complementary processing on the physicochemical,
organoleptic, and performance properties of a sunscreen emulsion formula were evaluated
before and after stress conditions.
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2. Materials and Methods
2.1. Reagents and Chemicals

Dicaprylyl Carbonate, Bis-Ethylhexyl Metoxyphenyl Triazine, and Diethylamino Hy-
droxybenzoyl Hexyl Benzoate were purchased from BASF (São Paulo, Brazil), Ethylhexyl
Methoxycinnamate, Butyl Methoxydibenzoylmethane, Potassium Cetyl Phosphate, Sodium
Stearoyl Glutamate, and Tocopheryl Acetate were purchased from DSM (São Paulo, Brazil);
Glycerin, Disodium EDTA, and Butylatedhydroxytoluene were purchased from LabSynth
(São Paulo, Brazil); Xanthan Gum was purchased from CP Kelco (São Paulo, Brazil); Cetyl
Alcohol was purchased from Dinamica Química Contemporânea (São Paulo, Brazil); Capry-
lyl glycol (and) Ethylhexylglycerin were purchased from Proserv Química (São Paulo,
Brazil), and Polyacrylate Crosspolymer-11 was purchased from Clariant (São Paulo, Brazil).

2.2. Emulsions Processing

A primary sunscreen emulsion was produced to serve as a starting point for the
proposed methods. After all production (primary emulsion and both complementary
processing methods), all resulting assays were analyzed at T0 and after 3 freeze-thaw cycles,
in which the samples were submitted to 40 ◦C/24 h and then to −18 ◦C/24 h for 6 days
(Figure 1).
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2.2.1. Primary Sunscreen Emulsion

The emulsion used as a starting point was produced with the components listed in
Table 1. The hydrophilic components in the primary sunscreen emulsion are the polar (wa-
ter miscible) ingredients, which compose the aqueous phase, and the lipophilic ingredients
(water immiscible), representing the oil phase (see “Polarity” column). These components
form an unstable thermodynamic system without the presence of amphiphilic ingredi-
ents like Potassium Cetyl Phosphate and Sodium Stearoyl Glutamate, which stabilize the
emulsion by allowing the immiscible phases to mix through interfacial tension reduction.

Table 1. Primary sunscreen emulsion composition.

Phase Ingredient Function w/w (%) Polarity

A

Glycerin Humectant 5.00 Polar

Xanthan Gum Rheological
modifier 0.20 Polar

Aqua Vehicle 59.39 Polar
Disodium EDTA Chelating 0.06 Polar

B

Dicaprylyl Carbonate Emollient 10.00 non-Polar
Butylated hydroxytoluene Antioxidant 0.05 non-Polar
Bis-Ethylhexyloxyphenol
Methoxyphenyl Triazine UV filter 5.50 non-Polar

Ethylhexyl
Methoxycinnamate UV filter 8.00 non-Polar

Butyl
Methoxydibenzoylmethane UV filter 2.00 non-Polar

Cetyl Alcohol Viscosity
controlling 1.00 non-Polar

Diethylamino
Hydroxybenzoyl Hexyl

Benzoate
UV filter 4.00 non-Polar

Potassium Cetyl Phosphate Surfactant 2.50 Amphiphilic
Sodium Stearoyl Glutamate Surfactant 0.40 Amphiphilic

C
Tocopheryl Acetate Antioxidant 0.50 non-Polar

Caprylyl Glycol (and)
Ethylhexylglycerin

Multifunctional
emollient 0.60 non-Polar

D Polyacrylate Crosspolymer-11 Rheological
modifier 0.80 Amphiphilic

In a jacketed tank with a 10 kg capacity mixer (Lemaq Industrial e Comercial Analítica,
São Paulo, Brazil) at 600 rpm, Phase A (aqueous phase) was dispersed at room temperature
and heated at 80 ◦C. Then, Phase B (oil phase), previously heated at 80–85 ◦C, melted
and homogenized, was included in the tank under stirring. After 15 min, the heating was
turned off, and the emulsion was stirred until the system reached below 50 ◦C. Phase C
(antioxidant and emollient components) was added and homogenized. Subsequently, the
stirring speed was increased to 800 rpm, and Phase D (rheological modifier) was slowly
added until complete dispersion. The primary sunscreen emulsion was prepared and
divided separately for submission to complementary processing methods.

2.2.2. Complementary Processing by High-Speed Method (CP-HS)

The preparation of emulsions by CP-HS was conducted using different speed and
stirring time conditions with the Ultra-Turrax® T-18 Basic equipment (IKA Works GmbH &
Co. KG, Staufen, BW, Germany). The conditions were planned through a full 32 factorial
design using the Statistica® software version 12.0 (StatSoft Inc., Tulsa, OK, USA). Rotations
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(level: 5000, 10,000, and 15,000 rpm) and stirring times (level 2: 3, 7, and 15 min) were
selected as factors, with two repetitions of the central point, as shown in Table 2.

Table 2. Experimental conditions for CP-HS, obtained through a full 32 factorial design.

Sequence of
Experiments

Speed
(rpm)

Time
(min)

Formulation
Code

4 5.000 7 4-HS
6 15.000 7 6-HS
5 10.000 7 5-HS

10 10.000 7 10-HS
8 10.000 15 8-HS

11 10.000 7 11-HS
9 15.000 15 9-HS
2 10.000 3 2-HS
7 5.000 15 7-HS
3 15.000 3 3-HS
1 5.000 3 1-HS

For each experiment, 150 g of primary sunscreen emulsion was placed in a 250 mL
becker (6.0 cm diameter), and the probe of the high-shear equipment was introduced in the
center of the sample formulation. Stirring was initiated from zero until the settled speed for
the first 30 s at room temperature. After reaching the settled speed, the beaker was moved
elliptically to ensure that the stir probe would reach every part of the formulation.

2.2.3. Complementary Processing by High-Pressure Homogenization Method (CP-HPH)

The emulsions subjected to CP-HPH were prepared using a High-Pressure Homoge-
nizer Nano DeBEE® (Pion Inc. (UK) Ltd., East Sussex, England), where the pressures (levels:
5000, 10,000, and 15,000 psi) and number of cycles (levels: 3, 5, and 7) were employed as
factors in the full 32 factorial design, with two repetitions of the central point (Table 3).

Table 3. Experimental conditions for CP-HPH obtained through a full 32 factorial design.

Sequence of
Experiments

Pressure
(psi) Number of Cycles Formulation

Code

4 5.000 3 4-HP
6 15.000 3 6-HP
5 10.000 3 5-HP

10 10.000 3 10-HP
8 10.000 5 8-HP

11 10.000 3 11-HP
9 15.000 5 9-HP
2 10.000 1 2-HP
7 5.000 5 7-HP
3 15.000 1 3-HP
1 5.000 1 1-HP

For each CP-HPH experiment, 150 g of primary sunscreen emulsion was processed
in a high-pressure homogenizer at room temperature. The pressure level was adjusted
according to the experiment number, and the counter-pressure was maintained at 2000 psi
for all experiments.
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2.3. Evaluation of Emulsions (Primary Sunscreen Emulsion, CP-HS, and CP-HPH)

The physicochemical and organoleptic properties were initially assessed in a primary
sunscreen emulsion, and 22 samples were developed using the CP-HS and CP-HPH
methods. Initially, 24 h after production, the emulsions were subjected to centrifugation
(Sorvall R6+ Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at 3000 rpm to
evaluate the centrifugation resistance of the emulsified system [29]. The characterization of
the remaining analyses took place at T0 and after the freeze-thaw cycles.

2.3.1. Evaluation of Particle Size Distribution (PSD) by Static Light Scattering (SLS)

PSD was analyzed using the CILAS 1190 Particle Analyzer, based on the SLS princi-
ple. The samples were previously diluted in distilled water (the same dispersant as the
equipment) and carefully introduced into the particle analyzer cell under agitation until
the obscuration level reached approximately 15%. The Lorenz-Mie theory was applied as
the measurement principle, and the analysis was performed in triplicate [30].

2.3.2. Evaluation of Zeta Potential

Zeta Potential was characterized using the Zetasizer Nano ZS equipment (ATA Sci-
entific Instruments, Sydney, Australia). The assessment of the electrophoretic mobility
of samples was conducted at 25 ◦C, following the appropriate dilution of the samples in
distilled water (1:10,000). The samples were then subjected to an electric field formed by a
pair of electrodes, and all measurements were performed in triplicate [31].

2.3.3. Evaluation of pH Value

After 24 h of processing the primary sunscreen emulsion and the CP-HPH and CP-
HS emulsions, the pH was determined using a pH/mV meter 21 HANNA (HANNA
instruments, Padova, Italy) at T0 and after the freeze-thaw cycles by direct immersion of
the electrode. All measurements were performed at a sample temperature of 25 ◦C.

2.3.4. Rheological Behavior of Emulsions

The rheological properties of the samples were assessed by rotational moduli in the
Kinexus Lab. Oscillatory Rheometer (Malvern Instruments, Worcestershire, UK) with
cone-plate geometry and the data were acquired using the rSpace for Kinexus software
version 1.61.1968 and analyzed with GraphPad Prism 5 software.

The flow behavior of the samples was evaluated at T0 and after freeze-thaw cycles,
where the ascending and descending curves were plotted as a function of shear rate
(0.01–100 1/s). The rotations could predict the fluid condition through the Ostwald model
(Equation (1)):

τ = K · (γ)n, (1)

where flow index = n, consistency index = K, shear rates, and shear stress are represented
by γ and τ, respectively [32].

2.3.5. Evaluation of Photoprotective Property and Photostability
In Vitro Sun Protection Factor (SPF)

In vitro SPF analyses were conducted according to Hübner et al., 2023, and Cândido
et al., 2022 [33,34]. Each sample was analyzed in triplicate using a diffuse reflectance
spectrophotometer with an integrated sphere (UV-2000 Ultraviolet Transmittance Analyzer,
North Sutton, NH, USA). On a molded polymethyl methacrylate plate (50 × 50 mm) with a
roughness of around 6.0 µm (Helioplate PMMA Molded HD 6, HelioScreen, Creil, France),
32.5 mg of each formulation was applied in circular motions from the edge toward the
center, forming a film containing 1.3 mg/cm2. The weight of each plate was measured
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before and after the application to ensure that the correct amount was applied. The samples
were then allowed to dry at room temperature and were protected from light for 20 min.
Absorbance values were recorded at a wavelength of 290–400 nm, at a scan speed of 1 nm/s,
and converted into in vitro SPF values by the UV2000 software, version 1.1.1.0.

In Vitro Photostability

After in vitro SPF analysis, the plates were subjected to a stress condition by artificial
radiation to evaluate the emulsions’ photostability. The artificial radiation was emitted by a
Suntest CPS+ climatic chamber at 580.08 W/m2–2088 J/m2 for 1 h at 35 ◦C, corresponding to
a radiation dose of approximately 2089 kJ/m2. The in vitro SPF of the plates was evaluated
in triplicate after irradiation [35].

2.3.6. Statistical Analyses

The influence of factors and levels of CP-HS and CP-HPH, as outlined in Tables 2
and 3, on dependent variables (PSD, Zeta potential, rheological behavior, and in vitro SPF)
was assessed using Statistica 12.0 software (StatSoft Inc., Tulsa, OK, USA). For each variable,
the statistical model (with linear and quadratic linear interactions) that showed an R2 value
closest to 1 was selected. The results of the dependent variable analyses were evaluated
by mean, standard deviation, and ANOVA using Statistica 12.0 and GraphPad Prism 5
(GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Evaluation of Emulsions

Emulsions were obtained through a conventional (primary sunscreen emulsion)
method, and both complementary processing methods remained intact without evidence
of phase separation at T0 and after centrifugation. Notably, the emulsions from CP-HS and
CP-HPH exhibited a lighter coloration in comparison to the primary sunscreen emulsion.
This effect is typically elucidated by the PSD reduction, provided by high-shear methods,
as well as an increase in the particle population in the system. These changes can influence
aspects such as the final coloration of the emulsions [36].

Emulsion systems can be susceptible to physicochemical changes due to extrinsic
conditions. In the case of freeze-thaw cycles (FT), despite being an efficient stability test,
massive temperature variations can cause significant changes in emulsions [37]. After FT,
the CP-HS samples did not show noticeable macroscopic modifications. While emulsions
produced with higher pressure levels (10,000 and 15,000 psi) and a higher number of
cycles (2 and 3 cycles) in CP-HPH exhibited initial signs of instability, indicating that the
lower pressure level—5000 psi—was more stable under the high-temperature variation
that samples were subjected to freeze-thaw cycles.

3.2. Evaluation of Particle Size Distribution by Static Light Scattering (SLS)

Data related to the particle surface and distribution are essential for understanding
the inherent stability of the physicochemical characteristics of an emulsion [10]. When
subjecting the primary sunscreen emulsion to complementary processing methods, a
statistically significant reduction (p < 0.05) in PSD was found (Figure 2), showing the
influence of CP-HS and CP-HPH. Emulsions obtained by complementary processing
methods and primary sunscreen emulsion showed a distinct PSD compared to T0; in some
cases, it was statistically different (p < 0.05).
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Figure 2. PSD of primary sunscreen emulsion (PSE), CP-HPH (a), and CP-HS (b) at T0 (initial time)
and FT (3 freeze-thaw cycles, resulting in 06 days), where statistical differences (p < 0.05) between
T0 and FT for each assay are represented by (*), and surface plots (DoE) illustrating the PSD at T0
based on the factors “pressure” and “number of cycles” for CP-HPH (c) and “stirring speed” and
“stirring time” for CP-HS (d). The process conditions used for each sample are indicated in the legend
in parentheses at T0, where “C” represents the number of cycles in HPH.

In Figure 2a, CP-HPH shows a higher PSD reduction power when compared to CP-HS.
Among the assays of CP-HPH, despite the levels of “pressure” and “number of cycles”
factors, the reduction in PSD was linear. After freeze-thaw cycles, the PSD reduction in
CP-HPH resulted in phase separation in the assays where the highest levels of the factors
of DoE were used, like 3 and 5 cycles, and 10,000 and 15,000 psi.
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In CP-HS assays, samples also showed a reduction in PSD at T0 (Figure 2b), where
7-HS, 8-HS, and 9-HS, produced with the highest level of “stirring time” factor (15 min),
presented the most notable PSD reduction. 3-HS, 6-HS, and 9-HS assays, which were
produced from the highest level of “speed” factor (15,000 rpm, with stirring times of 3, 7,
and 15 min, respectively), showed a gradual reduction in PSD at T0, where PSD became
smaller with increasing stirring time. In the same way, the lowest level of the “speed”
factor (5000 rpm) exhibited similarities, where the reduction in PSD was improved when
the stirring time was longer.

The surface plots from the DoE of both methods showed the influence of the indepen-
dent variables on the PSD. In Figure 2c, the DoE conducted for CP-HPH showed influence
on PSD (R2 = 0.9932), where the factors “pressure” and “number of cycles” had statistically
significant differences (p < 0.05), indicating different levels of both factors can generate
distinct PSD results, also synergy between factors was observed, indicating influence on
PSD (p < 0.05). Although the PSD results in CP-HPH have some linearity, the variations
proposed by DoE can produce particles between 0.20–0.34 µm from the primary sunscreen
emulsion (whose mean value was 12.92 µm in T0). CP-HPH reached a plateau for particle
reduction capability, as observed in other works [38–40] in the dark green region of the
surface plot represented by 4 and 5 numbers of cycles and produced particles of 0.20 µm
regardless of “pressure” factor variation.

Emulsions subjected to high shear in rotor-stator devices typically display an average
diameter of 1–10 µm [41], supporting the data in Figure 2d. The responses obtained for the
levels of independent variables in CP-HS (R2 = 0.88112) also showed statistically significant
differences (p < 0.05) in “stirring time” and “speed” factors. Smaller particle sizes were
observed at higher speed levels. It was noticed that the PSD decreased as the speed
levels increased.

3.3. Evaluation of Zeta Potential

In addition to PSD results, complementary processing methods can also influence
the interfacial behavior of emulsions (Figure 3). The surfactants in the primary sunscreen
emulsion formulation (Potassium Cetyl Phosphate and Sodium Stearoyl Glutamate) induce
strong electrostatic repulsion with anionic charges among the particles [42]. Zeta potential
is an indicator of physicochemical stability when its absolute value for anionic charges is
close to −30 mV [43,44].

At T0 (Figure 3a), the zeta potential of CP-HPH samples appeared more linear, similar
to PSD, and even close to the absolute zeta potential value of −30 mV; CP-HPH samples
exhibited instability phenomena after exposure conditions at freeze-thaw cycles due to
increased PSD caused by low coverage of surfactants on their particles after freeze-thaw
cycles, which probably contributed to zeta potential change after freeze-thaw cycles.

CP-HS samples (Figure 3b) with larger particle sizes also exhibited greater electro-
static repulsion between particles, as observed in 1-HS, 2-HS, and 4-HS. Other samples
also showed suitable values at T0, indicating electrostatic repulsion and physicochemical
stability [45]. Also, CP-HPH and CP-HS emulsions exposed to a “speed” factor of 10,000
and 15,000 rpm or a “stirring time” factor of 15 min had lower zeta potential values after
freeze-thaw cycles.



Processes 2025, 13, 520 10 of 21

Processes 2025, 13, x FOR PEER REVIEW 10 of 22 
 

 

 

Figure 3. Zeta potential average of emulsions produced by CP-HPH (a) and CP-HS (b) at initial time 
(T0) and after 3 freeze-thaw cycles, resulting in 6 days (FT), where p < 0.05 is represented by (*). Each 
process' conditions are indicated in the legend in parentheses, where “C” stands for the number of 
cycles in CP-HPH. 

CP-HS samples (Figure 3b) with larger particle sizes also exhibited greater electro-
static repulsion between particles, as observed in 1-HS, 2-HS, and 4-HS. Other samples 
also showed suitable values at T0, indicating electrostatic repulsion and physicochemical 
stability [45]. Also, CP-HPH and CP-HS emulsions exposed to a “speed” factor of 10,000 
and 15,000 rpm or a “stirring time” factor of 15 min had lower zeta potential values after 
freeze-thaw cycles. 

3.4. Evaluation of pH 

The formulations under investigation showed acceptable pH values (Figure 4), con-
sidering the type of application, since sunscreen emulsions should have pH levels close to 
the skin pH (4.6–5.8), aiming to avoid potential dermal irritations. A few assays of CP-HS 

Figure 3. Zeta potential average of emulsions produced by CP-HPH (a) and CP-HS (b) at initial time
(T0) and after 3 freeze-thaw cycles, resulting in 6 days (FT), where p < 0.05 is represented by (*). Each
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3.4. Evaluation of pH

The formulations under investigation showed acceptable pH values (Figure 4), consid-
ering the type of application, since sunscreen emulsions should have pH levels close to the
skin pH (4.6–5.8), aiming to avoid potential dermal irritations. A few assays of CP-HS and
CP-HPH presented alterations compared to the primary sunscreen emulsion at T0; only
7-HS, 6-HP, and 9-HP showed statistically significant differences (p < 0.05).

There was a pH modification after freeze-thaw cycles compared to T0 in the CP-HPH
samples: 3-HP, 4-HP, 5-HP, 9-HP, and 10-HP. In the CP-HS, only 7-HS showed a significant
difference between T0 and the freeze-thaw cycle conditions.



Processes 2025, 13, 520 11 of 21

Processes 2025, 13, x FOR PEER REVIEW 11 of 22 
 

 

and CP-HPH presented alterations compared to the primary sunscreen emulsion at T0; 
only 7-HS, 6-HP, and 9-HP showed statistically significant differences (p < 0.05). 

 

Figure 4. The mean pH values were recorded at the initial time (T0) and after freeze-thaw cycles 
(FT) for the primary sunscreen emulsion, CP-HS (a), and CP-HPH (b) assays, with the processing 
conditions indicated in parentheses, where “C” means the number of cycles in the CP-HPH. Statis-
tically significant differences (p < 0.05) between T0 and FT for the same sample are represented by 
(*). 

There was a pH modification after freeze-thaw cycles compared to T0 in the CP-HPH 
samples: 3-HP, 4-HP, 5-HP, 9-HP, and 10-HP. In the CP-HS, only 7-HS showed a signifi-
cant difference between T0 and the freeze-thaw cycle conditions. 

3.5. Rheological Behavior of Emulsions 

All evaluated samples presented pseudoplastic or shear-thinning behavior (n < 1), 
indicating viscosity changes at determined shear rates, which can influence the distribu-
tion of the product under the skin [32]. 

In the apparent viscosity curves (Figures 5 and 6), the primary sunscreen emulsion 
at T0 and after freeze-thaw cycles exhibited suitable viscosity characteristics for this type 
of application. In CP-HPH, only the sample subjected to the less energetic processing 
method condition, 1-HP, maintained a viscosity like primary sunscreen emulsion at 0.1 
s−1, while the other samples showed lower viscosity at T0 and a decrease after freeze-thaw 
cycles. 

 

Figure 5. Viscosity curves at 0–100 s−1of primary sunscreen emulsion, represented by PSE, at T0 and 
after three freeze-thaw cycles, resulting in 6 days (FT). 

Figure 4. The mean pH values were recorded at the initial time (T0) and after freeze-thaw cycles (FT)
for the primary sunscreen emulsion, CP-HS (a), and CP-HPH (b) assays, with the processing condi-
tions indicated in parentheses, where “C” means the number of cycles in the CP-HPH. Statistically
significant differences (p < 0.05) between T0 and FT for the same sample are represented by (*).

3.5. Rheological Behavior of Emulsions

All evaluated samples presented pseudoplastic or shear-thinning behavior (n < 1),
indicating viscosity changes at determined shear rates, which can influence the distribution
of the product under the skin [32].

In the apparent viscosity curves (Figures 5 and 6), the primary sunscreen emulsion at
T0 and after freeze-thaw cycles exhibited suitable viscosity characteristics for this type of
application. In CP-HPH, only the sample subjected to the less energetic processing method
condition, 1-HP, maintained a viscosity like primary sunscreen emulsion at 0.1 s−1, while
the other samples showed lower viscosity at T0 and a decrease after freeze-thaw cycles.
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Figure 5. Viscosity curves at 0–100 s−1 of primary sunscreen emulsion, represented by PSE, at T0 and
after three freeze-thaw cycles, resulting in 6 days (FT).

CP-HS showed higher viscosity than CP-HPH, similar to the primary sunscreen
emulsion. After freeze-thaw cycles, unlike CP-HPH and primary sunscreen emulsion,
CP-HS assays exhibited a slight increase compared to T0.



Processes 2025, 13, 520 12 of 21
Processes 2025, 13, x FOR PEER REVIEW 12 of 22 
 

 

 

Figure 6. Viscosity curves at 0–100 s−1 of CP-HPH, separated by “number of cycles” levels, and CP-
HS, separated by “stirring time” levels, at T0 and after three freeze-thaw cycles, resulting in 6 days 
(FT). 

CP-HS showed higher viscosity than CP-HPH, similar to the primary sunscreen 
emulsion. After freeze-thaw cycles, unlike CP-HPH and primary sunscreen emulsion, CP-
HS assays exhibited a slight increase compared to T0. 

Figure 6. Viscosity curves at 0–100 s−1 of CP-HPH, separated by “number of cycles” levels, and
CP-HS, separated by “stirring time” levels, at T0 and after three freeze-thaw cycles, resulting in
6 days (FT).

3.6. Evaluation of Photoprotective Property and Photostability

Emulsions produced by CP-HPH exhibit a lower photoprotective property compared
to the primary sunscreen emulsion or CP-HS emulsions at T0 (Figure 7a). However, they
show less susceptibility to artificial radiation stress (T0 + UV), indicating photostability.
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The PSD modification probably influenced the SPF value, as the particle size can affect the
properties of organic UV filters [46].
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Figure 7. Evaluation of in vitro SPF for primary sunscreen emulsion (PSE), CP-HPH (a), and CP-HS
(c) at the initial time (T0) and after artificial radiation in photostability assay (T0 + UV). Evaluation
after three freeze-thaw cycles, resulting in 6 days (FT), and its photostability assay (FT + UV) for
CP-HPH (b) and CP-HS (d). Statistically significant differences (p < 0.05) between results before and
after the photostability assay for the same sample are represented by (*), and p < 0.05 between T0
and after FT for the same sample without artificial radiation are represented by (#). The legend in T0
grap-HS contains, in parentheses, the process conditions used for each method, where “C” means the
number of cycles in CP-HPH.

The in vitro SPF of CP-HS at T0 (Figure 7c) showed SPF values ranging from 21—the
lowest—to 42—the highest. Subjecting the primary sunscreen emulsion to certain condi-
tions of CP-HS allowed for an increase in SPF, probably due to improved system dispersion
and reduced PSD. When employing the highest level of energy during processing, either
through “stirring time” or “speed” factors, SPF values were enhanced, as observed in
samples 3-HS, 6-HS, 7-HS, 8-HS, and 9-HS. Regarding photostability (T0 + UV), similar
to the primary sunscreen emulsion, CP-HS emulsions with higher SPF values exhibited
significant alterations (p < 0.05) after artificial radiation stress.
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The freeze-thaw cycles resulted in higher SPF values for CP-HPH samples compared
to those obtained at T0 (Figure 7b). There was a significant difference between T0 and after
FT in samples 1HPH, 5HPH, 8HPH, 9HPH, 10HPH, and 11HPH. In the photostability assay
(FT + UV), only formulation 11HPH showed a statistically significant difference (p < 0.05)
compared to T6 without artificial radiation, indicating that most of the CP-HPH samples
remained photostable.

All samples in CP-HS remained stable in terms of in vitro SPF freeze-thaw conditions,
indicating that photoprotective capacity attributed to the formulations remained stable
even after changes in viscosity and PSD (Figure 7d). However, similar to the primary
sunscreen emulsion, CP-HS samples underwent photodegradation after artificial radiation
(FT + UV).

Each complementary processing method presented distinct advantages, with CP-HS
increasing SPF at T0 and maintaining it after freeze-thaw cycles and CP-HPH demonstrating
resistance to photodegradation at both times.

4. Discussion
The investigation of the effect of complementary processing methods on the physico-

chemical properties and photoprotective efficacy of a sunscreen emulsion revealed signifi-
cant modifications when compared to conventional processes. The PSD has a significant
impact on different properties of emulsion systems. When complementary processing
methods are employed, particularly those that modify the particle population, physico-
chemical changes are expected. High-speed and high-pressure methods are effective in
inducing PSD refinement in dispersed systems [47,48].

Saavedra et al. (2021) also observed this behavior when comparing the PSD of emul-
sions processed by high-pressure homogenization and high-shear stirring devices, where
was possible to access lower PSD in high-pressure homogenization processing [47]. High-
pressure homogenization tends to reduce the particle diameter due to the high shear
promoted by the drastic pressure difference during cavitation and also due to collision
between the particles of the system [44].

Considering the surface plots, the plateau reached by CP-HPH is described as an
event of saturation of the particle reduction power in a system, where an increase in
cycles subjects all particles to the same shear force, reaching the maximum limit of PSD
reduction [49]. In the CP-HS surface plot, it was possible to reach an optimized condition
for achieving a smaller particle size, which was 16,000 rpm for 10 min.

The differences in the PSD results between the studied complementary processing
methods reflected the distinct operating principles of each technique. CP-HPH and CP-
HS showed a significant reduction in PSD compared to the primary sunscreen emulsion.
Ravera et al. (2021) described the composition and application type of an emulsion as
essential to determining its processing method [49].

Even though CP-HPH resulted in the smallest PSD, CP-HS presented more stability
after freeze-thaw cycles and may be considered a suitable complementary processing
method for this emulsion formulation. Higher conditions of “stirring time” or “speed”
showed benefits in PSD reduction and other final characteristics, such as SPF in vitro and
apparent viscosity. The results of CP-HS showed that an increase in stirring time could
be sufficient to improve PSD refinement without necessarily requiring high-speed levels
of stirring.

PSD can also be linked with the electrostatic repulsion changes in the complementary
processing methods, in which CP-HPH samples presented linear electrostatic repulsion at
T0 and less negative than primary sunscreen emulsion, as well as CP-HS samples. Even
though the samples are higher than −30 mV, these results can indicate less electrostatic
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stability, and emulsions depend on the repulsion forces between their particles, which can
delay phenomena such as flocculation and creaming [50].

The observed increase in negative charge in both complementary processing methods
after FT may be related to the PSD rise, as observed in other colloidal systems [51,52].
Emulsions exposed to stress conditions after freeze-thaw cycles may have undergone some
form of aggregation, which tends to increase electrostatic repulsion. As a result, the amount
of surfactant becomes sufficient again to form a film on the particles, facilitating repulsion
between particles and reflecting in zeta potential changes [53,54].

Stability tests are crucial to ensure the emulsion system maintains the immiscible
phases dispersed during the shelf-life since emulsions are thermodynamically unstable [9].
The physicochemical changes in emulsions exposed to freeze-thaw cycles may be more no-
ticeable than those in other stability assays. The aqueous and oily phase transition between
solid and liquid states during freeze-thaw cycles can lead to structural modifications in the
dispersion [55].

The instability of CP-HPH by freeze-thaw cycles can be explained by an inverse re-
lation between surfactant concentration in the formulation and the particle distribution,
where the smaller particle size needed a superior amount of surfactant to cover all small
particle populations [47,56]. The surfactant concentration in ESP, the starting point formula-
tion, was not sufficient to withstand the higher levels of CP-HPH without phase separation
after freeze-thaw cycles. Galvão et al. (2018) reported similar results in their research,
where freeze-thaw cycles caused noticeable and non-reversible changes in emulsions pro-
duced by high-pressure homogenization to phase separation [40]. However, the CP-HPH
assay with the lowest “pressure” factor would be sufficient to produce emulsions with a
smaller PSD and without phase separation after intense temperature variations proposed
by freeze-thaw cycles.

Considered an indicator of stability, pH is one of the attributes that can influence the
physicochemical characteristics of emulsions, besides being a property directly correlated
to the safe use of topical products [10]. Figure 4 suggests that some processing conditions
proposed by CP-HPH and CP-HS after freeze-thaw cycles may have influenced the pH
profile. Similar results were observed by Khunkitti et al. (2014), where distinct conditions
proposed by changing ingredients in sunscreen emulsions resulted in pH reduction after
six freeze-thaw cycles [57].

Despite the modified pH samples, the alterations would be more significant if there
were changes in the composition or concentration of the primary sunscreen emulsion
formulation, as observed by Zhong et al. (2020) when producing emulsions with different
compositions [58].

Intramolecular interactions between ingredients in a formulation as well as com-
plementary processing methods can significantly affect the rheological behavior of sam-
ples [59,60]. Additionally, rheological measurements are capable of detecting even the
slightest differences among samples [61]. Similar to other physicochemical analyses, the
variations introduced by the factorial design of CP-HS and CP-HPH showed contrasts in
apparent viscosity, consistency values, and spreadability index in comparison with the
primary sunscreen emulsion.

Pseudoplastic behavior, presented in Table 4, is a significant aspect of cosmetics,
particularly sunscreen products, as it tends to be accepted by consumers, leading them to
use it frequently [62,63]. Oil-in-water emulsions with high quantities of dispersed oil phase,
such as sunscreen oil phase with organic UV filters, are often classified as non-Newtonian
fluid (n < 1). Its pseudoplasticity is related to the packing and ordering of particles under
deformation. When the shear rate increases, the particles become more ordered, offering
less resistance to the applied force and decreasing the apparent viscosity [32,41].



Processes 2025, 13, 520 16 of 21

Table 4. Power law model fitting consistency index (K) and flow behavior (n) of the primary sunscreen
emulsion, CP-HS, and CP-HPH at T0 and after freeze-thaw cycles.

Samples
T0 Freeze-Thaw Cycles

K (Pa.sn) n R2 K (Pa.sn) n R2

Conventional process
Primary sunscreen
emulsion 23.89 ± 2.242 0.2811 ± 0.02383 0.9291 23.96 ± 2.946 0.2381 ± 0.03147 0.8399

CP-HPH
1-HP (5.000 psi; 1C) 16.360 ± 0.7692 0.2692 ± 0.01184 0.9670 4.204 ± 0.1053 0.4642 ± 0.00607 0.9974
2-HP (10.000 psi; 1C) 8.398 ± 0.2540 0.3413 ± 0.00759 0.9920 3.641 ± 0.1133 0.4725 ± 0.00753 0.9961
3-HP (15.000 psi; 1C) 13.040 ± 0.4764 0.3233 ± 0.00903 0.9867 2.583 ± 0.08017 0.5133 ± 0.00748 0.9968
4-HP (5.000 psi; 3C) 6.224 ± 0.2242 0.3193 ± 0.00898 0.9869 4.327 ± 0.1266 0.4522 ± 0.00710 0.9961
5-HP (10.000 psi; 3C) 7.690 ± 0.2309 0.3470 ± 0.00739 0.9923 1.736 ± 0.1363 0.5589 ± 0.01885 0.9835
6-HP (15.000 psi; 3C) 9.223 ± 0.3257 0.320 ± 0.00880 0.9877 3.819 ± 0.1782 0.4445 ± 0.01134 0.9896
7-HP (5.000 psi; 5C) 8.993 ± 0.2838 0.3375 ± 0.00785 0.9911 2.065 ± 0.1146 0.5593 ± 0.01332 0.9918
8-HP (10.000 psi; 5C) 10.310 ± 0.3765 0.3269 ± 0.00909 0.9872 1.625 ± 0.1253 0.5838 ± 0.01847 0.9855
9-HP (15.000 psi; 5C) 4.730 ± 0.1552 0.3621 ± 0.00813 0.9919 0.605 ± 0.1158 0.6644 ± 0.04550 0.9366
10-HP (10.000 psi; 3C) 8.050 ± 0.1742 0.3520 ± 0.00908 0.9827 1.576 ± 0.1280 0.5674 ± 0.01948 0.9829
11-HP (10.000 psi; 3C) 7.910 ± 0.1359 0.3520 ± 0.00673 0.9903 1.522 ± 0.1165 0.5623 ± 0.01838 0.9844
CP-HS
1-HS (5.000 rpm; 3 min) 15.900 ± 0.5327 0.3711 ± 0.00829 0.9921 26.640 ± 1.592 0.2646 ± 0.01493 0.9464
2-HS (10.000 rpm; 3 min) 17.080 ± 0.5543 0.3658 ± 0.00797 0.9921 32.710 ± 1.824 0.2553 ± 0.01395 0.9486
3-HS (15.000 rpm; 3 min) 14.810 ± 0.5608 0.3413 ± 0.00933 0.9875 31.500 ± 1.773 0.2504 ± 0.01410 0.9451
4-HS (5.000 rpm; 7 min) 12.530 ± 0.3997 0.3714 ± 0.00783 0.9926 28.610 ± 1.341 0.2870 ± 0.01166 0.9716
5-HS (10.000 rpm; 7 min) 10.690 ± 0.4558 0.3131 ± 0.01065 0.9807 26.250 ± 1.335 0.2625 ± 0.01272 0.9590
6-HS (15.000 rpm; 7 min) 13.150 ± 0.6038 0.2992 ± 0.01150 0.9755 30.690 ± 1.619 0.2637 ± 0.01318 0.9568
7-HS (5.000 rpm; 15 min) 15.330 ± 0.7373 0.2511 ± 0.01204 0.9591 29.340 ± 1.488 0.2755 ± 0.01264 0.9638
8-HS (10.000 rpm; 15 min) 15.380 ± 0.6970 0.2337 ± 0.01139 0.9558 26.260 ± 1.218 0.2953 ± 0.01152 0.9739
9-HS (15.000 rpm; 15 min) 20.590 ± 1.0110 0.2381 ± 0.01233 0.9508 27.970 ± 1.232 0.3059 ± 0.01092 0.9782
10-HS (10.000 rpm; 7 min) 14.460 ± 0.5999 0.3231 ± 0.01026 0.9827 27.480 ± 1.390 0.2581 ± 0.01265 0.9578
11-HS (10.000 rpm; 7 min) 16.580 ± 0.8136 0.3355 ± 0.01211 0.9781 26.230 ± 1.495 0.2473 ± 0.01428 0.9422

Legend: “C” represents the number of cycles in CP-HPH.

The viscosity loss observed in CP-HPH may be associated with the homogenization
method employed by HPH (Figure 6). The high shear promoted by HPH can lead to the
breakdown of macromolecules that control the apparent viscosity. The mechanical force
exerted by a high-pressure piston, followed by passage through a small gap, facilitates
the breakdown of macromolecules [64]. Xanthan gum and polyacrylate cross polymer-11,
used in primary sunscreen emulsion formulation to increase apparent viscosity and modify
sensory aspects, probably suffered structural modifications during the CP-HPH process [9].

The PSD of fluid particles can influence the shear stress and apparent viscosity, espe-
cially in the case of non-Newtonian fluids [65,66]. Pal (2000) reported that smaller particles
with a higher number in emulsified systems result in higher apparent viscosity, reinforcing
the findings for CP-HS [54]. Nevertheless, in the case of CP-HPH, where the samples had
the smallest PSD, the breakdown of polymers prevented an apparent viscosity increase.

When comparing the complementary processing methods, it was observed that CP-
HS maintained an apparent viscosity similar to that of the primary sunscreen emulsion,
indicating that the high-shear (rotor-stator) principle did not negatively influence this
characteristic. While in CP-HPH, intramolecular changes related to the amount of anionic
surfactant, oil phase ratio, and polymers were sufficient to modify significantly the appar-
ent viscosity in all assays. Techniques to assess rheological parameters are essential for
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understanding the physicochemical instability phenomena in CP-HPH. Zhou et al. (2022)
observed that emulsions obtained via high-pressure homogenization presented a lower
apparent viscosity than emulsions obtained through high-shear (rotor-stator) homogeniza-
tion, and the consistency index (K) also confirmed the same behavior, being lower in the
first case [28].

Photochemical and photophysical interactions between the combination of UV filters
and other components of sunscreen composition define the photoprotective properties
of the final product [67]. The composition of primary sunscreen emulsion consisted of a
mixture of organic UV filters with absorbance profiles in the UVA region, such as Hydroxy-
benzoyl Hexyl Benzoate (DHHB), as well as UVB filters, like Ethylhexyl Methoxycinnamate
(EHMC), and broad-spectrum filters like Butyl Methoxydibenzoylmethane (BMDBM) and
Ethylhexyloxyphenol Methoxyphenyl Triazine (BEMT). It is important to note that organic
UV filters that are composed of primary sunscreen emulsion formulation are insoluble
in water, have low solubility in oils, and considerable amounts are required for suitable
dispersion in the emulsion to achieve photoprotective action [68,69].

Considering that filters are challenging to disperse in emulsion systems, CPMs can
facilitate dispersion and homogenization as an alternative to enhance this application.
According to Herzog et al. (2015), all systems composed of the dispersion of UV filters have
their efficiency evaluated by light scattering techniques, where the size and distribution of
dispersed particles can influence efficacy, like the SPF [46]. The emulsions developed in
this study, which passed through different processes and acquired distinct physicochemical
characteristics, also demonstrated statistically significant differences in in vitro SPF before
and after exposure to artificial sun radiation (Figure 7).

Additionally, it is important to take into consideration the difference in rheological
behavior when compared to the primary sunscreen emulsion. Properties such as viscosity,
texture, adhesiveness, and spreadability can have an impact on the SPF in sunscreen
emulsions [57]. Due to its high homogenization capacity, HPH is a technique recommended
for obtaining emulsion systems on a nanometric scale [26]. However, a negative effect of
this technique was observed in maintaining or enhancing the in vitro SPF value under the
conditions studied in the factorial design.

On the other hand, in CP-HPH, formulations with more energetic processing showed
lower SPF values, except for 6-HP. Due to the complexity of the system, variations in SPF
may extend beyond the choice of UV filters in its composition. Changes can be attributed
to the physicochemical characteristics of the emulsion, rheological properties, and even the
ability to form a film during application on the skin or the PMMA plate [70,71].

Both complementary processing methods showed an inversely proportional relation-
ship at T0. In the case of CP-HS, formulations that required more energy in terms of stirring
time and speed had higher SPF, while CP-HPH presented higher SPF in samples that
required lower energy in terms of pressure and number of cycles.

The increase in SPF after freeze-thaw cycles in CP-HPH is probably due to particle size
and the signs of physicochemical instability after freeze-thaw cycles. What was evaluated
at FT was larger particles in the oily phase, favoring the deposition of a higher charge of
UV filters on the PMMA substrate compared to T0. This change may have contributed to
the increase in SPF after freeze-thaw cycles.

Although SPF has lower values after exposure to artificial radiation, Wypych (2015)
considered that a sunscreen formulation can still be suitable for use even if it shows a short
level of photodegradation because the components of the formulation have an action for a
determined exposure time, and the product reapplication should be every two hours [72].

These results emphasize the importance of the appropriate choice of processing method
and formulation ingredients to obtain high-quality and effective sunscreen emulsions.
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5. Conclusions
The complementary processing methods, CP-HPH and CP-HS, can influence the final

characteristics of the emulsion, including the PSD, zeta potential, rheological properties, and
photoprotective profiles. The selection of processing methods is essential for developing
emulsions with physicochemical stability and efficacy. CP-HS, in addition to generating
fine and uniform particles, increases in vitro SPF. CP-HPH, on the other hand, resulted
in more refined PSD and photostability properties despite showing signs of instability
due to surfactant concentration in the primary sunscreen emulsion formulation. Our
study provides practical insights that are relevant to a range of industries, in particular
the cosmetic industry, which will have the benefit of a more ascertained method for the
development of new emulsified systems.

Author Contributions: Conceptualization, Y.R.S. and V.R.L.-S.; methodology, Y.R.S., N.A.-F., P.S.L.,
D.R.A., A.F.S., C.C.S., A.R.B., M.D.D. and V.R.L.-S.; software, Y.R.S.; M.D.D.; formal analysis, Y.R.S.,
N.A.-F., D.R.A., A.F.S., C.C.S., A.R.B., M.D.D., V.R.L.-S.; data curation, Y.R.S., N.A.-F., D.R.A., A.F.S.,
M.D.D., V.R.L.-S.; writing—original draft preparation Y.R.S.; writing—review and editing, N.A.-F.,
P.S.L., D.R.A., A.R.B., M.D.D., V.R.L.-S.; supervision, M.D.D., V.R.L.-S.; project administration, Y.R.S.,
V.R.L.-S. All authors have read and agreed to the published version of the manuscript.

Funding: A.R.B. is highly thankful to the Conselho Nacional de Desenvolvimento Científico e
Tecnológico, CNPq, for the Research Productivity Scholarship (CNPq, Process 303862/2022-0), and
to Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP, processes 2008/57800-0 and
2012/04435-9). Vania R Leite-Silva is highly thankful to the Conselho Nacional de Desenvolvimento
Científico e Tecnológico, CNPq, for the Productivity Scholarship in Technological Development and
Extension Innovation—DT (CNPq, Process 302153/2023-3), and to Fundação de Amparo à Pesquisa
do Estado de São Paulo (FAPESP, process 2024/12480-1).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
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