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Abstract: Clarify which innovations most strongly shape the shift from fossil-based to bio-cosmetics, including 

sustainable ingredients, advanced delivery systems, and green processing.  

Explain how these innovations jointly target efficacy, safety, and environmental impact across the product life cycle. 

Frame bio-cosmetics as a route toward circular, low-carbon, and regulation-compliant beauty markets. 

Use recent reviews and conceptual papers on biocosmetics, fermentation, nanotechnology, green extraction, and 

sustainable ingredients as the primary evidence base. Synthesize findings by clustering them into four domains: 

bio-based ingredients, delivery systems, green/biotech processing, and eco-design/analytics. 

Compare technologies, benefits, limitations across domains to identify convergent trends and practical bottlenecks. 

Document rapid growth of bio-based and upcycled ingredients, including plant, microbial, and biomass-derived 

actives replacing fossil chemicals. 

Show that nano-enabled systems (liposomes, niosomes, lipid nanoparticles) markedly improve stability, penetration, 

and anti-aging efficacy of natural compounds while raising safety and regulatory questions. 

Highlight green extraction and fermentation, plus sustainability-oriented design tools, as pivotal for circular 

economy goals and robust, evidence-based product claims. 

Crucial innovations in bio-cosmetics lie at the intersection of bio-based raw materials, nanotechnology-enabled 

delivery, and low-impact processing. 

These advances improve product performance and align with consumer demand for natural, safe, and sustainable 

beauty, but they also expose gaps in toxicology, standardization, and regulation. 

Future progress depends on integrating scientific rigor (e.g., longevity biomarkers, molecular profiling) with circular 

design principles and transparent communication. 

Prioritize fermentation, green extraction, and upcycling strategies that demonstrably reduce carbon footprint and 

waste while maintaining efficacy. 

Strengthen safety assessment and regulatory frameworks for nano-carriers, plant-derived nanovesicles, and complex 

natural mixtures used in cosmetics 

Adopt advanced analytical tools (molecular networking, omics, longevity-marker panels) to support robust, 

non-misleading bio-cosmetic claims. 

Market data indicate fast growth of natural and bio-cosmetics, driven by social-media-amplified concern about 

synthetic chemicals and environmental impact. 

Nanotechnology and biopolymers (e.g., chitin, chitosan, lignin) are increasingly used to design high-performance, 

biodegradable cosmeceuticals aligned with circular-economy goals. 

Emerging concepts such as longevity cosmeceuticals and plant-derived exosome-like nanovesicles suggest a future 

where cosmetic products target molecular hallmarks of aging and skin disease, not just appearance. 
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1. PURPOSE 

The aim is to identify and synthesize crucial innovations in bio-cosmetics – defined as cosmetics relying primarily 

on bio-based, natural or biotechnological ingredients and environmentally responsible processes: focusing on 

ingredients, delivery systems, processing technologies, and eco-design tools that are reshaping the sector. 

Specific objectives: 

• Map key technological advances (green extraction, fermentation, nano/bio-delivery systems). 

• Examine how these address efficacy, safety, and sustainability demands. 

• Highlight industrial, regulatory, and methodological frameworks enabling market translation. 

 

2. METHODOLOGY 

Scoping of recent reviews and conceptual papers (2020–2025) on biocosmetics, sustainable ingredients, biomass, 

fermentation, nanotechnology, multifunctional ingredients, and analytical methods. 

Thematic coding into four innovation domains: 

1. Bio-based and upcycled ingredients; 

2. Advanced delivery systems; 

3. Green/biotech processing; 
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4. Eco-design and analytical frameworks. 

Comparative reading to identify convergent trends, bottlenecks and exemplary applications (e.g., nanoemulsions, 

fermented actives, cosmetotextiles). 

 

Table 1: Four main innovation pillars shaping bio-cosmetics. 

 

Domain Representative innovations Main benefits 

Bio-based ingredients Biomass-, waste- and 

fermentation-derived actives; 

multifunctional natural compounds 

Lower fossil use, 

multifunctionality, “clean label” 

Delivery systems Nanoemulsions, liposomes, 

SLN/NLC, niosomes; biobased 

surfactants 

Enhanced stability, penetration, 

controlled release 

Green/biotech processing Fermentation, NADES, microbial 

surfactants, upcycling by-products 

Reduced footprint, new bioactives, 

circularity 

Eco-design & analytics Biomim’Index, meta-analysis 

frameworks, advanced 

characterization 

Design for sustainability, robust 

claim support 

Sources: Tiwari et al., 2020; Goyal & Jerold, 2021; Gupta et al., 2022; PérezRivero & López-Gómez, 2023; 

Sasounian et al., 2024; Nhani et al., 2024; Letard et al., 2025. 

3. RESULTS 

Bio-based and circular ingredients: 

• Biomass and waste streams as cosmetic feedstocks: plant, marine, wood and agro-industrial residues are valorized 

into antioxidants, surfactants and emollients, reducing reliance on fossil resources and supporting circular economy 

models. 

• Fermentation-derived ingredients: microbial processes produce multifunctional emulsifiers, humectants and actives 

with high biocompatibility and lower ecological footprint than many fossil- or even plant-derived materials; full 

formulations using only microbial-derived ingredients (including packaging) are now technically possible. 

• Cosmetotextiles and bio-finishes: textiles impregnated with botanical oils, vitamins and bio-actives (e.g., apricot 

oil, shea butter, marine extracts) deliver skincare benefits through clothing, broadening the bio-cosmetic interface 

with fashion. 

• Multifunctional natural ingredients (one molecule, several functions – e.g., preservative + humectant) simplify 

INCI lists, answer “minimalist” consumer expectations and reduce additive load, though they face sourcing and 

regulatory complexity. 

 Advanced, often nano-enabled delivery systems: 
• Plant bioactives in engineered carriers: encapsulation of phenolic acids, flavonoids, carotenoids and essential oils 

overcomes low solubility and instability, enabling their use as high-performance natural antioxidants and 

anti-inflammatories in cosmetics. 

• Microcapsules and functional textiles: microencapsulation in fabrics allows gradual release of moisturizers, 

antioxidants and anti-inflammatories during wear, expanding the concept of “wearable bio-cosmetics”. 

• Nanoemulsions and nanocarriers (liposomes, niosomes, solid lipid nanoparticles): widely used to improve stability, 

skin penetration and controlled release of plant- and animal-derived actives, particularly in anti-aging and 

skin-repair products. Clinical data show predominant anti-wrinkle and hydration benefits for nanotechnology-based 

anti-aging formulations. 

Green and biotech processing technologies: 
• Bio-surfactants and bio-emulsifiers, such as lipopeptides from Bacillus, support the transition from petrochemical 

surfactants to biodegradable, skin-friendly alternatives in nanoemulsions and cleansers. 

• Natural deep eutectic solvents (NADES) allow efficient extraction of plant metabolites in a “natural” solvent 

environment, aligning with green chemistry and improving access to complex bioactive profiles. 

• Fermentation as core technology: positioned as a “backbone” for sustainable cosmetic raw materials, enabling 

production of multifunctional, highly biocompatible ingredients from low-cost substrates while potentially lowering 

carbon footprint. 

• Upcycling by-products via nanotechnology: high-value actives from plant and animal by-products. 
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Eco-design, digital and analytical frameworks: 

• Biomimicry-based design tools such as the Biomim’Index classify cosmetic technologies by degree of 

bio-inspiration and provide stepwise recommendations for integrating biomimicry and environmental criteria into 

R&D pipelines. 

• Meta-analysis and advanced analytics (rheology, interfacial tension, zeta potential, chromatographic and 

spectroscopic methods) are used to link microstructure of bio-based formulations to macroscopic performance, 

essential when natural raw materials behave differently and cost more than fossil-based analogues. 

• Conceptual Engineering for bio-products: structured, iterative concept development – applied to a bio-based hair 

mask – helps align innovation with regulatory, safety and sustainability constraints while systematically integrating 

user needs. 

 

4. CONCLUSIONS 

The crucial innovations in bio-cosmetics cluster around: 

• Transition to bio-based, upcycled and fermented ingredients with lower environmental impact and high 

multifunctionality. 

• Advanced delivery systems, especially nanoemulsions and lipid-based nanocarriers, that unlock efficacy of natural 

actives and redefine anti-aging and skin-health performance. 

• Biotechnological and green processing (fermentation, NADES, microbial surfactants, by-product valorization) that 

operationalize circularity goals. 

• Eco-design, biomimicry and analytical/meta-analytic frameworks that enable robust claim substantiation, 

regulatory compliance and systematic sustainable innovation. 

At the same time, concerns around nanotoxicology, long-term safety of novel natural substances, sourcing 

sustainability and regulatory gaps remain significant constraints. 

 

RECOMMENDATIONS 

For researchers: 

• Intensify safety and toxicological profiling of nano-enabled and fermented ingredients, including long-term and 

real-use exposure scenarios. 

• Develop standardized characterization protocols for natural nanoparticles and bio-surfactants, facilitating 

regulatory acceptance and cross-study comparability.  

• Expand comparative life-cycle assessments (LCA) of bio-based vs fossil-based vs fermentation-derived ingredients 

to identify when “bio” is genuinely more sustainable. 

For industry: 

• Use digital modelling and meta-analysis frameworks to accelerate optimization of bio-based formulations and 

reduce empirical trial-and-error. 

• Prioritize multifunctional bio-ingredients to shorten INCI lists while maintaining performance, combined with 

transparent communication about sourcing and safety. 

• Integrate biomimicry (Biomim’Index) and Conceptual Engineering early in product design to align innovation with 

strict environmental and regulatory criteria and reduce late-stage failure. 

For regulators and standard-setters: 

• Clarify regulatory categories for bio-based, fermented and nanostructured ingredients, harmonizing requirements 

across regions to reduce innovation friction. 

• Promote guidance on circularity and upcycling (sourcing thresholds, certifications) to avoid environmental 

trade-offs like overharvesting. 

 

ADDITIONAL DATA AND FUTURE DIRECTIONS 

• Market analyses indicate strong, sustained growth in natural/bio-cosmetics, driven by consumer expectations for 

“beauty plus wellness”, “clean label” and low-burden formulations. 

• It is already technically feasible to design entirely microbial-derived cosmetic systems, including packaging, 

though regulatory and cost barriers slow adoption. 

• Longevity-focused cosmeceuticals propose rigorous biological frameworks (targeting hallmarks of aging, 

“skinspan” biomarkers, biopsy-based trials) that could be applied to bio-cosmetics to avoid purely marketing-driven 

claims. 

• Emerging intersections – cosmetotextiles, AI-enabled personalization, omics-based ingredient selection – are 

likely to further merge biotechnology, digital tools and sustainable design in next-generation bio-cosmetics. 
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