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Abstract

:

Cosmetic formulations with natural antioxidants can reduce the oxidative stress caused by solar radiation and pollution. In this context, the aim of this study was to develop and evaluate the clinical efficacy of cosmetic formulations containing olive extract (OE) and Spirulina sp. (SP). For this, rheological behavior, texture, and sensory properties were evaluated. In addition, 31 healthy women with an age of 39 to 60 years, with skin phototypes II and III, and the presence of signs of photoaging on the face were recruited and divided in Group 1 (vehicle formulation) and Group 2 (vehicle with active substances) for this clinical efficacy study. Both groups applied sunscreen daily during the day. The formulations showed non-Newtonian pseudoplastic behaviors and good sensory properties. The clinical evaluation using instrumental measurements showed an increase in skin hydration, an improvement of the skin barrier, and morphological characteristics of the epidermis after 12 weeks of application of the formulations. There was a significant increase in the brightness of the stratum corneum, which suggested a film-forming effect. In addition, both groups had an improvement in the dermis echogenicity, due to the use of sunscreens. Finally, the proposed formulation was effective in protecting the skin and reducing skin changes related to photoaging.
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1. Introduction


Consumer preference for natural cosmetic products is increasing over time. The global market for natural skin care products is projected to grow from 2022 to 2030 at a compound annual growth rate (CAGR) of 6.6% [1]. Furthermore, this market had reached a value of USD 6.7 billion by 2021 [1].



Antioxidants of natural origin are commonly used in cosmetic formulations in order to mitigate free radicals and reactive oxygen species (ROS) produced by UV radiation or pollution on the skin [2,3].



Ultraviolet radiation (UV) is one of the main causes of skin aging exposome, followed by pollution [4]. Photoaging is the premature aging of the skin caused by UV radiation. The skin changes caused by extrinsic aging are a rough texture, paleness, a reduction in elasticity, the presence of wrinkles and pigmentary changes, as well as a decreased cell turnover and skin barrier, promoting dryness and desquamation [5,6].



Oxidative skin stress is caused directly by UVA radiation and indirectly by UVB radiation that can be intensified by the combination of ubiquitous pollutants (polycyclic aromatic hydrocarbons such as benzo[a]pyrene) [3]. This oxidative stress leads to the degradation of skin cells [3]. If this oxidative stress is not stopped, DNA damage can occur and even promote cancerous lesions in the skin [3]. So, the use of antioxidants is indicated as a complementary form of photoprotection, in order to prevent or reverse this oxidative stress caused by solar radiation. However, the daily use of sunscreens is also important, as indicated by dermatologists [7].



Sunscreens act in the prevention of photoaging, due to the combination of UV filters in the formulation [7]. Physical and chemical filters protect the skin against UV radiation in a reflective and absorptive way, respectively [8]. In addition, effective sunscreens have a film-forming property, due to polymers or active substances, which help decrease the retention of pollutant particles on the skin [9,10].



The use of antioxidants can improve skin photoprotection, reduce skin oxidative stress, and prevent or attenuate skin changes caused by photoaging [11,12,13]. Furthermore, the association of antioxidants is demonstrated in the literature as a way to improve these characteristics [14,15,16]. Souza and Maia Campos [16] showed the synergistic effect of the association of Spirulina and dimethylmethoxy chromanol loaded in solid lipid nanoparticles in sunscreens, demonstrating an improved barrier function, skin echogenicity, skin mechanical properties, and skin lightening after 84 days.



Among the antioxidants from natural sources, we can highlight olive extract and Spirulina sp. Olive fruit extract (Olea europaea L.) is characterized by containing 20% hydroxytyrosol, tyrosol, and other polyphenols. This combination produces synergistic effects, resulting in high antioxidant properties [17,18]. This ingredient can be used as an emollient, antioxidant, anti-inflammatory, antiviral, antifungal, and antibacterial [19]. One research group has studied the use of olive extract standardized in hydroxytyrosol in reducing the hyperpigmentation caused by photoaging [20].



Spirulina sp. is a blue–green microalgae widely used in cooking and is considered a “superfood” due to its wide range of micronutrients and macronutrients [21]. The composition of Spirulina sp. comprises 55–70% protein, 15–20% carbohydrates, 5–8% lipids, 6–8% minerals (magnesium, manganese), 1.5–2% polyunsaturated fatty acids (PUFAs), linolenic acid, vitamins B1, B2, B3, B6, B9, B12, vitamins C and E, pigments such as zeaxanthin and canthaxanthin, as well as enzymes (C-phicocyanin and alophycocyanin) [22]. The antioxidant activities of Spirulina sp. of scavenging free radicals and preventing oxidative stress are due to the presence of phycocyanins and vitamins in its composition [22]. Its rich composition makes Spirulina sp. a multifunctional ingredient [23].



The topical application of Spirulina sp. in cosmetics has been patented by our research group for its antioxidant effect on the prevention of free radicals and the protective effects in the skin barrier function by clinical studies [24]. Other clinical effects of Spirulina sp. obtained using biotechnological processes have also been investigated by our research group, such as the lightening of solar lentigines and ephelides [20] and its film-forming effect [10].



The development of stable cosmetic formulations with suitable physical–mechanical properties and pleasant sensory properties, alongside a clinical efficacy evaluation, is very important to obtain more effective products. In addition, non-invasive biophysical and skin imaging techniques allow the evaluation of cosmetic products under real usage conditions [25,26]. In this context, the aim of this study was to develop and evaluate the clinical efficacy of cosmetic formulations containing olive extract and Spirulina sp.




2. Materials and Methods


2.1. Materials


The raw materials used in the formulations are described in Table 1.



The equipment used is described in Table 2.




2.2. Methods


2.2.1. Studied Formulations


The studied formulations were made using a cold process at room temperature (25 °C), due to the presence of an organogel that has the property of cold emulsification. The ingredients of the oil (A) and aqueous (B) phases were weighed separately in a glass beaker. In order to prevent the formation of lumps of xanthan gum, a pre-dispersion was performed with glycerin before the addition of water. After weighing the two phases, A and B, the beaker containing the aqueous phase (B) was poured into the beaker containing the oily phase (A), with constant manual stirring with a glass stirring rod until the emulsification process occurred. After this process, the preservative (phase C) was added to the emulsion.



In formulations F1 to F6, to which the active substances (phase D) were added, a pre-dispersion was made in glass mortar with a pestle. The pre-dispersion of Spirulina sp. was formulated with water (1:10). The pre-dispersion of the olive extract was formulated with vegetable glycerin (1:1). Afterwards, these pre-dispersions were gradually added to the emulsion. When necessary, the pH was adjusted with citric acid solution (1:10)—phase E—to an approximate pH value of 5.5. The vehicle formulation was named F7.



The developed formulations are shown in Table 3.



The stability of formulations F1 to F6 added to olive extract, in combination with or without Spirulina sp., were evaluated in terms of rheological parameters, pH values, and organoleptic characteristics.



Formulations F6 and F7 were evaluated in terms of texture profile, sensory properties, and clinical efficacy.



Rheological Behavior


The rheological behavior of all formulations developed were evaluated. For this, a cone and plate rheometer with the RheocalcT® 1.2.19 software program was used. The conditions for the rheological analyses were as follows: room temperature of 25 °C, 0.5 g samples, CP-52 spindle, rotation speed increased progressively from 0 to 50 rpm at 6 points of one minute duration each, and the reverse occurred from 50 to 0 rpm. The parameters obtained from the rheograms were as follows: minimum apparent viscosity, thixotropy, consistency index, and flow rate. The minimum apparent viscosity was calculated by dividing the shear rate by the shear stress. Thixotropy is the value obtained by integrating the points of the rheological curve. The flow and consistency index were obtained using the Ostwald–de Waele model, represented using the following equation where τ = shear stress (Pa); κ = consistency index (Pa.sn); γ = shear rate (s−1); and n = flow index (dimensionless) (Equation (1)) [27]:


  τ = κ   γ   n    



(1)







The rheological parameters were analyzed over time in order to verify the rheological stability of the formulations (F1 to F7). The evaluation time points were initial time (T0) and after 7 (T7), 14 (T14), 28 (T28), 56 (T56), and 84 (T84) days.




Accelerated Stability Studies


Before starting the stability tests, the formulations had to pass the centrifugation test that evaluates the presence or absence of phase separation. The centrifugation test was performed with 5 g of formulation in a conical plastic tube and submitted to centrifugation at 3000 rpm for 3 cycles of 30 min each [28]. After verifying that there was no phase separation, all formulations were submitted to accelerated stability studies. The formulations were stored in glass containers with lids (20 g for each formulation), under room temperature conditions (25 °C), protected from light, and at temperatures of 37 °C and 45 °C [28] for a duration of 12 weeks. The parameters evaluated were pH values, organoleptic characteristics (color, odor, and appearance), and rheological properties. The determination of the pH values was performed with the formulations diluted in distilled water in a 1:10 ratio. The evaluations were performed at the initial time (T0) and after 7 (T7), 14 (T14), 28 (T28), 56 (T56), and 84 (T84) days.




Texture Profile


The texture profile was evaluated in formulations F6 and F7, which were chosen to be evaluated in the clinical study. The work of shear parameter was evaluated using a Texture Analyzer equipped with the TTC Spreadability rig HDP/SR and Exponent Connect® software. The cone-shaped probe was inserted at 90° into a cone-shaped receptacle containing the formulation at a defined speed and depth. The flow force of the formulation forced it to flow at 45°, indicating the degree of spreadability. The work of shear is calculated from the area under the positive curve of a graph with axes of force (N) and time (t) [29]. The experimental conditions were as follows: a return distance of 25 mm, a return speed of 20 mm s−1, a contact force of 30 g, a trigger force of 5 g, and a probe penetration distance of 8 mm. The test was performed in triplicate for each formulation.






2.3. Casuistic and Methods


2.3.1. Clinical Study Design


The double-blind, randomized, placebo-controlled clinical trial was conducted after approval by the Ethics Committee of the Faculty of Pharmaceutical Sciences of Ribeirão Preto—University of São Paulo (n° CAAE: 84 599 418.8.0000.5403). In addition, the clinical trial was conducted in accordance with ICH Guidelines on Good Clinical Practice and the Declaration of Helsinki [30,31].



Inclusion criteria were healthy women aged 39 to 60 years (mean ± standard deviation—51.2 ± 5.4), skin phototype II and III, and the presence of signs of photoaging on the face. The exclusion/non-inclusion criteria were pregnant or lactating women, smokers, history of adverse reactions to cosmetics, skin diseases that may impair the analysis region, availability to visit the laboratory during the study. Thirty-one women who met the inclusion criteria were included in the clinical study after giving written informed consent. However, twenty-seven women completed the study, as four research participants were excluded during the study. One of the exclusions was for personal reasons of illness and the other three exclusions were because they were no longer available to return to the laboratory.



In order to ensure a double-blind study, the labeling of the study formulations was placed on the containers by a person unrelated to this study. The identification of the group’s formulations was placed in a sealed envelope that was not opened until the end of the study.



The research participants were randomized into two groups. Group 1 (n = 14) received the vehicle formulation (F7) and Group 2 (n = 13) received the formulation containing the combination of olive extract and Spirulina sp. (F6). Participants were instructed to apply the SPF 30 sunscreen on the face during the day and the study formulations at night every day for the 12 week period of the study. In addition, the research participants were instructed to use the test products in sufficient quantities to apply to the entire face, with the exception of the eye area. This study was conducted in the spring from October to December with initial (T0), after 6 (T6w), and 12 (T12w) week time points. The site where the study was conducted was at the Cosmetic Technology Laboratory located at the School of Pharmaceutical Sciences of Ribeirão Preto, University of São Paulo, Brazil (21°100 S, 47°480 W).



Instrumental measurements were collected after the participants’ acclimatization period of 20 min in an environment with controlled temperature between 20 °C and 22 °C and a 45% to 55% relative humidity at each time point. The region of analysis was the frontal region of the face.




2.3.2. Sensory Analysis


The sensory analysis was performed with the formulations that were chosen to be evaluated in the clinical study (F6 and F7). Ten previously trained research participants evaluated the formulations with intensity scales in terms of the parameters of spreadability, stickiness, moisture feeling, skin feel after 5 min, and absorption feeling [32]. For this purpose, a standardized amount of formulation (50 μL) was applied with a positive-displacement pipette to a 6 cm2 area on the anterior forearm region with ten circular and orderly movements.




2.3.3. Instrumental Measurements


Stratum Corneum Water Content


The Corneometer® equipment measures skin hydration. Evaluation of the aqueous content of the stratum corneum is performed using the capacitance method of the dielectric constant of water [16]. The results are expressed in arbitrary units (AUs) and were performed in quintuplicate.




Transepidermal Water Loss


The Tewameter® equipment measures the transepidermal water loss (TEWL). A skin barrier assessment is performed using the skin water evaporation method, based on the diffusion principle described by Adolf Fick in 1885 [16]. Data collection occurred after 20 s of the probe remaining in the analysis region under constant pressure by the same operator.




Dermis Thickness and Echogenicity


Dermal thickness and echogenicity were performed using a 20 MHz ultrasound. Real-time images of the skin are produced using ultrasound. The echoes of different amplitudes are the result of the reflection of high-frequency ultrasonic waves on the skin structures. The intensity of the reflected echoes (echogenicity) is visualized in a two-dimensional color image. The echogenicity follows a color scale of white > yellow > red > green > blue > black, where white is high echogenicity and black is low echogenicity [16]. The parameters evaluated using the B-scan module were the thickness and echogenicity of the dermis. The measured echogenicity is the ratio between the number of low echogenicity pixels and the total number of pixels.




Morphological and Structural Skin Characteristics


Morphological and structural skin characteristics of the epidermis were evaluated using Reflectance Confocal Microscopy. Multiple high-resolution images (1000 × 1000 pixels) on a scale of 500 µm × 500 µm are captured from the stratum corneum to the papillary dermis. The Vivastack® system allowed us to obtain the “z” value that was used to calculate the quantitative parameters of epidermal thickness, through the difference of “z” values. The parameters were thickness of the stratum corneum, granular layer, dermal papillae depth, minimum epidermis thickness, maximum epidermis thickness, mean epidermis thickness, and total epidermis thickness [33]. Qualitative parameters were evaluated using standardized scores by Maia Campos and D’Angelo Costa [33], including skin surface homogeneity, furrows morphology, interkeratinocyte brightness, and skin hyperpigmentation. These scores are rated from 0 to 3. A score of 0 indicates a regular or low condition and a score of 3 indicates an irregular or high condition.



Another score standardized by Infante and Maia Campos [34] was also evaluated, in terms of the quality of stratum corneum, stratum granulosum, dermal–epidermal junction, and papillary collagen. These scores are rated from 1 to 5. A score of 5 indicates good skin quality and the opposite is indicated by a score of 1.



In addition, a new score was developed for this study to qualify the reflectance/brightness of the stratum corneum, through a score rated from 0 to 3. Score 0 means low brightness and score 3 means high brightness, as shown in Figure 1.



Furthermore, the time points analyzed using RCM were the initial time (T0) and that after 12 weeks of the study (T12w).






2.4. Statistical Analysis


Statistical analyses were performed using GraphPad® Prism 9 software. The Shapiro–Wilk test was performed to evaluate the normal distribution of the data. An unpaired Student’s t-test was used for analysis between two independent groups and a paired Student’s t-test was used for analysis between two dependent groups with parametric data. Their counterparts for non-parametric data were Mann–Whitney and Wilcoxon, respectively. Parametric data with three or more groups used one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test. Their counterparts for nonparametric data were Kruskal–Wallis, followed by Dunn’s multiple comparison test, respectively. The confidence level adopted was 95%. Analyses were performed in triplicate.





3. Results


3.1. Formulation Development


The evaluation of formulations with or without the sodium metabisulfite—SMBS—was carried out in different concentrations of the olive extract (0.5 and 0.2). In addition, the stability of the olive extract with the association of Spirulina sp. was evaluated. There was no phase separation in any formulation evaluated. Therefore, the accelerated stability was evaluated for 84 days. The rheological results of the formulation development on the evaluation of olive extract stability in formulations alone or in combination with Spirulina sp. (F1–F6) are shown in Figure 2.



According to the results obtained in the initial time (T0) analysis of the organoleptic characteristics and pH values, we can observe that the presence of SMBS makes the formulation more fluid, light beige in color, and gives it a characteristic odor of SMBS. In the absence of SMBS, the formulation is less fluid, brown in color, and has a characteristic odor of olive extract. Regarding the colors of the formulations, the olive extract promotes a brown color in the formulation and the Spirulina sp. promotes a green color. In the association of olive extract with Spirulina sp., green was the predominant color with a lower concentration of olive extract (0.2% w/w) and for concentration 0.5% w/w, the brown mixed with the green, becoming a darker green, was the predominant color. After 84 days of stability, the color was darker for all the formulations, although the formulations without SMBS were darker than those containing SMBS. The appearance remained the same and the pH had no significant difference for room temperature samples after 84 days (5.6 ± 0.2). However, the pH values had a significant difference in stability at 45 °C after 84 days, changing from 5.6 ± 0.2 to 5.3 ± 0.2. Despite this, the pH of the formulations remained within the physiological skin range of 4 to 6 [35] throughout the stability study.



According to the rheological results, all formulations presented a non-Newtonian pseudoplastic behavior with a flow index below 1. Furthermore, it was observed that the addition of SMBS promoted a significant decrease in formulation viscosity compared to the formulations without it. Moreover, the rheograms retained similar characteristics throughout the 84 days of accelerated stability for the formulations containing SMBS. Therefore, the F6 formulation is the ideal one to proceed with to clinical trials, since the lower concentration (0.2% w/w) of the olive extract was better in stability compared to the 0.5% w/w concentration. Therefore, it is the indicated concentration to be used in association with Spirulina sp.



The evaluation of the stability and the sensory and texture properties of the formulations chosen to be evaluated in the clinical study is presented in Figure 3 and Figure 4. The formulations were considered stable after 84 days of evaluation at all temperatures. The pH value of the formulations remained within the physiological range of the skin. The organoleptic characteristics of the formulations were maintained after 84 days of the stability study. The organoleptic characteristics were white color for the vehicle formulation (F7), dark green color for the association formulation (olive extract + Spirulina sp.), as well as the characteristic odor and gel–cream appearance.



The work of shear of vehicle (F7) and association formulation F6 (olive extract + Spirulina sp.) was evaluated both before and after pH adjustment and showed a significant difference between pH values. A lower work of shear was obtained at lower pH values. The lower work of shear is related to a better spreadability [27]. The lower pH also improves the stability of some actives, such as phenolic compounds [36]. Therefore, a lower pH is interesting to obtain a good spreadability and stability, in addition to keeping the pH close to the physiological pH of the skin [35].



Furthermore, in the sensory analysis of the formulation with the association (olive extract + Spirulina sp.), F6 obtained better results compared to F7, mainly regarding skin feel after 5 min, absorption feeling, and stickiness.




3.2. Clinical Study


The clinical study was conducted after defining the formulations and evaluating the texture and sensory properties, as well as their stability.



The results of the biophysical techniques are presented in Figure 5. There was an increase in stratum corneum water content and a decrease in TEWL after 12 weeks of application of the formulation containing olive extract + Spirulina sp. (F6).



The dermis echogenicity and thickness are shown in Figure 6A and Figure 6B, respectively. There was no variation in dermal thickness for the formulations evaluated. However, the decrease in the echogenicity ratio (hypoechogenic pixels/total number of pixels) was significant for both groups evaluated, which means an improvement of dermis echogenicity, as shown in Figure 6C.



The results of the evaluation of the morphological and structural characteristics of the skin assessed using RCM are shown in Table 4, as well as Figure 7 and Figure 8.



The qualitative parameters that had a significant increase were quality scores of stratum corneum and stratum granulosum for G2. The increase in the stratum corneum thickness was 37.5% and for the stratum granulosum was 34.8%.



Also, the interkeratinocytes’ brightness score had a significant increase of 87.5% for G2.



The stratum corneum brightness scores had a significant increase for both groups. The increase in G1 was 39.5% and for G2, it was 141.5%. We can observe that the increase for G2 was expressive, which shows that there was a positive influence of the association of antioxidants on this result.



However, no significant improvement was observed for the other scores evaluated, such as homogeneity of the skin surface and morphology of the furrows. The scores showed a regular score around 0 from the initial time. This characteristic may be related to the skin morphology in the analysis region, since the frontal region presented few furrows and a homogeneous surface in all timepoints analyzed.



There was no significant variation for the skin hyperpigmentation score, as the score remained at 0, meaning low skin hyperpigmentation during the clinical study. This suggests that the frontal region had a lower incidence of pigmentary changes than the malar region [34,37].



Quality score analysis of the dermal–epidermal junction showed a layer with low density and polycyclic or flattened papillae for both study groups.



Analysis of the papillary collagen quality score showed a layer with low density and quality of collagen fibers for both study groups.



There were no significant differences for the quantitative parameters stratum granulosum thickness, dermal papillae depth, as well as minimum, maximum, and mean epidermal thickness. However, there was a significant increase in stratum corneum thickness of 25.9% and 26.2% for G1 and G2, respectively. There was also a significant increase in total epidermal thickness of 14.9% for G2. Although the increase in stratum corneum thickness occurred for both groups, this increase was only significant in the total epidermis thickness for the group that used the formulation with the association for 12 weeks.





4. Discussion


The development of topical formulations containing antioxidants of natural origin, as well as the evaluation of their stability and clinical efficacy is important for the cosmetic and dermatological area, since it can be used in addition to the daily use of sunscreens.



The use of extracts of natural origin and microalgae in cosmetic formulations is important to increase the benefits of the formulation. However, it is a challenge for formulators to obtain stable formulations. As olive extract is a potent antioxidant, it was necessary to add an antioxidant in the formulation to prevent oxidation of the extract and improve the stability of the active [38].



All formulations developed showed a non-Newtonian pseudoplastic behavior characteristic of cosmetic formulations that facilitates the application of the product on the skin [28]. Formulation F6, with the lowest concentration (0.2% w/w) of olive extract and associated with Spirulina sp., was the ideal association to be used in the clinical trial, since it showed stability and had pleasant sensory results. The association of antioxidants in topical formulations can be used to improve the overall skin condition, as well as to improve skin photoprotection [11,12,13].



The use of the formulation containing the association of antioxidants (F6) in group 2 after 12 weeks of study was shown to increase skin hydration and improve the skin barrier, as there was an increase in the stratum corneum water content and a decrease in TEWL [16]. This effect is likely due to the presence of Spirulina sp. in the formulation, as previous studies have shown that using a formulation containing 0.1% Spirulina sp. for 28 days on mature skin promoted an increase in hydration and an improvement in the skin barrier [39].



There was a significant increase in the echogenicity of the dermis for both groups. This suggests that the daily use of sunscreen promoted an improvement in the echogenicity of the dermis. This finding corroborates with the scientific literature, as Souza and Maia Campos [16] demonstrated the improvement of dermis echogenicity with the use of sunscreens.



An increase in the quality score of the stratum corneum indicates an improvement in the reflectance and shape parameters of this layer [34]. An increase in the quality score of the stratum granulosum indicates an improvement in the parameters related to the honeycomb pattern of the epidermis, an increase in interkeratinocyte reflectance, and of keratinocyte area [34]. The significant results of the scores obtained suggest an improvement in the morphological characteristics of the stratum corneum and stratum granulosum for group 2. These characteristics are related to skin hydration in depth [40].



According to Manfredini et al. [40], an increase in the brightness of interkeratinocytes may be due to the enrichment of lipids and proteins from the formulation applied to the skin and more functional keratinocytes with skin hydration. There was an increase in interkeratinocyte brightness for G2. G1, which used the vehicle formulation (F7), did not show this deep hydration characteristic. Therefore, we can suggest that the use of the formulation containing the association of antioxidants (olive extract + Spirulina sp.—F6) after 12 weeks promotes hydration in the skin’s deeper layers, which can help with cell renewal and can maintain skin physiology and health.



According to the scientific literature [9,10], the increase in the stratum corneum brightness suggests the formation of a film on the skin surface that may be related to an improvement in skin texture. The presence of biocompatible skin emollients in the developed formulations may have favored the improvement of skin texture and, consequently, the formation of the film on the skin surface [10]. Therefore, the increase in the stratum corneum brightness score was significant for both groups. The daily use of sunscreens during the study could also have influenced film formation in both groups, since the sunscreen formulation contains polymers that could have favored this film formation [9].



In addition, the film-forming effect of a formulation on the skin can cause an improvement of the skin barrier, since it prevents the evaporation of transepidermal water, due to the film formed by the formulation and/or active substance with this characteristic [9]. This corroborates with the reduction in TEWL obtained in this study for G2 after 12 weeks of use of the formulation containing the association of antioxidants (olive extract + Spirulina sp.—F6).



The observed film-forming effect may be related to the composition of Spirulina sp. used in the formulation of the association, as it presents carbohydrates in the form of polysaccharides that are considered natural polymers. Spirulina sp. was also investigated by Infante, Leite, and Maia Campos [10] on its effective film-forming effect after 30 min of application on skin and hair. This is the first time that the film-forming effect has been observed long-term (12 weeks).



The presence of polycyclic or flattened papillae at the dermal–epidermal junction, as well as the low density and quality of collagen fibers for both study groups suggests that the skin evaluated during the study has skin photoaging characteristics [35]. These characteristics were not improved with the use of sunscreen and formulations containing the association of antioxidants, which suggests that the association of antioxidants did not reach deeper layers of the skin.



The increase in epidermal thickness may be related to skin hydration, as was observed by Bagcı et al. [41] with the application of a moisturizer to the skin for 2 weeks. An increase in stratum corneum thickness was also observed by Kakuda et al. [9], due to the film formation effects after 1, 2, 4, and 6 h of application of a formulation containing active substances with film-forming properties. In addition, a previous study from our research group showed the film-forming property of Spirulina sp., due to an increase in stratum corneum brightness [10].



In summary, the cosmetic formulation containing the association of proposed natural antioxidants (F6) was stable and effective for the improvement of skin photoaging conditions. In addition, the use of sunscreens is fundamental to prevent skin photoaging damage.




5. Conclusions


The cosmetic formulation containing olive extract and Spirulina sp. in combination (F6) was stable and presented good sensory properties and spreadability.



The proposed formulation (F6) showed a hydrating effect and improved the skin barrier after 12 weeks of daily application.



An improvement in the morphological and structural characteristics of the skin was observed only in the group that applied the formulation containing the association of antioxidants for 12 weeks, by improvement of stratum corneum and stratum granulosum quality scores, as well as an increase in interkeratinocyte reflectance in stratum granulosum and stratum corneum brightness.



Finally, the proposed formulation (F6) was stable and effective in protecting the skin and reducing skin changes related to photoaging.
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Figure 1. Stratum corneum brightness score using Reflectance Confocal Microscopic (RCM) images. 
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Figure 2. Rheograms of formulations with or without Sodium Metabisulfite (SMBS) in the presence of olive extract alone or in association with Spirulina sp. when stored at room temperature for (T0), 7 (T7), 14 (T14), 28 (T28), 56 (T56), and 84 (T84) days. F1 = formulation without SMBS with 0.5% w/w olive extract at room temperature (a); F2 = formulation with SMBS with 0.5% w/w olive extract at room temperature (b); F3 = formulation without SMBS with 0.2% w/w of olive extract at room temperature (c); F4 = formulation with SMBS with 0.2% w/w of olive extract at room temperature (d); F5 = formulation with SMBS with 0.5% w/w olive extract and 0.1% w/w Spirulina sp. at room temperature (e); and F6 = SMBS formulation with 0.2% w/w olive extract and 0.1% w/w Spirulina sp. at room temperature (f). 
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Figure 3. Rheograms of the vehicle formulation—F7 (a–c) and the formulation containing the association of olive extract with Spirulina sp.—F6 (d–f), when stored at room temperature, 37 °C, and at 45 °C for (T0), 7 (T7), 14 (T14), 28 (T28), 56 (T56), and 84 (T84) days. 
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Figure 4. Work of shear of the vehicle (F7) and formulation containing the association of olive extract with Spirulina sp. (F6) at pH 6.5 and 5.5 (a) and sensory analysis of these formulations at pH 5.5 (b). * Statistically different means when compared to the pH 6.5 value (p < 0.05). 






Figure 4. Work of shear of the vehicle (F7) and formulation containing the association of olive extract with Spirulina sp. (F6) at pH 6.5 and 5.5 (a) and sensory analysis of these formulations at pH 5.5 (b). * Statistically different means when compared to the pH 6.5 value (p < 0.05).
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Figure 5. Stratum corneum water content (a), and transepidermal water loss (b) before (T0), after 6 (T6w), and 12 (T12w) weeks of use of the vehicle (G1–F7) and association with olive extract and Spirulina sp. (G2–F6) formulations. * Significant difference from baseline values (T0) (p < 0.05). 
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Figure 6. (A) Dermis thickness before (T0), after 6 (T6w), and 12 (T12w) weeks of use of the vehicle (F7) and association with olive extract and Spirulina sp. (F6) formulations; (B) dermis echogenicity ratio (hypoechogenic pixels/total number of pixels) before (T0), after 6 (T6w), and 12 (T12w) weeks of use of the vehicle and association with olive extract and Spirulina sp. formulations; (C) representative 20 MHz ultrasound images of dermis echogenicity before (T0), after 6 (T6w), and 12 (T12w) weeks of use of the vehicle (G1–F7) and association with olive extract and Spirulina sp. (G2–F6) formulations (echogenicity color scale: white > yellow > red > green > blue > black) * Significant difference from baseline value (T0) (p < 0.05). 






Figure 6. (A) Dermis thickness before (T0), after 6 (T6w), and 12 (T12w) weeks of use of the vehicle (F7) and association with olive extract and Spirulina sp. (F6) formulations; (B) dermis echogenicity ratio (hypoechogenic pixels/total number of pixels) before (T0), after 6 (T6w), and 12 (T12w) weeks of use of the vehicle and association with olive extract and Spirulina sp. formulations; (C) representative 20 MHz ultrasound images of dermis echogenicity before (T0), after 6 (T6w), and 12 (T12w) weeks of use of the vehicle (G1–F7) and association with olive extract and Spirulina sp. (G2–F6) formulations (echogenicity color scale: white > yellow > red > green > blue > black) * Significant difference from baseline value (T0) (p < 0.05).
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Figure 7. (A) Stratum corneum quality score at initial time (T0) and after 12 weeks (T12w) of the use of vehicle formulation (G1–F7) and the use of association with olive extract and Spirulina sp. formulation (G2–F6); (B) Stratum corneum brightness at initial time (T0) and after 12 weeks (T12w) of the use of vehicle formulation (G1–F7) and the use of association with olive extract and Spirulina sp. formulation (G2–F6); (C) representative Reflectance Confocal Microscopy images of Stratum corneum. The yellow arrows indicate improved stratum corneum brightness. (Scale: 500 µm × 500 µm). 
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Figure 8. (A) Stratum granulosum Quality Score at initial time (T0) and after 12 weeks (T12w) of the use of vehicle formulation (G1–F7) and the use of association with olive extract and Spirulina sp. formulation (G2–F6); (B) Interkeratinocyte brightness at initial time (T0) and after 12 weeks (T12w) of the use of vehicle formulation (G1–F7) and the use of association with olive extract and Spirulina sp. formulation (G2–F6); (C) representative Reflectance Confocal Microscopy images of Stratum Granulosum. The yellow circles indicate improved interkeratinocyte brightness and honeycomb pattern. (Scale: 500 µm × 500 µm). 
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Table 1. Raw materials.
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	INCI Name
	Trade Name
	Company Name
	City
	Country





	Helianthus Annuus (Sunflower) Seed Oil (and) Polyacrylic Acid (and) Xylityl Sesquicaprylate (and) Glyceryl Stearate (and) Euphorbia Cerifera (Candellila) Wax (and) Sodium Hydroxide
	Emulfeel® SGP
	ChemyUnion®
	Sorocaba
	Brazil



	Helianthus Annuus Seed Oil (Sunflower)
	-
	GreenTech®
	São Paulo
	Brazil



	BHT (Butylated hydroxytoluene)
	-
	Synth®
	Diadema
	Brazil



	Vegetable Glycerin Technical Grade
	-
	Synth®
	Diadema
	Brazil



	Xanthan Gum
	Keltrol®
	CP Kelco®
	Atlanta
	United States



	EDTA disodium
	-
	Synth®
	Diadema
	Brazil



	Spirulina sp. dried extract obtained using biotechnological processes
	-
	Ourofino®
	Cravinhos
	Brazil



	Olea europea (Olive) Fruit extract; Glycerin; Water (Aqua)
	HyidrOlive®
	Cobiosa®
	Espanha
	Brazil



	Sodium Metabisulfite (SMBS)
	-
	Synth®
	Diadema
	Brazil










 





Table 2. Equipment.
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	Equipment
	Trade Name
	Model
	Company Name
	City
	Country





	Analytical balance
	-
	AD3300/BEL classe II
	Marte®
	Santa Rita do Sapucaí
	Brazil



	Reverse osmosis
	-
	OS10LX
	Gehaka®
	São Paulo
	Brazil



	Cone and plate rheometer
	-
	DV-III RV
	AMETEK Brookfield®
	Middleboro
	United States



	Centrifuge
	-
	CE 800
	Centrilab®
	São Paulo
	Brazil



	Oven at 37 °C
	-
	CZ
	Olidef®
	Ribeirão Preto
	Brazil



	Oven with photoperiod and thermoperiod—(45 °C)
	-
	EL202/3
	Eletrolab®
	São Paulo
	Brazil



	pH meter
	-
	MPA-210—solution electrode SC06
	Tecnopon®
	Piracicaba
	Brazil



	Texture Analyzer
	-
	TA.XT/Plus
	Stable Micro Systems®
	Godalming
	England



	Skin Hydration Measurement Instrument
	Corneometer®
	CM 825
	Courage-Khazaka®
	Köln
	Germany



	Transepidermal Water Loss Measurement Instrument
	Tewameter®
	TM 300
	Courage-Khazaka®
	Köln
	Germany



	20 MHz ultrasound
	Dermascan®
	C
	Cortex®
	Hadsund
	Denmark



	Reflectance Confocal Microscopy
	Vivascope®
	1500
	Lucid®
	Rochester
	United States










 





Table 3. Qualitative and quantitative composition of formulations 1 to 7.
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INCI Name

	

	
(% w/w)




	
Phases

	
F1

	
F2

	
F3

	
F4

	
F5

	
F6

	
F7






	
Helianthus Annuus (Sunflower) Seed Oil (and) Polyacrylic Acid (and) Xylityl Sesquicaprylate (and) Glyceryl Stearate (and) Euphorbia Cerifera (Candellila) Wax (and) Sodium Hydroxide

	
A

	
4

	
4

	
4

	
4

	
4

	
4

	
4




	
Helianthus Annuus Seed Oil (Sunflower)

	
A

	
3

	
3

	
3

	
3

	
3

	
3

	
3




	
BHT (Butylated hydroxytoluene)

	
A

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05

	
0.05




	
Vegetable Glycerin Technical Grade

	
B

	
6

	
6

	
6

	
6

	
6

	
6

	
6




	
Xanthan Gum

	
B

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
EDTA disodium

	
B

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
Spirulina sp. dried extract obtained using biotechnological processes

	
D

	
-

	
-

	
-

	
-

	
0.1

	
0.1

	
-




	
Olive extract

	
D

	
0.5

	
0.5

	
0.2

	
0.2

	
0.5

	
0.2

	
-




	
Sodium Metabisulfite (SMBS)

	
B

	
-

	
0.1

	
-

	
0.1

	
0.1

	
0.1

	
-




	
Xylityl Sesquicaprylate (and) Caprylyl Glycol

	
C

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
Aqua

	
B

	
85.05

	
84.95

	
85.35

	
85.35

	
84.85

	
85.25

	
85.55




	
Citric Acid Solution (1:10)

	
E

	
pH 5.5

	
pH 5.5

	
pH 5.5

	
pH 5.5

	
pH 5.5

	
pH 5.5

	
pH 5.5











 





Table 4. Qualitative parameters of epidermal layers using Reflectance Confocal Microscopy.






Table 4. Qualitative parameters of epidermal layers using Reflectance Confocal Microscopy.





	

	
Groups (Mean ± Standard Deviation)

	
p-Values




	
Score

	
G1–F7 (n = 9)

	
G2–F6 (n = 8)

	
G1–F7

	
G2–F6




	
T0

	
T12w

	
T0

	
T12w






	
Stratum corneum Brightness

	
1.6 ± 0.4

	
2.2 ± 0.5

	
1.1 ± 0.7

	
2.7 ± 0.3

	
p < 0.05

	
p < 0.05




	
Skin Surface Homogeneity

	
0.3 ± 0.3

	
0.1 ± 0.1

	
0.3 ± 0.4

	
0.2 ± 0.3

	
NS

	
NS




	
Furrows Morphology

	
0.0 ± 0.1

	
0.1 ± 0.1

	
0.0 ± 0.0

	
0.0 ± 0.0

	
NS

	
NS




	
Stratum corneum Quality

	
2.9 ± 0.3

	
3.3 ± 0.7

	
3.0 ± 0.1

	
4.1 ± 0.7

	
NS

	
p < 0.05




	
Interkeratinocyte Brightness

	
1.1 ± 0.5

	
1.1 ± 0.5

	
1.0 ± 0.5

	
1.9 ± 0.6

	
NS

	
p < 0.05




	
Stratum granulosum Quality

	
2.4 ± 0.6

	
2.3 ± 0.5

	
2.7 ± 0.2

	
3.6 ± 0.4

	
NS

	
p < 0.05




	
Skin Hyperpigmentation

	
0.4 ± 0.6

	
0.6 ± 0.6

	
0.3 ± 0.6

	
0.6 ± 0.3

	
NS

	
NS




	
Dermal–Epidermal Junction Quality

	
1.3 ± 0.5

	
1.3 ± 0.5

	
1.1 ± 0.2

	
1.1 ± 0.2

	
NS

	
NS




	
Papillary Collagen Quality

	
2.3 ± 0.7

	
2.0 ± 0.6

	
2.0 ± 0.5

	
2.8 ± 0.7

	
NS

	
NS








Legend: NS: not significant; p < 0.05: significant difference between the baseline (time T0) and the final time (T12 weeks).
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