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The cosmetics industry has been seeking to replace petroleum-derived synthetic surfactants with safer and more sustainable alternatives. In this context, plant-based biosurfactants, such as saponins extracted from Chenopodium quinoa and Ananas comosus, stand out for their functional and biological properties. The objective of this study was to extract and apply these biosurfactants in shampoo formulations, evaluating their technological performance. Three prototypes were developed with different surfactant systems: P1, containing plant-based biosurfactants associated with a chemical surfactant; P2, containing exclusively plant-based biosurfactants; and P3, free of surfactant agents. The results indicated that prototype P1 presented 50% sebum removal, while P2 demonstrated a 48.5% increase in cleaning efficiency compared to the isolated chemical surfactant. The P3 formulation did not present cleaning efficiency. Additionally, biosurfactants contributed to improved shine and strength of the hair strands. Stability tests indicated instability in the density value of the formulations at high temperatures, while maintaining constant pH and organoleptic aspects. These results highlight the potential of plant-based biosurfactants for use in more sustainable cosmetics.

1. Introduction

Throughout history, the cosmetics industry has relied mainly on petroleum-based surfactants, which, despite their high cleaning and foaming efficiency, are associated with significant challenges related to toxicity and negative environmental impact due to their low biodegradability and non-renewable origin (Araujo, 2025). This reality has driven a global transition towards safer and more environmentally responsible alternatives, in which biosurfactants are emerging as key players due to their low toxicity, high biodegradability and excellent compatibility with human skin (Nasser, 2024).
In this scenario of sustainable innovation, plant-based biosurfactants, especially saponins, have received increasing attention from the scientific community and the industrial sector (Romero Vega, 2025). These natural compounds not only mimic the functional properties of synthetic surfactants, such as emulsification, detergency, and solubilisation, but also add value to cosmetic formulations by presenting intrinsic biological activities, including antioxidant, antimicrobial, and anti-inflammatory propertie. In addition, the valorisation of agro-industrial waste has established itself as a promising strategy for the sustainable production of these bioactive molecules. Research published between 2024 and 2025 shows that saponins extracted from quinoa (Chenopodium quinoa) residues have relevant surfactants, emulsifying and detergent properties, and are even incorporated into commercial cosmetic formulations aimed at hair hydration and nutrition (Bustos, 2024). Complementarily, the use of pineapple (Ananas comosus) by-products, especially the peels, has shown high potential for the development of nanocreams and other skincare products, expanding the use of plant extracts as high-performance biotechnological actives (Yahya, 2022).
Given these advances, the development of cosmetics based on plant biosurfactants not only responds to the growing demand for safe, sustainable products aligned with the concept of clean beauty, but also represents an innovative frontier for the global market, combining technical effectiveness, waste recovery, and environmental preservation (Klimek-Szczykutowicz, 2024). Therefore, this study aims to develop and evaluate shampoo formulations containing plant-derived biosurfactants extracted from Chenopodium quinoa and Ananas comosus, assessing their cleaning performance, mechanical resistance, gloss, and stability. The novelty of this work lies in the use of agro-industrial residues as functional surfactant systems, contributing to the advancement of sustainable and high-performance green cosmetic formulations.




2. Materials and methods

Plant material and extraction of biosurfactants

The hydroalcoholic extraction of biosurfactants from Chenopodium quinoa seeds and dried Ananas comosus pulp was performed in a Soxhlet apparatus, following the methodology described by Bezerra et al. (2021). 

2.1 Production of Prototypes

Table 1 shows the surfactants used in the formulations evaluated in the study. The shampoo formulations were developed from a standard cosmetic base consisting of purified water (q.s. to 100 %), thickening agent (2.0 %), preservative (0.5 %) and pH adjuster (q.s. to pH 5.0–6.0). Three different formulations were prepared, differing only in the surfactant system used. Prototype P1 contained 10.0 % plant-based biosurfactants (A. comosus and C. quinoa extracts) associated with 5.0 % disodium cocoyl glutamate (DCG). Prototype P2 contained exclusively 5.0 % disodium cocoyl glutamate (DCG), while prototype P3 was prepared without the addition of any surfactant agent and was used as a control. The components were added under constant stirring until complete homogenisation, followed by pH adjustment to the range of 5.0 to 6.0. Additionally, a commercial formulation containing the same chemical surfactant (DCG) was tested for comparative purposes.
Table 1: Surfactant system of the formulations
	ID
	Surfactants

	P1
	A. Comosus + C. quinoa + DCG (Disodium Cocoyl Glutamate)

	P2
	DCG (Disodium Cocoyl Glutamate)

	P3
	Surfactant-free

	SC
	Commercial shampoo



Stability profile of the prototype

The preliminary 30-day stability test is performed during the product development phase, using batches produced on a laboratory scale. It serves as an aid in determining the stability of the formulation and constitutes a predictive study that can be used to estimate the product's shelf life. The samples were subjected to cycles of heating in a drying oven, cooling in a refrigerator and exposure to controlled light radiation for a total period of 30 days. A control sample of each product was kept at room temperature (29 ºC ± 2 ºC), protected from light, for comparison. The temperature values used in the tests were: cycles of 24 hours at 37 ± 2 °C and 24 hours at 5 ± 2 °C; cycles of 24 hours at 40 ± 2 °C and 24 hours at 5 ± 2 °C; cycles of 24 hours at 45 ± 2 °C and 24 hours at 5 ± 2 °C. These temperature ranges were selected to simulate thermal stress and extreme storage and transport conditions, accelerating potential degradation reactions and allowing prediction of long-term stability.
The evaluations were carried out at 0 (initial), 7, 15 and 30 days, analysing the organoleptic, physicochemical and microbiological parameters of prototype P1. The selected time intervals enabled the monitoring of early and progressive changes in the formulation, facilitating the identification of possible instability phenomena over short- and medium-term storage. The organoleptic and physicochemical characteristics evaluated included: colour, odour, viscosity, homogeneity, pH and density, in accordance with criteria established by the Brazilian Health Regulatory Agency (ANVISA) (2004).

2.4 Preparation of standardised strands
The hair strands used in the tests were prepared and standardised in advance as described below:

2.4.1 Standardisation and weight

According to the methodology adapted from Soares et al. (2025), each strand was standardised to a mass of 4 grams and identified according to the product that would be used for washing. Thus, four strands of the same hair were chosen, and a different prototype (P1, P2, P3, or commercial shampoo) was applied to each one. Table 2 shows the identification (ID) of each strand and the respective prototype used in the washing process. 

Table 2: Classification of standardised strands
	[bookmark: _Hlk203488649]Formulation used
	ID

	Plant-based biosurfactant + chemical surfactant (P1)
	A1

	Chemical surfactant only (P2)
	A2

	Surfactant-free (P3)
	A3

	Commercial shampoo (SC)
	A4



2.4.2 Hair strands washing process
Regarding the washing process, the procedure was standard: with wet hair, the appropriate shampoo for each type of strand was applied, the formulations were massaged into the hair for 1 minute and then rinsed for another minute under running water. Finally, the hair was left to dry completely without the use of heat sources (Martins et al., 2024).

Mechanical test on standardised strands

The hair strands evaluated in the mechanical resistance and shine test were analysed considering the relationship between the mechanical resistance of the hair fibre, its structural integrity and its light reflection capacity, following the tests below:

2.5.1 Tension or mechanical force test

The yarn tension measurements were performed on a Brookfield Ametek C3 texturer under the following conditions: tigger load 6.80g; speed 0.50 mm/s, TA3/100 test tip and TA-RT adjustment device. The tension of the hair fibre of the selected strands was analysed before and after applying the shampoos to each standardised strand in order to verify the influence on the resistance of the strands. The procedure is based on mechanically stretching a strand of hair until it breaks, characterising plastic deformation. Thus, the greater the tensile force that the hair strand can withstand, the greater its resistance and the higher its point of rupture (Velasco et al., 2017). It is worth noting that the strands, each treated with their respective prototypes, were tested in triplicate in the tension test.

2.5.2 Gloss measurements

 The Glossymeter GL-200 (Courage + Khazaka electronic GmbH) was used to perform the test. This device directs light at a specific angle onto the test surface and measures the amount of reflection. In this way, the gloss units of the hair were compared before and after washing the strands (Soares et al., 2025). The values were presented in Gloss Units. The gloss test was performed in triplicate on each strand analysed.

Cleaning Test

The cleaning action of the formulations was evaluated based on the methodologies used by Thompson et al. (1985) and AzadbakhT et al. (2018).

3. Results and Discussion 

Extraction of biosurfactants

Extracts obtained by hydroalcoholic extraction in Soxhlet showed different yields, with 61.6% for A. comosus and 9.5% for C. quinoa. The yield of C. quinoa was higher than that reported in the literature (6.7%) by Bezerra et al. (2021), indicating greater efficiency of the extraction method employed. The absence of previous data for A. comosus, combined with the high yield obtained, highlights the originality of the findings and reinforces its potential for cosmetic applications
.
Stability Assessment of the Prototype

The results of the stability study of a sample of P1 stored at three different temperatures (37°C, 40°C and 45°C) revealed that the parameters of appearance (uniform), odour (fragrance) and pH (5.09) remained stable and unchanged during the 30 days. Density showed instability between the first and seventh days (between 0.62 and 0.98 g/cm³), which occurred at all three temperatures. After this period, the parameter stabilised, reaching an average density of 0.97±0.09 g/cm³ at a temperature of 37°C; 1.06±0.13 g/cm³ at 40°C and 0.99±0.05 g/cm³ in cycles at 45°C, suggesting that, despite physical changes in the sample structure under storage conditions at temperatures above the ambient temperature, the density returns to stability after the seventh day of storage. It is important to note that the present evaluation was limited to a 30-day accelerated stability test conducted during the development phase; therefore, longer-term studies under real-time storage conditions are necessary to simulate realistic product use and shelf-life duration.

Mechanical tests on standardised strands

3.3.1 Mechanical Performance under Tensile Testing
The hair fiber, like any material, exhibits two stages when exposed to tensile force: the Hookean phase, in which force is proportional to elongation and deformation is reversible, and the non-Hookean phase, in which the applied force exceeds the elastic limit, causing irreversible plastic deformation (Ribeiro et al., 2021). The breaking point mainly depends on the integrity of the cuticle. In this context, aggressive surfactants such as sulfates can accelerate hair breakage by exposing the cuticle scales to external damage (Zi et al., 2025).
The 17.84% increase in the breaking point observed in hair treated with prototype P1, containing plant-derived biosurfactants, suggests that these compounds—due to their moisturizing, antioxidant, and photoprotective properties—contribute to improving the mechanical resistance of the fibers after washing. In contrast, strands washed with commercial shampoos containing anionic surfactants showed cuticle fragilization and reduced mechanical resistance (Soares et al., 2025). Prototype P2, containing only chemical surfactant, showed minimal change (0.28%) in relation to the pre-wash breaking point, indicating little contribution to fiber resistance. Prototype P3, without surfactants, produced a 34.95% increase in the breaking point, reinforcing the negative impact of anionic surfactants on hair structure. These results may be associated with phytochemicals present in plant biosurfactants, such as saponins, flavonoids, polyphenols, and sugars, which can contribute to cleansing while also improving the mechanical resistance of hair fibers (Mala et al., 2024; Gupta; Morya, 2022). Overall, the findings suggest that plant-derived biosurfactants may reduce structural damage caused by aggressive surfactants and enhance the mechanical resistance of hair fibers.

Table 3: Results of mechanical resistance tests on strands analyzed before and after washing with the prototypes.
	Product used in the strand
	Tensile strength required for rupture before washing (g) (x±SE)
	Tensile strength required for rupture after washing (g) (x±SE)

	Prototype 1 (strand A1)
	92.50± 3.25
	109.00± 0.27 *

	Prototype 2 (strand A2)
	58.5± 0.25
	58.67± 1.25

	Prototype 3 (strand A3)
	52.24± 1.55
	70.5± 3.00 *

	Commercial shampoo (strand A4)
	109.00± 3.5
	101.27±0.38 


* Significance at the 5% level (Student's t-test) (p<0.05)

3.3.2 Gloss measurements analysis

The hair reflectance test was performed before and after washing the strands and was performed on dry hair. Although all formulations studied resulted in an improvement in hair shine (Table 4), the strand treated with prototype P1 showed the greatest increase in this property. Thus, the model containing biosurfactants (P1) promoted a 50.88% increase in the shine of strand A1 before and after washing. The literature shows that standardised strands treated with natural South American active ingredients promoted an improvement in the GlossValue of the strands, and these active ingredients were also enriched with flavonoids (Leite; Campos, 2018). In the table, the values are presented in Gloss Units (GU).

Table 4: Gloss measurements of the hair strands.
	Product used in the strand
	Specular reflection before washing (G.U) (x±SE)
	Specular reflection after washing (G.U) (x±SE)

	Prototype 1 (strand A1)
	2.28± 0.42
	3.44± 0.27*

	Prototype 2 (strand A2)
	3.50± 0.36
	4.50± 0.33*

	Prototype 3 (strand A3)
	3.34± 0.43
	3.96± 0.07

	Commercial shampoo (strand A4)
	2.97± 0.16
	4.07±0.40*


* Significance at the 5% level (Student's t-test) (p<0.05)
	
3. Cleaning Test Evaluantion

	When analysing the cleaning performance, prototype P1 achieved 50.00% sebum removal, whereas P2, composed exclusively of the chemical surfactant disodium cocoyl glutamate (DCG), showed a removal rate of only 1.50%, indicating that the incorporation of plant extracts resulted in a 48.50% increase in cleaning efficiency. The surfactant-free formulation (P3) exhibited no sebum removal capacity. The commercial shampoo (SC), in turn, reached 63.14% removal, representing the highest absolute detergency among the tested formulations, likely due to its higher concentration of synthetic surfactants designed to maximize cleansing performance. Nevertheless, the performance of P1 was highly competitive, demonstrating that plant-based biosurfactants can substantially enhance cleaning efficiency while relying on a more sustainable surfactant system. These findings corroborate recent studies highlighting the potential of plant-derived surfactants, particularly those obtained from Chenopodium quinoa, which exhibit surface tension reduction, effective detergency, stability, and lower toxicity compared to conventional synthetic agents (Bezerra et al., 2023). Considering both performance and sustainability, the evaluated plant extracts show strong potential to act as primary surfactants in shampoo formulations, representing a promising technological alternative to traditional products.










Figure 1: Figure 1: Percentage of sebum removal (%) by the different prototypes evaluated (P1, P2, and P3) and by commercial shampoo.
1. Conclusions

The findings of this study demonstrate that the incorporation of plant-based biosurfactants extracted from Chenopodium quinoa and Ananas comosus into shampoo formulations is technologically feasible and functionally effective. Prototype P1 achieved 50.00% sebum removal, representing a 48.50% increase in cleaning efficiency compared to the formulation containing only disodium cocoyl glutamate, while the commercial shampoo reached 63.14% removal, likely due to its higher concentration of synthetic surfactants. Importantly, unlike the commercial product, which reduced hair tensile strength after washing, P1 promoted a 17.84% increase in mechanical resistance and a 50.88% improvement in gloss, indicating enhanced fibre integrity and surface properties. Stability assessment confirmed maintenance of pH and organoleptic characteristics under accelerated conditions, despite temporary density variations, and the high extraction yields, particularly for A. comosus (61.6%), reinforce the valorisation potential of agro-industrial residues as sustainable cosmetic raw materials. Overall, these results highlight that plant-derived biosurfactants can partially replace synthetic surfactants while maintaining competitive performance, contributing to cleaner and more sustainable cosmetic formulations. Future studies should focus on concentration optimization, long-term stability, dermatological safety, and scale-up feasibility to strengthen industrial applicability.
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